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Chapt.cr 5

AUGER ELECTRON SPECTROSCOPY

A. JO SIi l ,  L.E. D A V IS  and P.W. PALM BERG

I. Inlroductiun

During the last few years, the technique o f Auger electrón spectroscopy  
(AES) has emerged as one o f  the most widely used analytical tcchniques for 
obtaining the chemical com position o f solid surfaces. A high sensitivity for 
chemical analysis in the 5—20 Á región near the surface, a rapid data acquisi- 
tion speed, and the ability to detect all elem ents above He mark the basic 
advantages o f this technique. The Auger spectrum provides reliable quantita- 
tive in formation and in many cases the status o f  chemical bonding.

While AES was initially used purely as a research technique, it is now a 
routine analytical too l. Its range o f  applications comprises numerous fields, 
such as sem iconductor technology, metallurgy, catalysis, mineral processing, 
and crystal growth. The range o f  these applications is growing rapidly and 
the fundamental mechanisms in AES are becom ing better characterized. Sev­
eral reviews describing the technique and som e o f its applications have ap- 
peared recently [1 ] .  This chapter, while dealing briefly with the principies 
involvcd in the Auger process, is primarily aimed at reviewing recent develop- 
ments in experimental techniques and applications.

The Auger effect was discovered by Auger [2] in 1925  while working 
with X-rays. The technique o f using electron-excited Auger electrons to 
identify surface impurities was suggested by Lander [3 ] in 1953 . The high 
sensitivity o f the technique was not realized, however, until 1968 when 
Harris [4 ] demonstrated the use o f differentiation o f  the energy distribu­
tion, N(E)  vs. E , curves to  obtain the Auger spectra in the present familiar 
form. The technique became highly popular when Weber and Peria [5 ] in 
1967 demonstrated that the readily available LEED optics were suitable 
Auger electrón spectrometers. Most present day Auger spectrometers em ploy  
the cylindrical mirror analyzer [6] which was shown by Palmberg et al. [7] 
to increase greatly the speed and sensitivity o f AES. Quite often, AES is used 
in conjunction with inert gas ion sputtering to  obtain com positional varia- 
tions as a function o f  depth [8 ] .  In more recent developm ents [9 ] ,  finely  
focused electrón beams with conventional deflection and rastering capability 
are utilized to obtain two-dimensional com positional analysis o f surfaces. In
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com bination with inert gas ion sp u llm n g  the scanning system makes three- 
tlimensional elemental ¡maging possible. While other sources of excitation, 
such as X-rays [10] and ions [11 | , can also be used to excite Aüger elec­
trons, electrón sources are the most, widely used. The applications discussed 
in Section V are limited to electron-excited AES.
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II. Fundamentáis

The' fundamental ¡nochanisms involved in AKS are ionization o f atomic 
core levels by the incident, electrón beam, the radiationless Auger transition, , 
and the escape of the Auger electrón into the vacuum where it is detected  
with an electrón specl.rometer. The Auger electrons are manifest as small 
peaks in the total energy distribution function N(E),  such as that in Fig. 1, 
which is prodüced from a silver target by a 1 kV incident electrón beam. The 
Auger peaks are evident in the N{E)  function, but becom e more pronounced 
by electronic differentiation which removes the large background consisting 
mainly o f backscattered primary electrons and inelastically scattered Auger 
electrons. The N(E)  function also includes a low energy peak, corresponding 
to ejected lattice electrons, a pronounced peak at 1 kV consisting o f elasti- 
cally reflectad primary electrons, and several small peaks corresponding to 
characlerislic energy losses o f reflected primary electrons.

Kitf. I.  K m - r u y  d i s l l i b u l . i o i )  N ( l ' l )  ¡ m d  cl /V/dA'  f o r  ;i s i l v o r  Lut' i ' t ' t  w i t l i  p r i m i i r y  bo. ’i m  o f  
c l o c l r o n s  ; i t  1 0 0 0  (rV.
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Tho Alicer process can be undcrstood by considering the ionization pro- 
cess o f an isolated atom under electrón bombardment. When an incident 
electrón with sufficient primary energy, Ev , ioni/.es a core level, the vacancy 
is immediately filled by another electrón, as depicted l>y an L, -* K transi­
tion in Fig. 2. The energy {Kk — /v, ) from this transilion can be released iri 
the form of characteristic X-rays (the basis for X-ray fluorescence spectro- 
scopy) or be transferred to another electrón, e.g. in the L2 level, which is 
ejected from the atom as an Auger electrón. The measured energy o f the 
electrón is approximately equal to EK — — /•’Lj — <¡)A , where $ A is the 
work function o f the analyzer material. This ejection process is termed the 
KLj L2 Auger transition. Several such Iransitions (K L jL í, KLt L2 , M2 M4 - 
M4 ...) can occur with various transition probabilities. The Auger electrón  
energies are characteristic o f the target material and independent o f the 
incident beam energy.

It is obvious from the above discussion that at least tw o energy states and 
three electrons take parí in an Auger process. Henee, H and He atoms cannot 
give rise to Auger electrons. Similarly, isolated Li atoms having a single 
electrón in the outerm ost level cannot give rise to Auger electrons. In a solid, 
however, the valence electrons are shared and the Auger transitions o f the 
type KVV occur involving the valence electrons o f the solid. Thus, the Auger 
electrons from Li have been observed in various com pounds containing Li.

The kinetic energy o f Auger electrons originating from a WXY transition 
can be estimated from the empirical relation

¿ w x y  = ~  +  A )  <pA

The work function of the analyzer material is represented by <pA and Z is the 
atomic number o f the atom involved [ l ( d ) ] . The binding energy valúes may 
be obtained from the X-ray emission energy labios. The term A is introduced 
because the energy o f (he final doubly ionized state is som ewhat latger than 
the sum of the energies for individual ionization o f the same levels. Experi-
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mental valúes for A lie between 1/2 and 3/4 . Another expression [12] foi 
estimating Auger transition energies is

¿’wxy = EW(X) -  1 /2  f EX(Z) + E X(Z + 1)} -  1/2 {EX(Z) + E Y(Z + 1)} -  0 A

Very few ealrulations have been attempted [.13,14] to determine the 
Auger energies from first principies. D ifficulties involved in these calcula- 
tions relate to llie coupling schemés governing the transition from a singly 
ionized to a doubly ionized state o f the atom . The calculations generally 
involve [ 1 5 1 the magnelic interaction fiekis produced by the spins and the 
orbital angular momenta o f the partially fiíled shells in addition to the other 
electronic interactions (coulom b and exchange). The magnetic interactions 
are dominant for core eleetrons o f heavy elements, and the electronic con­
figuraron follow s the jj coupling scheme. LS coupling dominates for light
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elements and for Ihe transitions involving low energies. It is necessary to acid 
a spectroscopic term (e.g. 1 I'] ) to the WXY notation to characterize the 
transitions fully. These coupling schemes govern the enérgies as well as the 
transition probabilities. While the energies obtained by such calculations are 
normally not very accurate, recent calculations by Shirley [16] obtained by 
the introduction o f relaxation energy into the intermedíate coupling scheme 
led to very accurate KLL Auger energies.

The m ost pronounced Auger transitions observed in AES are given in 
I*'ig. 3. These involve electrons o f neighboring orbitals, e.g. KLL, LMM, 
MNN, NOO, MMM, and OOO families. The Auger electrón emission and 
X-ray emission are com peting processes in bringing the initially excited atom  
to a low energy state, but under the conditions norrnally em ployed in AES 
(observed Auger peaks generally involve electrón binding energies less than 
2.5 keV), the probability of X-ray emission is negligible [ l ( f ) ,1 0 ] .  As indi­
cated in Fig. 3, the most prominent Auger peaks result from KLL transitions 
for elem ents with Z = 3—14, LMM transitions for elem ents with Z  = 14—40, 
MNN transitions for elements with r¿  = 40—79, and NOO transitions for 
heavier elem ents. For convenience, the Auger peak energy is com m only  
identified by the máximum negative excursión in the dN(F.)/dE peak. Com ­
plete Auger spectra for most elem ents and som e com pounds are available in 
the literature [17 J.

B. AU G U R IOLKCTRON KSCAPli DK l’TH

The high surface sensitivíty o f  AES is due to the limited mean free path 
of electrons in the kinetic energy range 20—2500  eV. Auger electrons, which 
lose energy through plasma losses, core excitations, or interband transitions, 
are removed from the observed Auger peaks and contribute to the nearly 
unilorm background upon which the Auger peaks are superimposed. Since 
phonon losses are small compared with the natural width o f Auger peaks, 
they do not affect the Auger escape depth. Henee the Auger yield is not 
dependen to n  sample tomporalure.

The Auger electrón escape depth is generally determined empirically by 
depositing atom ically uniform ovcrlayers on metallic substrates, while moni- 
toring tho diminution o f Auger peaks from the substrate. The Auger peaks 
decay exponenlially with overlayer eovorage which is consistent with an 
exponential dcpendence o f escape probability on the depth o f the parent 
atom. A com pilalion o f data from a variety o f experimenters has been used 
t.o genérate the “universal” escape curve shown in Fig. 4 , which indícales 
that the escape depth is not strongly dependent on the matrix. This behavior 
is expected because the prominent loss mechanisms involve valence band 
excitations and the valence electrón density is not a widely varying function  
of material. As discussed in Section IV, the small variation o f escape depth  
with material greally simplifies quantitative analysis.

¡ t c f i ’r c m 'c s  p p .  ’J I H  2 'JJ
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Fie.  'I. A u ^ er  e le c t r ón  escape  dep t l i s  v:,. e ne r gy  for va r ious  maler ia l s .  • ,  M.L.  T a r n g  aml 
G. K.  Wehner ,  l’livs. Klecl .  C'onl . ,  1972;  1 , U.K. Ka s t ma n ,  P.K. l ' .  A lb u r ( | u 0 r<|ue, 1972;

J.W.T. Ilidgoway and I). I laneman, Surface Sci. ,  21 ( 1 9 7 1 )  151 ,  2G ( 1 9 7 1 )  6 8 3 ;
1 , P.W. Palmberg and T.N. R hodin ,  .1 Appl.  Phys. ,  39  ( 1 9 0 8 )  2 4 2 5 ;  í>, K. Jacobi and 
J. Ilolz, Surface Sci.,  2(1 ( 1 9 7 1 ) ;  Y liaer el al., Solid  State  C o m m u n . ,  8 ( 1 9 7 0 )  1479;  
■, K.C;. Steinhardt ct al., Proc. Int. Conf.  Klectron Spect.rosc., Asilom ar, 1 9 7 1 ,  p. 557;  
+ , M.P. Seal), Surface Sci.,  32  ( 1 9 7 2 )  7 0 3 .  (M odified versión o f  figure com piled  by 
J.C. Tracy, General M otors Corporation.)  A l ler  Palmberg [4 4  ].

c .  c o u k  m ; v i :l  i o n i z a t i o n  P R O i i A m i . i T i K s  b y  k u c c t r o n  i m p a c t

Since tho Auger transition probability and Auger electrón escape depth 
are indepondent of the incident electrón beam energy, Kv , the dependence 
ol' the Auger peak amplitudo on Kv is governed com pletely by the ioniza­
tion cross-seciion o f the initial core level. Ionization occurs primarily hy the 
incident electrons during their initial passage through the escape depth re­
gión (~ 5 —20 A thick), but backscattered primary electrons can also con- 
tribwto to the Auger yield when the incident beam energy is substantially 
greater than the binding energy o f the core level involved. In gaseous speci­
mens, where the contribution o f scattered primary electrons is negligible, the 
ionization cross-seotion vs. /?,. characteristics may he determined direotly by 
measuring the Auger electrón intensity as a function of primary energy. 
Henee the contribution o f backscattered primary electrons to the Auger 
yield may be assessed by comparison o f characteristic curves from gaseous 
and solid samples. Vrakking and Meyer [18] have measured the L-shell 
ionization cross-sections, o, for gaseous S, P, and Cl, and compared these
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results wilh Auger yield vs. EP curves on solids lo  evalúate the backscatlering 
factor for Silicon.

DuCharme and Gerlaeh |1 9 ]  have measured the cross-section behavior as 
a function o f Ev by measuring Ihe KLL Auger current em itted by a mona- 
tomic layer o f C, N, O, and Na atoms coveringa W (100) surface. As Ey /E K 
(/•’K is the binding energy o f the core level) increases from unity, a rises 
rapidly from zero to a máximum at Et. /E K ^  3. A further increase in 
primary energy over a large range does not cause a substantial variation in o. 
The measurements were compared with theoretical calculations adopted  
from a first-Born approximation theory |2 0 |  o f Burhop and the Coulomb— 
Horn theory formulated by Rudge and Schwartz [2 1 ] . While Ihe latter 
theory generally gave a better fit with the data, the measured valúes were 
generally higher for E,. >  2.5 EK . Similar results were obtained for L-shell 
cross-sections eslimated [19] by studying the LMM Auger transitions o f S, 
Cl, Ti, and Cu.

The contribution to a from backscattered electrón excitation is required 
in those oxporiments to evalúate single event cross-sections. The ealculated  
energy dislribution o f the backscatterod primarijes within the escape depth 
región is theoretically very com plex. Gerlaeh and DuCharme [22] have used 
simplifying assumptions Lo estímate that the backscatlering contributions for 
C on a W (100) substrato from secondary events is about 25% for 1200 eV  
(Ev/ E k = 4 .23), normally incident primary electrons. Calculations made by 
Bishop [23] predict an increasing contribution to ionization with both in- 
creasing atom ic number and primary energy. The backscatlering contribu­
tion to ionization is expected to show relatively small variation with the 
angle o f incidence o f the primary beam [1 0 ] .  Experimental backscattering 
contributions of 10%> for Be [24] at E k = 1 .0 keV, 20% for Si [25] at 
E,,/Ek = 10, and 25% for Ag [25] at EP/EC = 4 have been reported.

An estimate o f the possible Auger current, / A , can be made for C on W 
from the formula, / A = o/ji/V, where o = 3.2 X 10" 1 9 cm 2 for Ev -  1136 eV 
[2 2 ] , / p = 10 ¡iA, and N ~ 1 0 1 5 carbón atom s/cm 2 . The result is an Auger 
current o f 3.2 X 1 0 ~ !) A or an Auger yield o f 3.2 X 10 ’' 4 .

The acceptance angle and the transmission o f the analyzer furlher reduces 
this quantity. For a 90%. reduction, the magnitude o f the detected current is 
3.2 X 10~ 1 0 or 2 X 10° electrons/sec.

D. MATIUX KKKHCTN

Since Auger electrón emission frequently involves valenee electrons and 
always involves the binding energy o f core levels, the line shape as well as the 
most. probable energy is strongly influenced by chemical environmenl. If 
strong (e.g. ionic) chemical bonding o f tw o or more atoms oceurs, the core 
electrón levels may shift severa! electrón volts. In ionic bonding, electrón 
levels o f electronegalive eloments are shifted to lower binding energies, and

Hffcn'in'cs i>p. ’JIS 'j:y¿
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those of electropositive elements are shifted to higher binding energies due 
to the net chai-ge transfcr. A corresponding chemical shift in Auger electrón  
kinetic energy is observed. When the electrón density o f  states in the valence 
band is altered with chemical environment, a change in shape o f Auger peaks 
from tran'sitions involving valence electrons is observed.

In practice, ineasurable and frequently large shifts in Auger energies corre­
sponding to changes in chemical environment are observed. Szalkowski and 
Somorjai [26] have found a linear energy shift o f ~ 0 .6  eV for the 
L3 M2 3 M23 Auger peaks from vanadium oxides as a function o f oxidátion  
number. Conversely, energy shifts o f  valence electrons from the L3 M2 3 V 
transition could not be related to the oxidátion states. This result suggests 
that energy shifts o f  Auger peaks involving valence electrons reflect more the 
redistribution o f the density o f states in the valence band than core level 
energy shifts.

Wagner and Biloen [2 7 ,2 8 ] , using ESCA, have found large energy shifts in 
peaks from core level (i.e. excluding the valence band) Auger transitions in 
metal oxides and nonconducting salts. A shift o f 7.0 eV was reported [28] 
for the KL2 3 L23 transition for Silicon compared with oxidized Silicon and 
5.4 eV for sodium in NaF, respectively. The corresponding photoelectron  
binding energy shifts for the above levels (2P3 /2 ) were 3.9 eV for oxidized  
Silicon and, essentially, no shift for sodium. The large differences between 
Auger peak shifts and photoelectron binding energy shifts appear to be due 
to  extra atom ic relaxation (polarization) energies arising primarily from 
polarization o f the electrón clouds o f adjacent atoms toward the core level 
vacancies. Calculations made by Kowalczyk et al. [29] predict that the extra 
atom ic relaxation energy can cause an energy shift o f approximately 10 eV 
for LM4 5M4r, copper and zinc Auger electrons in metallic copper and zinc. 
Calculations have not been made for relaxation energies in different chemical 
environments, but it is likely that relaxation is the dominant factor in ex- 
plaining large Auger peak shifts for core level transitions. Wagner [28] has 
made use o f the difference in Auger and photoelectron energies to charac- 
terize the chemical state o f  oxides and com pounds since, in most cases, this 
is more easily measured than a shift in photoelectron binding energy.

For some time, spectra o f valence Auger electrons [ 1 (h ), 30—33] have 
been used to characterize the Chemical state o f solid surfaces empirically. 
Figure 5 (top) is an Auger spectrum of a Silicon wafer after oxidátion. The 
low energy (60—100 eV) Auger distribution is com posed o f LVV transition 
electrons and is characteristic o f Si( ) 2 (75 eV). In this case, the Si peak 
associated with S i0 2 has undergone both a change in shape as well as a shift 
in energy. After sputtering, Fig. 5 (bottom ), the spectrum is characteristic of 
elemental Silicon with a peak energy o f 91 eV.

An interesting example [30] of characterizing surface chemical states 
using AES is shown in Fig. 6 for the KLL carbón Auger spectra o f CO on 
W (112), W2 C, graphite, and diamond. Hybridization o f L shell electrons and,
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Fig. 0. Spectra o f  the carbón KLL Auger transitions for CO on W (112) ,  W^U, graphite,  
and diamond. After  Haas e t  al. [ 3 0 ] ,

thus, changos in the transition probability density is suggested as the cause 
for the differcnces in peale simpes.

The shape o f the Auger electrón line is not a direet measure o f the density 
of states, but rather is a reflection o f the transition probability density. 
Thus, first principie calculations to determine density o f states from Auger 
spectra, or vice versa, is a com plex problem. Amelio [34] compared decon- 
voluted valence spectra o f Silicon with the theoretical density o f states. 
Tho coniparison o f reduced experimental data and theoretical calculations 
showed considerable agreement in the major maxima and minima features o f  
the density distribution.

Hagstrum [35] and Becker and Hagstrum (30 | by deconvoluting Auger 
lino simpes have determined Auger transition probability density functions 
for the chalcogenides o f nickel from ion neulralization spectroscopic studies. 
They have shown that features in the probability functions correspond to 
molecular orbital structure characteristic o f surface chemical bonds. Sickafus 
[37] has shown that it is possible to apply similar treatments to electron- 
stimulated Auger electrón line shapes, Specifically, good agreement with ion 
neutralizaron spectroscopic results was found for clean nickel and 
N i(1 1 0 )-C (2  X 2)S.

Tlie fine structure apparent in the Auger spectrum is not always entirely
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Mg film on cleaved MgO (b o t to m ) .

due to the valence band electrón density distribution. Auger electrons 
escaping the surface may lose discrete amounts o f  energy through plasmon 
excitations, core level ionization, and interband excitations and appear as 
distinguishable peaks. In the Auger spectrum these peaks will be apparent at 
characteristic energies less than the Auger electrón energy. Because plasmon 
losses domínate in Auger fine structure, only these excitations will be dis­
cussed.

Plasmons íire created by energetic electrons losing discrete amounts. of 
energy to excite collective oscillations o f valence electrons under the influ­
en te o f positive atom ic cores [3 8 ] .  The characteristic frequency ojp corre- 
sponding to the loss energy can be expressed classically as (4 irne2/ m ) 112 
where n is the electrón density, e is the electronic charge, and m is th-e mass. 
From this expression, it can be scen that the plasmon loss energy is charac­
teristic o f a specific solid and will change according to chemical environ- 
ment. The large differences in the Auger fine structure from Mg and MgO 
is shown in Fig. 7.

Mularie and Peria [39] showed that som e o f the fine structure below the 
LVV Si Auger transition energy at 91 eV matched energy loss peaks due to 
plasmon excitations. The 91 eV Silicon peak and fine structure were com­
pared to plasmon loss peaks produced by elastically scattered electrons. The 
fine structure from puré Silicon apparent at 73 eV in Fig. 5 (bottom ) is 
aHributed to a bulk plasmon loss.
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III. Experimental methods

AES instrumentation in its simplost form involves a vacuum system , :m 
electrón gun for target excitation, and an electrón spectrometer for energy 
analysis o f the em itted secondary electrons. Because the AES technique is 
surface sensitive, an essential requirement is a UHV system capable o f an 
ultímate vacuum in the 1 0  1 0 torr rango. If every incident gas partido sticks 
to a surface, a moiiolayer is adsorbed in about one second at 1 0  torr. 
Even at a vacuum o f 10~ 10 torr, an appreciable fraction o f a monolayer o f  
C and O can adsorb on active surfaces in a period o f 30 min. Contamination 
from the vacuum system environment is obviously m ost critical for highly 
reactive metal surfaces where the sticking coefficient for most residual gases 
is near unity.

Surfaces which are passivated through exposure to air have a very low  
sticking coefficient, and henee the vacuum requirements are much less strin- 
gent. A vacuum in the low 10" 8 torr range is usually sufficient for analysis 
on passivated surfaces. As discussed in Section III.€ , the vacuum require­
ments are also relaxed for profile measurements in which the surface is 
continuously eroded by an argón ion beam during Auger analysis.

In addition to the basic requirements o f an electrón gun and an electrón  
spectrometer, most AES system s presently in use em ploy an ion gun for 
in-depth profiling measurements, a manipulator for positioning the sample, a 
means for precisely locating the area o f analysis, and frequently an attach­
ment for performing in situ fracture or cleavage o f specimens. In this sec- 
tion no attem pt will be made to review the numerous variations o f AES 
apparatus; only apparatus which has found widespread use will be con- 
sidered.

A. ELECT RO N E N E R G Y  A N A L Y S IS

In the developm ent of AES as a practical tool for surface analysis, several 
types o f electrón energy analyzers have been em ployed. These include the 
127° cylindrical analyzer used by Ilarris [4] in his, pioneering work in AES, 
the LEED—Auger apparatus first em ployed by Weber and Peria [5 J, and the 
cylindrical mirror analyzer [6 ,7 ] ,  Because o f its superior signal-to-noise 
capability, the cylindrical mirror analyzer (CMA) is used alm ost exclusively  
for m odem  AES apparatus.

The tw o parameters which characterize electrón velocity analyzers are the 
transmission, T, and the lum inosity, L,  where L = f f  T(x,y)  d*d;y. T  is the 
probability that an electrón o f proper energy originating from a point (x , y ) 
on the sample will be trahsmitted through the analyzer. The output signal, / ,  
is then given by

I = / /  j (x ,y )  T (x ,y )d x d y  ( 1 )

fle f t írcnccs  p p .  2 1 8 —2 22



\ z

where j (x ,y )  is the spatial distribution o f Auger electrons em itted from the 
target surface. When the target is excited uniformly over the región where T 
has appreciable valué, eqn. (1) reduces to /  = jL,  where j is the Auger current 
density em itted over the acceptance area o f the analyzer. In this case, it is 
tho lum inosity rather than transmission which is the proper figure o f merit 
for the instrument.

When the diameter o f the electrón beam used to excite the target is very 
small (typically < 1 0 0  ¡j.m) compared with the región over which T  has 
appreciable valué, eqn. (1) reduces lo  /  = TJ, where J  is the total Auger 
current em itted from the sample. Therefore, the highest signal levels will be 
obtained from an instrument with the highest possible transmission rather 
than the highest lum inosity which is a primary consideration in ESCA appar- 
atus. It is for this reason that the CMA, which>is characterized by an unusual- 
ly large transmission factor, is used almost exclusively in Auger apparatus.

A schematic diagram which illustrates the operatíon o f  a CMA for obtain- 
ing Auger spectra is shown in Fig. 8 . The cylindrical mirror analyzer includes 
an internal electrón gun mounted with its optical axis coincident with the 
CMA symmetry axis. The electrón beam is focused to a fine point on the 
surface o f  the specimen which is positioned at the source point o f the CMA. 
Electrons ejected from the point o f excitation move radially outwards until 
they pass through a grid-covered aperture on the inner cylinder. A negative 
potential applied to the outer cylinder direets electrons with specific energy
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back through a second aperture on the inner cylinder and finally through a 
small exit aperture on the CMA symmetry axis. The pass energy, E, o f  the 
CMA is proportional to the potential applied to the outer cylinder. The 
range o f electrón energies, AE,  which are transmitted is determined by the 
resolution R given by R = A E/E. For commercial Auger spectrometers, R  is 
typically 0.5%.

The secondary electrón energy distribution, N(E),  is generated by plotting 
the output o f the electrón multiplier vs. the négative voltage applied to the 
outer cylinder. The dN(E)/dE  function is generated by superimposing a small 
a.c. voltage on the outer cylinder voltage and synchronously detecting the 
in-phase signal from the electrón multiplier with a lock-in amplifier. The 
Y-axis o f the X—Y recorder is then proportional to dN(JE)/dE, and the X-axis 
is proportional to the kinetic energy o f electrons em itted from the specimen.

B. SIGN AL-TO -NO ISE C O N S lD E K A T IO N S

The sensitivity o f AES is determined by the signal-to-noise ratio that can 
be obtained with the instrumentation. The detectable limit o f  concentration  
is limited by shot noise associated with the background current upon which 
the Auger peaks are superimposed. The background current consists pre- 
dominantly o f  primary electrons which are backscattered through the sur- 
face a second time after loss o f  various amounts o f  energy through electronic 
excitation in the bulk. The total backscattered current with energy greater 
than 50 eV is typically 30% o f the primary beam current. Assuming a uni- 
form distribution o f the backscattered current throughout the energy range 
from zero to EP, the background current in the transmitted signal from a 
CMA is given by

/„ = 0.3 T /P AEIEP (2)

where / P is the incident beam current and AE is the energy window o f  the 
analyzer. The transmitted Auger current is given by

IA = ¡51VT A E/y  ( A E < y )  or T (AE > y)  (3)

where 0 is the Auger yield for the Auger transition o f interest and y  is the 
inherent width o f the Auger peak. In the shot noise limit, the equivalent 
noise current is given by [40]

IN = ( 2 I ne B ) ' /2 (4)

where e is Ihe electronic charge, íi is the measurement bandwidth, and l  is 
the current exiting from the analyzer. In the shot noise limit, the Auger 
signal-to-noise ratio is derived from eqns. (2)—(4).

/a //n  = (0/7) i h  TAE Ep/0.6 ef í)112 AE < y

/ a / Í n  = P (h  TEp/0.6  AEe.B)112 AE >  y
(5)

lic fcrcncuH p¡), 21H — 22 2
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In eqn. (5) it is evident that the máximum signal-to-noise ratio is achieved 
when tlve energy window o f the analyzer is approximately equal to the natu­
ral width o f the Auger peak. Typical parameters are / P •= 10 (xA, EP = 5 kV, 
T = 0 .1 , j3 = 10- 4 , 7  = 3  eV , and B = 1 Hz. Under these conditions, the 
máximum signal-to-noise ratio is 1.3 X 104 , which means that the lim it o f  
detectability is approximately 77 ppm. The optimum signal-to-noise ratio is 
normally not achieved, however, because AE  and y  are not matched. A 
typical detection limit is 1000 ppm.

From the above considerations it is apparent that the energy window of 
the analyzer should match the natural width o f Auger peaks as closely as 
possible over the energy range 0—2000 eV. Since Auger peaks are typically 
3—10 eV wide, an energy resolution o f about 0.5% is about optimum for the 
best signal-to-noise performance averaged over the entire range. Higher ener­
gy resolution can yield fine structure in Auger peaks which is not evident 
with a resolution o f 0.5%, but will result in a significant reduction in signal- 
to-noise performance for many Auger peaks, especially in the low energy 
range.

C. THIN FILM A N A L Y S IS

In com bination with ion etching, the inherent surface sensitivity o f AES 
may be utilized to profile the elemental concentration with depth in thin 
films. As illustrated in Fig. 9, the ion beam forms a cráter which is large

Fig. 9. Illustration o f  s im ullaneous ¡on beam mill ing and Auger analysis for thin film 
profiling.
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compared with the diameter o f the electrón beam probe. In-depth profiling 
is accomplished by continuously sensing the elemental com position o f  the 
cráter bottom  during sputter erosion. Simultaneous ion bombardment has 
little effect on the Auger measurement, since the number o f  secondary elec­
trons created by the ion beam is small compared with the secondary electrón  
current created by the electrón beam. The static pressure o f  5 X 10" 5 torr 
Ar required to opérate the sputter ion gun also has a negligible effect on the 
Auger spectromi'ter operalion.

A major advantage o f the simultaneous ion etching and AES detection  
method over a sequential process in which the ion etching is stopped during 
the Auger measurement is that surface contam ination is greatly reduced. In 
typical profile measurements, the surface is sputter eroded at a rate o f sev* 
eral atom ic layers per second. If the partial pressure o f  active gases can be 
maintained at 1 0 ~ 7 torr or below, the máximum arrival rate for surface 
contaminants is 0.1 monolayers/sec. Under these conditions, the concentra­
tion o f surface contaminants cannot exceed a few percent o f an atom ic 
layer. When active gases are removed from the static pressure o f Ar by a 
liquid nitrogen cooled Ti sublimation pump, the surface con centra ti oh o f  
residual gas impurities can be maintained at a considerably lower level.

In early depth profile measurements [8 ] ,  the data were acquired by repetí- 
tively scanning the pass energy o f the CMA over a range sufficiently large to  
encompass all Auger peaks o f interest. The vaxiation in amplitude o f the 
Auger peaks o f interest was ascertained from a time base recorder output. 
The technique is generally quite inefficient, because only a small portion o f  
the scanned energy range contains Auger peaks. In addition, the amplitude 
vs. sputtering time curves were plotted manually. When the in-depth concen­
tration profiles o f  only a few elem ents are o f interest, a m ultiplexing system  
greatly reduces data acquisition time and provides a more convenient display 
of the data. An illustration o f a multiplexing technique is given in Fig. 10. 
Energy windows are adjusted to encompass only the peaks o f interest, ñame* 
ly Si, O, Cr, and Ni. These energy windows are repetitively scanned in the 
sequence 1, 2, 3, 4, 1, 2, 3, 4 , etc. As each energy window is scanned, the 
peak-to-peak amplitude o f the corresponding Auger peak is electronically 
measured and plotted automatically on the Y-axis o í an X —Y recorder, when 
the upper limit o f the energy range is reached. The displacement o f the 
X-axis is proportional to the elapsed sputter etching time. In multiplexing 
schemes, it is also useful to vary the measurement sensitivity independently 
for each channel. A direct recording o f the O, Cr, Ni, and Si Auger peak 
amplitudes vs. etching time for a nichrome film is given in Fig. 11.

Several factors affect the depth resolution o f the AES/ion etching pro­
filing technique. These include ion beam tiniformity across the sampled area, 
the Auger electrón escape depth, and sample inhom ogeneity. Loss o f  depth 
resolution from ion beam non-uniformity is negligible if the ion beam is large 
compared with the electrón beam. The contribution from the Auger escape

ilc fv .rcnccs  p p .  2 1 8 —22 2
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NICHROME FILM AFTER 450° C IN AIR FOR 30 SECONOS 

►i"* WINDOW2
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OEPTH INTO SPECIMEN (1)

200

Fig. 10. Auger spectra from nichrom e thin fi lm before  sputtering and after e tch in g  to  
depths  o f  1 0 0  and 2 0 0  A. Energy w in d o w s indícate regions scanned in the multiplé'xing  
technique.

Fíg. 11. In-depth profile  o f  n ichrom e thin fi lm o n  Silicon.

depth is only 5—20 A and remains constant with spuíter*,. 
inhom ogeneity is the m ost important factor limiting depth resolution and 
can occur as a non-uniform thickness o f thin films over the sampled area, as 
polycrystalline grains which are comparable in dimensión with the thickness 
o f the film, and as precipitatión o f constituent elem ents into particles. A 
non-unifórm film thickness obviously limits the depth resolution tó a valué 
less than the percent uniformity o f  the film thickness over the sampled area.. 
The depth resolution is determined by the relative sputtering rates o f  the 
precipitates and the matrix in films containing precipitates, and by a variation 
in sputtering yield with grain orientation in polycrystalline films. In general, 
the depth resolution o f the AES/ion etching technique is limited to  about 
10% o f the sputtered depth, but can approach 3% in optim um  cases.
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Fig. 12. In-depth profile  o f  óptica! coating.

The best in-depth resolution that has been achieved occurs in amorphous 
films. As an exam ple o f  the type o f  resolution which has been achieved, Fig. 
12 illustrates the sputter profile from an optical film in which the in-depth 
resolution is about 3% o f  the sputtered depth.

D. SC A N N IN G  A U G E R  MICROSCOPY

When com bined with a finely focused electrón beam for target excitation, 
AES can be used to perform two-dimensional surface elem ental analysis. The 
first attem pt o f this type was made by MacDonald [9 ] who com bined a 
CMA with a commercial SEM and demonstrated point analysis [9 ] as well as 
elemental maps [41] with sub-micron spatial resolution. T he.secpnd ap- 
proach to scanning Auger m icroscopy was made by Pocker and Haas [42]  
who installed a field emission electrón microscope gun on a standard UHV 
AES system . A severe lim itation in their system was a poor signal-to-noise 
performance because o f unstable beam current from field emission sources. 
A third approach to scanning Auger microscopy [43 ] involves optim ization  
of an electrostatic gun inside o f the CMA. The primary advantage o f this 
approach Is greatly simplified sample alignment.

A schematic diagram o f a scanning Auger system  [43 ] which utilizes an 
internal electrostatic gun is shown in Fig. 13. The electrostatic gun contains 
four electrón optical comporíents: a triode source with a tungsten filament, a 
condenser lens, an objective lens, and deflection plates. The electrón gun 
control provides the necessary focusing voltages for the lenses and the power 
for the filament. The scanning system control provides the necessary voltages 
for deflecting the focused electrón beam on the specimen, the deflection  
voltages for the record display and storage m onitor, and the TV interface 
electronics. Electronics required to  m onitor and display the target current, 
secondary electrón current, and the Auger signal are included in the scanning 
system control.

Hcfi'rt'ncefi p p ,  2 1 8 —2 2 2
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SCANNING AUGER  MICROPROBE 
BLOCK DIAGRAM

I B l o c k  tlianram o f  e loclron p¡un mui Controls usod for scanning Auger m icroseopy.

The electrón gun operation is similar to that in a conventional SEM. Two 
lenses domagnify the crossover formed by the triode source, and the deflec- 
tion platos ráster the beam on the sample. At a mínimum beam size o f about 
three microns, the beam current is in the range o f  0 .1  nA.  By relaxing the 
condenser lens voltage, the beam current can be increased up to about 10 (¿A 
with a corresponding increase in beam size. The magnification o f the scan­
ning system is controlled by the voltage amplitude applied to the deflection  
piales.

This scanning Auger system [43] can be used to  perform point Auger 
analysis with a spatial resolution less than three microns or to obtain a two- 
dimensional mapping o f the concentration o f  a selected surface elem ent. The 
usual low energy secondary electrón or absorbed current displays are used to 
monitor the surface topography and lócate the areas o f  interest on the 
sample. To obtain an elemental map (Auger image), the intensity o f the 
display is controlled by the magnitude o f the selected Auger peak. The most 
negative excursión in the differentiated Auger spectrum is takén as a measure 
o f the Auger current.

To demónstrate the operational modes o f a scanning Auger system , Mac­
Donald [43 ] has performed three-dimensional analysis o f a microelectronic 
circuit. The TV display is first used to lócate the areas o f  interest on the 
circuit chip. Absorbed currept micrqgraphs (Fig. 14) are then recorded on
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Fig. 14. Absorbed current micrographs o f  an integrated circuit ( to p )  and an area on the  
intcgrnled circuit that includes n transistor (b o t to m ) .  / p ■ 0.4  juA, fip * 5kV.

the record display. The dark areas on these micrographs are metal intercon- 
nections consisting o f a Au/Mo thin film com posite; lighter areas are P/Si. 
Point analysis is accomplished by slowly reducing the sean voltage on the 
electrón gun deflection plates to zero, while maintaining the area o f interest 
at the center o f the TV display. The surface com position o f the S i0 2 layer is 
determined by recording an Auger spectrum as shown in Fig. 15.

A two-dimensional elemental map o f the surface is obtained by setting the 
pass energy o f the electrón spectrometer at the negative excursión o f the 
Auger peak o f interest, and using the output o f the lock-in amplifier to

H c fc r c n cc s  pp .  2 1 8 —2 2 2
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Fig. 1 r>. Auger spectrum for a po in t  analysis o f  phosphorus-doped SÍO2 011 an integratcd  
eireuil,.

intensity modulate the record display as the electrón beam is rastered across 
the sample. Auger images for the elements Si, O, P, and Au are given in Fig. 
16. Bright areas on these Auger images correspond to a high concentration o f  
the elem ent analyzed. The recording time for these Auger images was one 
minute using a beam current o f 0.4 p A  and a beam voltage o f 5 kV.

Si

(4— 50 jim— »j

Fig. 1G. Auger images o f  Si, O, P, and Au on an integrated circuit transistor.
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Fig. 17. Three-dimensional analysis o f  a Si-—M o—Au thin film sh ow ing  the Au Auger  
image, the Mo Auger image, after sputter  e tch ing  into  the Mo layer, and a schem atic  o f  
the c o m p o si te  structure.
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Fig. 18. Absorbed current micrograph o f  a transistor with a line scai  
Auger line sean, and an Al Auger line sean (b o t to m ) .
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Three-dimensional analysis using a com bination o f scanning Auger micro- 
scopy and sputter etching is illuslrated in Fig. 17. The scanning Auger image 
for Au was obtained before sputtering to delineate the Au electrode pattern. 
Ion sputter elching \vas then porformed while monitoring the Mo Áuger 
peak. After sputtering one micron o f Au from the sample, the Mo peak 
appeared, the sputter etching was terminated, and the Mo Auger image 
shown in Fig. 17 was recorded. These data demónstrate that the Mo layer, 
which serves to enhance adhesión between the Au electrode and the Si 
substrate, is uniformly distributed.

A more quantitative measure o f the distribution o f a particular elem ent on 
a surface can be obtained by performing a line sean as illustrated in Fig. 18. 
In this approach, the electrón beam is scanned across the integrated circuits 
as shown in the upper micrograph o f Fig. 18, while the amplitude o f the Al 
or Si Auger peak is used to Y-modulate the record display. In the lower 
portion o f Fig. 18, the Y deflection is a direct measure o f the concentration  
o f Al.

IV. Quantitative analysis

In practica) applications o f AES, semiquantitative determination of the 
elemental com position is often sufficient. AES has been extrem ely successful 
in failure analysis, for example by simply using comparative analysis, i.e. 
demonstrating a difference in the surface com position between good and bad 
devices. In the evaluation o f new processes and chemical characterization o f  
new materials, however, it is frequently important to obtain accurate quanti­
tative information. In this section the fundamental aspeets and ultímate 
capability o f AES for quantitative analysis are examined.

A. BASIC MECHANISM S A N D  A B S O L U T E  M E A SU R E M E N T S

To achieve absolute quantitative analysis in AES, it is necessary to relate 
the Auger current from a specific elem ent to the population density o f that

EXCITATION VOLUME
Fig. 19. Schem atic  rep resentaron  o f  source vo lu m e  o f  Auger e lectrons and the primary  
excita t ion  volume.
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element in the surface región. The Auger electrón source volum e generated 
by an incident electrón beam of diameter d and energy E P is depicted  
schematically in Fig. 19. The emitted Auger current produced by a WXY 
Auger transition in elem ent a can be expressed as [44]

/„ (WXY) = /  f  f  IP(E,Z) oa (E,Ew) N a (Z) y J W X Y )  exp [ ( ~ Z / \ )  dSldEdZ]

where IV(E,Z) is the excitation flux density, oa (E,Ew ) is the ionization  
cross-section o f the core level W, N a (Z) is the atom ic density o f elem ent a at 
a depth Z  from the surface, exp (—Z/Á) is the Auger electrón probability for 
escape, and 7 „(WXY) is the WXY Auger transition probability factor. For 
simplicily, two-dimensional hom ogeneity of the elemental com position pa- 
rallel to the surface has been assumed.

To simplify eqn. (6), three-dimensional hom ogeneity o f the chemical com ­
position will be assumed for the región in which the escape probability has 
significant valué. II is also useful to separate the excitation flux density into 
lwo com ponenls, IP(E,Z)  = IP + 1B(E,Z),  where l B(E,Z) is the excitation  
flux due to backscattered primary electrons. With these assumptions, the 
detected Auger current can be expressed as [44]

where R n is defíned as the backscattering factor, and T  is the transmission o f  
the analyzer.

To carry out accurate quantitative analysis from first principies utilizing 
eqn. (7), the ionization cross-section, the Auger yield, and the backscattering 
factor must be known to the desired degree of accuracy. In addition, the 
absolute Auger current must be accurately measured. A further com plication  
is surface roughness which generally reduces the Auger yield relatiye to a fíat 
surface [4 5 ] .  Since these requirements are generally not m et for routine 
Auger analysis, quantitative analysis using first principies is not considered 
practical at-the present time. In the following sections, tw o methods which 
offer considerable possibilities for quantitative AES are discussed.

B. M E ASU RE M E NT S WITH E X T E R N A L  S T A N D A R D S

In this m ethod, Auger spectra from the specimen o f interest are compared 
with that o f a standard with a known concentration o f the elem ent of 
interest. The concentration o f elem ent a in the test specimen (N^ ) can be 
related to that in the standard (N%) using eqn. (7).

U  E  w  0
(6)

Ia(WXY) = / P7Wa7a(WXY) ü0 (7íp, £ w) Á(1 + llB ) (7)

N l /N l  = (Il / Isa ) (XS/XT) [(1 + R l ) / (  1 + R l ) ] (8)

Ucfrrvi\c('s p p .  2 1 8 —2 2 2
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An important advantage o f this method is that ionization cross-section and 
Auger yield data are not required, and the Auger current is reduced to a 
relative measurement. When the test sample com position is similar to that o f  
the standard, the escape depth and backscattering factor are also re'moved 
from eqn. (8) and quantitative analysis reduces to a relative Auger current 
measurement. It, is, o f course, essential that the two measurements be made 
under identical experimental conditions.

When Lhe com position o f the standard is not similar to that o f the test 
specimen, careful consideration must lie given to the influence o f matrix on 
both the backscattering factor and the escape depth. Also, a variation in 
matrix which alters the shape o f the Auger peak invalidates the use o f the 
Auger peak-to-peak height in the differentiated Auger spectrunras an accu- 
rate, rdalive measure o f Auger curren!. | 4 6 ] . .

As discussed in Section II.C, estimates o f the backscattering factor can be 
obtained by comparing Auger yit'ld vs. Ev curves with theoretical ionization  
cross-section vs. EP curves or with Auger yield vs. EP data from gaseous 
specimens wherc the bac kscattering factor has negligible valué. As expected, 
experiments o f this type [Í 8 ]  demónstrate that the backscattering factor 
increases with the weight density o f the matrix and the primary beam ener­
gy, relative to the binding energy o f the atomic core level involved. An 
obvious method o f reducing the backscattering factor is to operate EP near 
the ionization threshold, but this procedure also reduces the sensitivity 
through a reduction in ionization cross-sefction. A more practical solution is 
the developm ent o f formulas based on empirical data derived from the type 
o f experiments mentioned above. It seems probable that an empirical back- 

‘'scattering factor o f the form R n (Ep,Ew ,D), where D  is the weight density o f  
the matrix, could be sufficiently accurate for quantitative analysis.

An elegant experim ent which clearly illustrates the influence o f backscat- 
toring on the Auger yield has been reported by Tarng and Wehner [4 7 ] ,  
They deposited Mo uniformly on W while monitoring various Auger peaks 
from each elemont. As indicated in Fig. 20, the 120 eV Mo Auger signal rises 
to a .valué about 20% greater than that from puré Mo at an overlayer thick­
ness o f about eight monolayers. This overlayer thickness is slightly larger 
than the escape depth, but small compared with the penetration depth o f the 
incidont electrón beam. Under these conditions, the backscattering factor is 
predominately determined by the heavier W substrate; the backscattering 
factor for the 120 eV Mo peak is 20% greater for a W matrix than for a Mo 
matrix.

The influence of the matrix on escape depth is not well established. As 
discussed in Section JI.B, available Auger data appear to lie cióse to a “uni­
versal” escape depth curve, but the accuracy o f the data is not sufficient to 
rule out matrix effeets o f sufficient magnitude to preclude quantitative 
analysis. More precise measurements on the matrix dependence o f the escape 
depth are required for improving the quantitative capability o f AES.
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MONOLAVERS OF Mo DEROSITED

Fifí. 20.  Mo and W Auger signáis as a function  Mo overlayer coverage o n  W substrate.  
Al’tcr Tarng and Wehner [ 4 ? ] .

C. M EA SU R E M E N T S WITH E L E M E NT AL  SE N SIT IV IT Y  F A C T O R S

A less accurate but highly useful method for quantitative analysis involves 
the use o f elemental sensitivity factors. Assuming that meaningful sensitivity 
factors can be assigned to all elements, the atom ic concentration o f elem ent 
X can be expressed as [17 ,44 ]

Cx = ( fx /Sx ) / L  ( I J S J  (9)
Ce

where S„ is the relative sensitivity o f elem ent a.  The use o f matrix-indepen- 
dent sensitivity factors obviously neglects variations in the backscattering 
factor and escape depth with material, and henee the method is normally 
only semiquantitative. Two important advantages o f  this method are the 
éliminatiori o f  standards and insensitivity to surface roughness. The latter 
advantage is realized because all Auger peaks are uniformly affected by 
surface topography.

A first approximation to sensitivity factors can be obtained from Palm-

l l v f c r e u c c s  ¡>n. 2 I S  2 2 2
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berg et al. [17] in which Auger spectra o f puré elemental standards were 
obtained under identical experimental conditiorts. Specifically, the instru­
mental sensitivity is given for each spectrum and was calibrated using a silver 
specimen just prior to obtaining each spectrum. This means that the spectra 
given can be conveniently used to  obtain elemental sensitivity factors relative 
to Ag for use in eqn. (9). Since the data were taken in the conventional 
dN(E)/dE  m ode, it is necessary to base the sensitivity factors on the peak- 
to-peak height which is only valid when the peak shape is invariant with 
m a tr ix [4 6 ] .

D. E X P E R IM E N T A L  R E SULTS

To test the validity o f the elemental sensitivity factor approach, an In- 
conel alloy was prepared for a ductile fracture inside a UIIV system [4 8 ] .  
The Auger measurement included examination with a scanning Auger system  
to  lócate the incident beam on a región which was free from intergranular 
fracture surfaces. The Auger spectrum in Fig. 21 demonstrates that the only 
surface impurity in detectable quantity was carbón. Sensitivity factors based 
on available data [17] were applied to the MNN peak-to-peak heights o f Ti, 
Fe, Cr, and Ni and the atom ic concentrations determined from eqn. (9). In 
Table 1, the calculated atom ic concentration levels from ductile fracture 
measurements o f stainless steels and Inconel are compared with spectro- 
scopically determined bulk concentrations. The experimental valúes derived 
from AES are in good agreement with the spectroscopically determined bulk 
valúes and are not affected appreciably by sputtering with argón ions. The 
agreement is expected since the Auger peak shapes remain nearly constant in

Fig. 21. Auger spectrum  from ductile  fracture surface o f  Inconel.



TABLE 1

Comparison o f  bulk a tom ic  coneentr . it ions and valúes calculated from peak-to-peak height  
m easurem ents obta ined  from ductile  fracture surfacos [ 4 8 ]

Alloy E lcm ent S x “ A to m lc  copccntration

Bulk atom ic  
absorption

Surface AES After  sputtering AES

304  Stainless Cr 0.31 0 .2 0 5 0 .24 0 .2 3
Fe .0.21 0 .7 0 2 0 .6 8 0 .6 7
Ni 0 .2 6 0 .0 9 3 0 .0 9 0 .1 0

3 1 6  Stainless Cr .0.31 0 .2 0 0 0 .1 8 0 .2 2
Fe 0.21 0.6,56 0.71 0 .67
Ni 0 .2 6 0 .1 2 7 0 .1 0 0 .1 0
Mo 0 25 0 .0 1 8 0 .01 0 .0 2

6 0 0 T  Inconel Cr 0.31 0 .1 7 7 0 .2 0 0.21
Fe 0.21 0 .0 8 4 0 .07 0 .0 7  •
Ni 0 .2 6 0 .7 3 6 0 .7 2 0.71
Ti 0 .4 4 0 .0 0 3 0.01 0.01

a Relative e lem enta l  sensit ivity  factors S x obta ined  directly from Palmberg e t  al. ( 1 7 ] .

metal alloy matrices, and the similarity o f the alloy constituents ensures a 
minimal variation in the backscattering factor and escape depth. Also, sur- 
face roughness to first-order approximation will have an equivalent effect on 
all signáis.

In the case o f  ionic compounds such as oxides, however, the peak shape o f  
the metailic com ponent is often significantly altered relative to the puré 
metal. Also, the variation in matrix is expected to produce significant 
changes in the escape depth and backscattering factor. In Fig. 7, the Auger 
spectra o f vacuum cleaved MgO and evaporated Mg on cleaved MgO were 
compared to  demónstrate characteristic differences in Auger fine structure 
[4 4 ] , If the Auger yield is independent o f matrix and the peak-to-peak 
technique is a valid measure o f the Auger current, the density o f Mg in the 
puré metal must be only half that in MgO. The actual atom ic density o f  
magnesium in MgO is 1.24 times as large as elemental magnesium. Since 
backscattering factors for Mg and MgO should be small and not significantly 
different, the difference must be attributed to either a longer escape depth in 
MgO or errors in the Auger current measurement caused by a change in peak 
shape.

Care must be used to elimínate electrón beam artifacts when making 
standardized measurements on oxides, fluorides, chlorides, etc. with intense

Hefcrcnccs i>p. 2 1H~~222
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Fig. 22. Electron beam fra g m enta ro n  o f  sapphire. £ p  ='5 kV.  

Fig. 23. D o u b le  integral am plitude  profile  o f  anod ized  niob ium .

electrón beam sources [4 9 ] .  As an example-, aluminum and oxygen peak-to- 
peak amplitudes from A l2 0 3 were measured as a function o f time with and 
w ithout ion beam sputtering. As indicated in Fig. 22 , the oxygen signal 
decreased relative to  the aluminum when the ion beam was turned off. The 
data is interpreted as dissociation an'd release o f the oxygen from the sap­
phire surface. Subsequent studies showed that beam damage is negligible for 
electrón beam current densities o f 1 0 ~ 4 A cm- 2  or less.

It has been pointed out [50] that in those cases where the shape o f  the 
peak is altered by the chemical matrix, measuring the total Auger current 
could be an improved m ethod o f measurement. In a recent study [5 1 ] ,  the 
differentiated Auger signáis o f metal oxides were doubly integrated elec- 
tronically and compared with puré metáis. The electronic schem e accounted  
for a linear slope in the background through the Auger peak in the N(E)  
curve. In Fig. 23 , the double integral amplitudes were monitored as a func­
tion o f time while sputtering a 1000 A anodized niobium film. Assuming 
that the anodized región is predominantly Nb2 0 5 , the ratio o f the niobium  
atom ic density in puré niobium to that in Nb20 5 is 2 .8. In Fig. 23 , the ratio 
o f  the Nb signáis in puré Nb to those from Nb20 5 is 1.5. Since the weight 
densities o f  the tw o matrices are similar, the backscattering factors should be 
nearljf equal and, therefore, cannot account for this large discrepancy. The 
discrepancy must be related to differences in the electrón mean escape 
depths between the metal and metal oxide. These results súggest that abso- 
lute mean escape depth measurements may be required for quantitative 
analysis.

The results presented h'ere demónstrate that quantitative analysis with an 
accuracy o f  a few percent is possible with elemental sensitivity factors when  
the matrix o f the test specimen is similar to  that o f the specimens used to
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derive the sensitivity factors. In more routine analysis where matrix v^ria- 
tions are large, the accuracy is reduced to 30—50%. Future developments'in  
quantitative analysis will require precise m easurem ent.of backscattering fac­
tors and escape depths. In these experiments, techniques such as in situ 
fracture or cleaving provide a convenient means to prepare surfaces with 
known homogeneous concentration. Ion sputtering or scribing can also be 
used, but with som e caution due to pre.ferential sputtering. The validity o f  
any o f these techniques can be easily tested by examining several composi- 
tions o f the alloy system of interest [ 5 2 ,5 3 ].

V. Applications

Numerous applications o f AES have appeared in the literature during the 
past few years. While the initial applications were m ostly fundamental in 
nature, recent trends and developments in high sensitivity and versatile in­
strum entaron have led to many practical applications. In the following sec­
tions, numerous examples o f typical AES applications in several fields are 
presen ted.

A. F U N D A M E N T A L  S U R F A C E  SCIENCE

Initial applications o f AES were primarily related to fundamental surface 
studies because o f  the simplicity o f  converting the LEED system s to  AES 
instruments. In m ost o f  these studies, LEED was used to determine the 
atom ic structure and AES for chemical analysis. In more general applica­
tions, AES is used to monitor the elemental com position o f surfaces during 
physical property measurements. Several phenom ena such as adsorption, 
desorption, surface segregation from the- bulk, measurement o f diffusion  
coefficients, and cataíytic activity o f surfaces have been investiyated. AES 
has also been used to stüdy the surface com positional changes in alloys 
during ion sputtering which is covered in greater detail elsewhere [5 3 ] .

1. Identification o f  anomabous structures

LEED provides direct information o f the two-dimensional translational 
symmetry o f surface atom ic arrangements, but does not identify the chemi­
cal species giving rise to the structure. In com bination with LEED, AES has 
often been utilized to provide chemical identification o f surface species. An 
example o f this application is the identification o f “ring” structures on the 
Pt(100) surface [ l ( a ) ] . The structure forms irreversibly when the specimens 
are heated in the 6 00—8 0 0 °C range. The Auger spectrum [Fig. 24(a)J ob­
tained from a Pt(100) surface before any heating <ghows primarily carbón. 
Little or no Pt is detected indicating that the carbón layer is sufficiently

H eferences  p p .  2 1 8 —2 2 2



Fig. 24 .  Auger spectra from P l(1 0 0 ) :  (a)  Im m edia te ly  after insertion into  vacuum , and (b)  
after heating at 8 0 0 °C .  After Palmberg [ 1 ( a ) J.

thick to  prevent the escape o f Pt Auger eléctrons. A very weak I X  1 LEED 
pattern indicated a highly disordered structure. After briefly heating the 
specimen at 800° C, the LEED pattern showed a ring structure superimposed 
on the LEED pattern corresponding to  the substrate. The Auger spectrum  
obtained is shown in Fig. 24(b). Auger peaks from the substrate as well as a 
change in the fine structure o f the C Auger peak are observed. These 
results coupled with observations o f  the ring pattern suggests that heating 
causes the carbón to aggregate into graphite. islands. Several other super 
structures on the single crystal surfaces have been related to  the presence o f  
inípurities [ l ( a ) ] .

2. Adsorpt ion—desorpt ion studies

In many adsorption and desorption studies, AES has been used to  monitor 
surface coverage. The coverage is usually calibrated from supplementary 
techniques such as LEED, interferometry, quartz microbalance measure- 
ments, or ellipsom etry. Palmberg [54 ] used the peak-to-peak amplitude in 
the áN/úE  curve as a measure o f surface coverage in a study o f Xe adsorp­
tion on a Pd(100) surface. The variation o f Xe peak height as a function o f  
surface coverage at 7 7 °K (Fig. 25) indicates that the sticking coefficient of 
Xe on Pd(100) remains near unity up to approximately a full monolayer 
coverage and then drops abruptly to  zero. Also shown in the same plot is the 
variation o f work function, A<j>4 with surface coverage. Many other studies of



Fig. 25 .  Change ¡n work function (A $ )  and X e Auger pi-ak-to-peak am plitudes as a fu n c ­
t ion o f  Xe exposure  on a P d (1 0 0 )  surface. After  Palmberg ( 5 4 ) .

adsorption and desorption o f gases [5 5 —6 0 ] ,  as weil as other elements [6 1 — 
63] on solid surfaces, have appeared in the literature.

Adsorption—desorption studies are sometimes complicated by dissociation  
or desorption caused by electrón beam irradiation. For exam ple, the decom- 
position o f CO into C and O makes the adsorption kinetics o f CO impossihle 
to study by using electrón beams [6 4 ] .  In m osl cases, however, the electrón  
beam effects can easily be recognized in the experiment. Utilization o f  low  
primary beam energies and current densities and pulsed current techniques 
[65] often reduces electrón beam effects sufficiently to allow examination  
by AES.

3. Surface segregation

Harris [4 ,66 ] was the first to report observations o f surface segregation 
using AES. The specimen was positioned in front o f the analyzer and heated 
from the back by electrón bombardment. Harris observed that S segregates 
at the surface when Ni containing small amounts o f S is heated between  
600° C and 9 0 0 °C. Since the S was readily removed by a brief exposure to air 
at room temperature and because its presence did not obscure the spectral 
lines o f Ni, it was concluded that the extent o f surface segregation was only  
one or tw o atom ic layers. Harris has also observed that S segregates at the 
free surfaces o f Ti, V, Fe, Cu, Nb, Mo, Ta, and W and that Cr and Sb 
segregate at the free surfaces o f steel. Jenkins and Chung [67] observed C 
and S segregation to  C u ( l l l )  surfaces at 750°C . In the latter study it was 
also shown that segregated S occupies preferred sites on the surface, thereby 
giving a \ ¡ 1  X %/7 surface structure. Taylor [68] reported S and P segregation 
at the surface o f  304 stainless steel.

Results o f  a recent scanning Auger study o f S and P segregation in 304  
stainless steel are shown in Figs. 26 and 27. It is clear from Fig. 26 that S
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Fig. 26. Variation o f  surface co m p o si t io n  during heating a 3 0 4  stainless steel foil speci-  
m en at 750°C .

diffuses to the surface more slowly than P (the bulk concentrations are 
known to be approximately 0 .07 atom ic percent each).

After 10 min at 650°C , the specimen was cooled to room temperature. 
The surface distribution o f S and P (Fig. 27) indicates a nearly uniform  
distribution o f P on the surface, while S is highly localized. Ion sputtering

Auger Images Auger Line Scans

Fig. 27. Surface distribution o f  S and I’ after heating: Auger images and line scans
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Fig. 28. D iffus ion  profile  for Cu in Al thin fi lm o bta ined  after annealing for 8 5  m in at 
175°C. T he solid circles sh o w  the unannealéd profile . After  Wildman e t  al. [7 3  ].

experiments in conjunction with AES have clearly demonstrated that the 
extent o f segregation from the surface for both S and P is very small.

Diffusion parameters have been determined in som e system s by studying  
the desorption and dissolution [69] or the segregation [70] kinetics o f  
solute at the external surfaces. AES measurements o f  diffusion and surface 
segregation o f deposited species from one side o f a thin film to  the other 
have been reported by several workers [7 1 ,7 2 ] . From such measurements 
the diffusion o f Si through W [71] and o f Cr through Pt [72] in the 
temperature ranges examined were determined to occur primarily via grain 
boundaries. Concentration variation o f the diffusing species within the thin 
film has been measured by utilizing ion sputtering and AES [7 2 ,7 3 ] . Results 
of a-diffusion profile for Cu in Al at 175°C  after 85 min o f annealing are 
shown in Fig. 28, where V is the penetration distance measured from the 
center o f the oxygen signal obtained at the Al/Cu interface. Based on the 
Whipple [74] analysis for grain boundary diffusion, these measurements 
enabled Wildman et al. [73] to separate the grain boundary contribution  
from lattice diffusion o f Cu in Al.

Equilibrium segregation, which refers to the increase in surface concentra­
tion o f  one or more com ponents as thermal equilibrium is established under 
conditions that correspond to a one-phase field in the phase diagram, has 
been studied in many system s 157,58,75—81] by monitoring the surface. 
com position as a function o f time at different temperatures. The thermo- 
dynamics o f such segregation can be expressed [82] as

0 2/(1  - 0 2 )  = l * 2/U  “  A'2)] exp (Q/IiT)

H e f i ' r c n c e i  l>l>. 2 I M ..2 2 2
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Fig. 29. Variation o f  o x y g en  surface coverage as a function  o f  temperature in N b —O 
alloys.  0'¿ is the fraction o f  occu pied  sites to  those  actually  available.  After  Joshi and  
Strongin [5 8  ]. •

where 0 2 is the ratio o f the number o f surface sites occupied by com po­
nent 2 to the total number o f  available surface sites, X 2 is the ratio o f the 
number o f lattice sites, and Q is the energy change involved in transferring 
one mole o f solute from the interior to the free surface o f  the sample.

Equilibrium surface segregation of O in Nb—O and Ta—O alloys has been 
observed in the 8 00—1700°C temperature range. The temperature depen- 
dence o f oxygen segregation to  surfaces in a series of alloys is shown in Fig. 
29. In the low temperature región, surface saturation and kinetically limited  
diffusion occur, while in the high temperature región, loss o f  solute due to 
evaporation o f Nb oxides is evident. In the intermedíate temperature range, 
the surface reaches a steady equilibrium state from which the distribution 
coefficient, K  = K 0 exp(AH/RT) ,  could be obtained. In this temperature 
range (825—1200°C ), AH  for oxygen segregation varied from 17 to 11 
kcal/(g atom) in Nb and from 19 to 6.6 kcal/(g atom ) in Ta as the bulk 
oxygen varied from 0.1 to 2.2 at.%, an actual decrease with increasing bulk 
concentration o f O. The AES studies performed in conjunction with ion  
sputtering [58 ] clearly indicated that the segregation is confined to the one 
to five atom ic layer región near the surface.



Segregation o f carbón at Ni surfaces has been studied extensively [78 , 
7 9 ,83—8 5 ] . Segregation studies at single crystal surfaces [78] and step­
ped surfaces [79] indicate that the C segregation exhibits three distinct 
equilibrium states at the surface in different temperature regions. From 
0/(1  — 0) vs. 1 / T  plóts, Isett and Blakely [79 ] obtained three different heats 
o f segregation corresponding to different amounts o f  surface coverage, sug- 
gesling changes in surface chemical bonding.

Ferrante [77 ] reported equilibrium segregation o f  Al in Cu—Al alloys 
(discussed in Section V .B .l.c ) and obtained [76] Q valúes o f 1.38 kcal/mole 
for Al segregation in the Cu—10 at.% Al alloy. Bonzel and Aaron [75] 
studied equilibrium surface segregation o f Ag on a Cu—14.3 w t. % Al alloy. 
The Cu—Al alloy was plated with silver on one face and then equilibrated at 
various temperatures in UHV, while the com position o f the other face was 
monitored with AES. From the temperature dependence o f the equilibrium  
surface com position, they arrived at an enthalpy o f adsorption for Ag on the 
Cu—Al alloy o f 14.6—14.9 kcal/m ole.
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4. Surface reactions

Several examples o f “gas—m etal” as well as “gas—surface im purity” reac­
tions have appeared in the literature. Reaction o f oxygen with S segregated 
on N i ( l l l )  surfaces was studied by AES in copjunctión with mass spectrom- 
etry [8 6 ] .  By studying the rate o f growth o f the oxygen Auger peak and 
the disappearance o f the S peak at various temperatures and partial pressures 
of oxygen, Holloway and Hudson [86 ] have observed that the surface reac­
tion consists o f  three steps, viz.

0 2(gas) -*• 0 2 (ads.)

0 2(ads.) + S (ads.) -*■ S 0 2(ads.) + n a 

and

S 0 2(ads.) -*■ S 0 2(gas)

where o represents an adsorption site for oxygen. Kinetic studies o f the 
growth o f surface oxygen and the decrease in S led them to conclude that 
the formation o f  S 0 2 (ads.) is the rate-controlling step, and that the reaction  
occurs by nucleation at a limited number o f sulfur surface sites and outward 
spreading o f the reaction zone.

AES in conjunction with LEED has been utilized for studying the inter- 
action o f O with C on a M o ( l l l )  surface [60] and with CO on P d ( l l l )  
surfaces [5 9 ] .  Adsorption and interaction o f O and N on Nb surfaces have 
been studied by Farrejl et al. [5 7 ] .

R e fe r en c e s  p p .  2 1 8 - 2 - 2 2



B. METALLURGY AND MATERIALS SCIENCE

Chemical properties such as corrosion, stress corrosion, oxidation, and 
catalytic activity and mechanical properties such as fatigue, wear, adhesión, 
resistance to deformation processes, and surface cracking depend on surface 
properties. Similarly, grain boundary “chem istry” influences mechanical 
properties, such as low and high temperature ductility and fatigue, chemical 
properties, such as intergranular corrosion and stress corrosion cracking, and 
electrical properties. The near surface or grain boundary chemistry can be 
affected by penetration o f external contamination or segregation from the 
bulk.

It is well known that free surfaces and interfaces are characterized by 
atom ic slructure and energies which are different from the bulk. The free 
energy o f these surfaces is often reduced by adsorption or segregation of 
impurity or alloying elem ents from the bulk. When the segregation is in 
thermodynamic equilibrium with the bulk (i.e. not diffusion lim ited), it is 
viewed as equilibrium segregation. Since surface forces govern such segrega­
tion , the. extent o f segregation is expected to  be very limited, at most a few  
atomic layers. Non-equilibrium segregation at surfaces and interfaces results 
when thermodynamic equilibrium is not established and occurs, for example, 
during freezing and solid state phase transformations, segregation resulting 
from drag o f alloying elem ents by the vacancies during heat treatments, and 
concentration build-ups that occur during mechanical treatments. The non- 
equilibrium segregation is thus characterized by diffusion limitations, and its 
occurrence can either be short or large in extent from the surface or grain 
boundary. In several studies involving segregation, AES has provided non- 
destructive surface chemical analysis and proved to  be extrem ely valuable 
compared to most other techniques which are limited by either large sam- 
pling depth and/or poor sensitivity. AES experiments in conjunction with 
ion sputtering have, in som e cases, helped to distinguish equilibrium from  
non-equilibrium segregation.

In the following sections, several examples are presented in which AES has 
been used to relate surface and grain boundary chemistry to properties of 
materials.

1. Surface properties

a. Mechanical properties inferred from surface segregation studies
Boron segregation to grain boundaries or to carbide inclusions at the 

boundaries was thought to be at least partially responsible for high tempera- 
ture fracture in precipitation-annealed (650—750°C range) steels containing 
boron. On the presumption that surface segregation would be similar to that 
at the grain boundary, Bishop and Riviere [87] conducted experiments to 
study the surface segregation o f boron-doped Fe. They observed máximum



segregation rates for B in the 7 00—800° C range, where precipitation treat- 
ment is carried out in steels, and confirms the likelihood that B is one o f the 
elem enls involved in em brittlement o f steels. In addition to B, they also 
observed segregation o f N and S on the surface o f Fe.

The temperature dependence o f surface segregation has been examined by 
A US in zircaloy spccimcns [8 8 ] . Surface segregation o f carbón and subse- 
quenl metal carbide formation above 3 0 0 °C was inferred from the occur- 
rence o f a C Auger peak and the detailed shape o f the C peak. The formation  
of a brittle carbide surface layer is belicved to contribute to the ductility  
mínimum observed at ccrtain slrain rales in llie13 00—3 5 0 °C range.

Surface segregation and formation o f surface phases in alloys within  
limited temperature ranges slrongly influence their behavior during mechani- 
cal processing. AES studies performed [89 ] on Al and Cu base alloys have 
substantially aided in understanding many processing problems, such as resis- 
tance to deformation in rolling and drawing, surface defects in finished  
producís, and poor adhesión properties during final plating operations.

Thom pson et al. utilized AES to study the role o f lead [90 ] in the  
machining o f steel. By measuring the com position, thickness, and coverage 
of the lead and oxide films on the chip and tool surfaces, they concluded  
that a discontinuous lead film 20—40 A thick forms on both the tool and 
chip surfaces during the machining o f a leaded steel and is responsible for 
redueing the metal—metal co n ta d  between the work material and the tool. 
The presence o f appreciable quantities o f oxygen on the chip surface is 
believed to  result from surface oxidation caused at the machining tempera- 
tures.

b. Corrosion and oxidation
The addition o f small amounts o f Zr substantially improves corrosion 

properties o f som e systems. For exam ple, as little as 100 ppm Zr added to  
liquid Bi prevents liquid metal corrosion o f low alloy steel contaipers. It has 
also been found thal preferential corrosion o f Nb grain boundaries by liquid 
Li can be; relardod by adding 1% Zr. The effect o f  Zr in inhibiting corrosion 
is believed to arise from the formation o f stable com pounds with C, N, and 
O.

AES studies were performed [91] on a commercial Nb—1% Zr alloy to  
examine the formation and stability o f these surface com pounds during heat 
treatment. Some o f the results o f this study are shown in Fig. 30. Prior to 
AES analysis, the specimen was c.ooled to room temperature after heating 
for a few minutes at the temperature designated on the abscissa. As the 
specimen temperature was raised progressively to higher valúes, observable 
surface segregation o f oxygen first occurred in specimens cooled from 500°C  
and reached a máximum at about 1300°C. When specimens were held at 
higher temperatures, some oxygen diffused back into the bulk, while the 
remaining fraction as well as the segregated Zr appeared to  be stable on the
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Fig. 30 .  Peak hcights o f  Nb, Zr, O, and N as a funetion  o f  the temperature from which  
the sample was c o o led  to  room  temperature.  After  Joshi e t  al. [91  ].

surface. The surface concentration o f the irreversible and segregated Zr 
was estimated at about 30 at.%. Segregation o f N was observed after hcating 
to temperatures beyond 1000°C . At temperatures beyond 1500°C , Zr was 
desorbed from the surface, probably in the form o f oxides. Sputter profiling 
measurements indicated that segregation o f O, Zr, and N was limited to  a 
few atomic layers. These measurements clearly indicate the formation of 
stable surface com pounds at various annealing temperatures and thus explain 
the beneficial effect o f  Zr additions on the corrosion properties.

Wehner and co-workers [92] have studied surfaces o f 304 stainless steel, 
Inconel, and CoCrAlY alloys corroded by fused salt eutectic mixtures o f (a) 
NaCl + NaNOa and (b) KF + NaF + K N 0 3 solutions. AES analysis and 
in-depth profiling gave com positional information o f  corrosion produets on 
the surface and in the near surface región o f the specimens. In som e speci­
mens which were corroded for a long time in mixture B, the corrosion 
produets did not adhere well and could be peeled o ff easily. Scanning Auger 
analysis on these specimens provided chemical information near the reaction 
zones. Pitting and the formation o f mesas and holes with a distinctive sur- 
rounding halo were studied in microscopic detail. An example o f the type of 
information obtained in this study on 304 stainless steel specimens is given 
in Fig. 31. The Auger images were taken after sputter removing approximate- 
ly 1500 Á. In addition, information on the com positional variation as a 
funetion o f depth in various areas on the surface has led to a better under- 
standing o f the corrosion process.

Several studies on the initial stages o f  oxidation using AES have appeared 
in the literature. Ferrante [93] studied the oxidation o f a Cu—19.6% Al 
alloy in 5 X 1 0 ~ 4 torr oxygen at 700° C and observed com plete coverage of 
the surface by aluminum oxide. Studies o f oxide growth at various tempera-
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ABSORBED CUBBENT M1CBOGBAPHS

AUGEB IMAGES

Fig. 31. Pit ¡n 304  stainless stecl after im m ersion in m o lten  KF'—N a F - N a N 0 3  at 3 5 0 °C  
for 7 days. After  Wehner e t  al. [ 9 2 ] .

tures indicated that a thermally activated diffusion process was important in 
oxide formation. Oxidation kinetics o f Re in the 300—220Ü°K range were 
studied in the 1 0 ~ !* to 1 0 “ 6 torr range o f oxygen pressure using a quadru-
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ETCHING TIME, M INUTES

Fig. 32. Depth profile  for a 304 stainless steel sam ple heated in air at  20Q°C for 2 h. 
Sputter  rsite = 5—10 A /m in .  After  Betz  e t  al. [ 9 6 ] .

pole mass spectrometer in conjunction with AES. In a different study, AES 
and ellipsometry were used to follow  the growth o f PbO on lead [9 4 ] .

Studies on air oxidation o f several commercial alloys [9 5 ,9 6 ] have been 
performed using AES. Betz et al. [96] have examined changes which occur 
at surfaces o f 304 stainless steel, 321 stainless steel, and Inconel when ex­
posed to air at various temperatures. Composition—depth profiles were ob­
tained by AES and simultaneous sputtering. Results from a 304 stainless 
steel specimen oxidized at 200°C  for two hours are shown in Fig. 32. Oxida­
tion at temperatures below approximately 2 0 0 °C caused formation o f iron 
oxides within a narrow región near the surface, while oxidation at higher 
temperatures resulted in chromium-rich oxides. These results were explained  
on the basis that the chromium-rich oxide is the thermodynamically stable 
phase in the oxidation products o f these alloys. The formation o f an iron- 
rich oxide at low temperature occurs, because the kinetics o f Cr migration to 
the surface is limited.

c. Adhesión, friction, and wear
Buckley [97] used a LEED—AES apparatus to study surface contamina- 

tion and its influence on the adhesive properties o f Fe single crystals. He 
showed that the effects o f methane or ethane [98] on the Fe—Fe junction  
strength are minimal, while O [97] and H2S [99] reduced the junction  
strengtli to valúes approaching zero. Similar studies were also performed in 
alloy systems. Ferrante and Buckley [100] found that surface segregation of 
Al occurs in Al—Cu alloys containing 1, 5, and 10 at. % Al. The segregated 
Al amounts to one atom ic layer o f ~100%  Al. The enhanced adhesión ob­
served for these alloy surfaces relative to puré copper was correlated 
[77 ,101] with the segregation o f Al at free surfaces.

Adhesive properties o f paint on galvanizad steel surfaces has been studied 
as a function o f pretreatment [1 0 2 ] . Auger analysis o f  steel showed that
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surfaces eleaned in a kerosene—acetone—alcohol mixture were nearly free o f  
surface carbón' and exhibited excellent adhesión qualities. By performing 
AES analysis on several surfaces, Gjostein and Chavka [102] arrived at an 
empirical expression for an Adhesión Index (A.I.)

A.I. = (Zn) (0 )/(C )

where the quantities in parenthosis are the Auger peak heights o f the indi- 
cated surface species.

Auger measurements [103] from ground alumina substrates, which had 
been annealed in the 1400—1500°C  range, demonstrated that Ca and Si 
segregated to the surface. Surfaces containing Ca and Si segregation exhib­
ited good adhesión to Ta2 N—1Til’dAu films, while etched specimens or an­
nealed sapphire exhibited poor adhesión.

AES has succeeded in identifying contaminants in the plating industry 
which cause peeling, bulging, poor adhesión, or discoloration o f platings. 
Electrodeposited Ni lamínate material containing undesirably weak and frac- 
ture-sensitive Ni—Ni bonds was examined using an AES—SEM system  
[1 0 4 ,1 0 5 ]. Auger analysis o f  the fracture surfaces showed that Ag was a 
major constituent and definitely responsible for observed failures in struc- 
tures fabricated by this technique.

AES data have led to a better understanding o f wear properties [102] in 
friction materials. In a sintered Fe base brake material consisting o f a wear 
additive MX, AES showed that the wear surface contained M in a concentra­
tion seven times larger than the bulk. The extent o f segregation was esti­
mated at 35 A from an ion sputtering profile. These results demónstrate that 
the additive segregates to the wear interface in sufficient concentration to 
provide an effective wear interface.

In an effort to understand surface properties, such as corrosion, adhesión, 
wear, and wetting, Watterson and Simons [106] conducted AES investiga- 
tions on the surface segregation o f S, P, N, C, Sn, Sb, and Ca in heat-treated 
stcels-. Sulfur segregation was the most dominant, féature, and the argón ion 
sputtering showed that the extent o f segregation from the surface is very 
small. However, no direct correlations with any o f the properties were re- 
ported in this study.

2. Grain boundary phenomena

Numerous mechanical properties and corrosion phenomena are relaited to 
grain boundary chomistry. Grain boundary em brittlement, intergranular cor­
rosion, intergranular stress corrosion cracking, and grain growth are strongly 
influenced by impurity segregation to grain boundaries and have been suc- 
cessfully studied utilizing AES. The boundary chemistry is made amenable 
to study by obtaining intergranular fractures in these materials. Since the 
extem al surfaces so formed are envelopes containing grain boundary facets,

I t e f r m n cc *  p p .  2¡H ~ 2 2 2
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analysis o f  these fracture surfaces by AES is representative o f  grain boundary 
or near boundary chemistry. The fractures are usually carried out in a UHV 
and analyzííd immediately to minimize contam ination from the arnbient. 
Pressures in the range o f 1 0 ~ 9 torr or better are essential to prevent exces- 
sive contamination on the active surfaces. In m ost cases, fracture and analy­
sis are preceded by a bakeout o f the entire system . In this section, AES 
studies o f fracture surface chemistry are reviewed and related to various 
properties. Also included are studies on som e powder metallurgy materials in 
which the surface preparation o f particles plays a dominant role in the 
properties o f final sintered compacts.

a. Embri ll lcmcnl  in ferrous alloys
AES has been highly successful in identifying grain boundary segregation 

o f impurities in many steels and other Fe-base alloys. The first experiments 
[1 0 7 ,1 0 8 ], on low alloy steels with a nominal com position o f 3.5% Ni, 1.6% 
Cr, 0.4% C, and 300 ppm Sb by weight, clearly demonstrated that Sb segre- 
gates to grain boundaries during embrittling treatment. Enrichment o f Cr 
and Ni at the grain boundaries was also detected. Segregation was not detect- 
ed in steels fractured in the intergranular m ode after a non-embrittling or de- 
embrittling treatment. The extent o f segregation [109] was estimated by ión 
sputtering in conjunction with A ES; it was shown that all impurity elements, 
including Sb [1 0 7 - 1 1 1 ] ,  P [1 0 9 ,1 1 1 ,1 1 2 ], and Sn [1 1 1 ,1 1 3 ] were connen- 
trated within a very narrow región (1—4 atom ic layers) near th» m*" Woun- 
dary (Fig. 33). Segregation o f Ni near the grain boundaries extended t j

Fig. 33.  Norm alized concentration  o f  segregated so lu te  on  fracture surface vs. average 
a m o u n t  rem oved by ion  sputtering. After  Marcus e t  al. [ 1 1 1 ] .  R eproduced  b y  permission  
o f  the ASTM.
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(a)

Fig. 34. (a) Spec im en current micrograph show ing  the fracture surface o f  an embrittled  
.')340 steel,  and (b)  Auger e lem ental ¡mages o f  Fe, P, Sb and Ni obta ined  from the surface  
show n in (a).

over a larger range (as much as several hundred angstroms) and did not 
decrease exponcntially with sputtering time; this result suggests [110] a 
segregation mechanism based on non-equilibrium processes.

The lateral distribution o f segregated species on fracture surfaces from a 
3340 steel has been examined with scanning AES [1 1 4 ] . These results, 
illustrated in Fig. 34, show that P segregates uniformly on all grain bound­
aries, and that Ni and SI) segregate prefcrontially on specific grain facets. 
Spectra obtained from two such facets are shown in Fig. 35. These observa-

HefercnccB p¡>. 2 1 8 ~ 2 2 x
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Fig. 35. Auger spectra obta ined  from  the low  Sb  and Sb-rich grain boundary facets.

tions suggest a very strong dependence o f segregation on grain boundary 
structure and energy. In m ost cases, the degree o f em brittlem ent could be 
directly related to the observed segregation at grain boundaries; the variation 
in ‘grain boundary com position as a function o f tho duetile to brittle transi- 
tion temperature is shown in Fig. 36. Similar studies made in Ni—Cr—Mo—V 
steels [115] also indícate a direct correlation o f segregation to the em brittle­
ment.

The combined presence o f Ni and Cr in low alloy steels leads to more 
segregation o f Sb, P, or Sn to grain boundaries than when either is present 
alone [1 1 0 ,1 1 1 ], The addition o f Mo [111] to a Sb bearing steel only 
changes the kinetics o f em brittlement, while extended aging at 480°C  en- 
hances segregation and consequent em brittlement. In a Sb steel containing 
additions o f 0.1% Ti, however, Sb segregation was found to be diminished 
upon prolonged aging [1 1 6 ] .

AES exam ination o f grain boundary em brittlement in Fe—P and Fe—P—S 
alloys showed that P and S irreversibly segregated to grain boundaries in the
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Fig. 36. Relation o f  severity o f  temper em britt lem ent to grain boundary concentrations  
o f  Sb, Ni, and Cr in 3 3 4 0  steels. After  Jóshi and Stcin [ 1 1 0 ] .  Reproduced by  permission  
o f  the ASTM.

entire ferrite range, while no segregation oecurred in the aüstenite. It was 
also shown that, in the absence o f C, the elements Ni and Cr are not required 
for the em brittlement and that the presence o f P, S, or possibly Sb at the 
grain boundaries is sufficient to cause extreme brittleness in B’e. Irreversible 
em brittlement in Fe—Te alloys [118] was shown to be due to Te segregation 
to grain boundaries.

Segregation o f Si, Sn, and S to grain boundaries o f Fe was studied by 
Hondros and Seah [119] in an effort to measure their grain boundary activ- 
ity directly. It was shown that enrichment ratios of 3, 462 , and 104 , respec­
tively, are inversely related to máximum solid solubility, a phenomenon that 
was found to be consistent with other measurements o f interfacial activity.

b. Embri tt lement  in non-ferrous alloys
Tungsten made by powder metallurgical methods is often extrem ely brit- 

tle with ductile—brittle transition temperatures as high as 8 2 5 °C. It was 
believed that the embrittlement was associated with the segregation o f o x y ­
gen to grain boundaries, but AES studies [120] did not indicate any oxygen  
enrichment in the brittle materials. Instead, AES experiments have shown 
that the phosphorus concentration at grain boundaries is a strong fuhction o f  
the transition temperature as indicated in Fig. 37 [1 2 0 ] , The P concentra* 
tion at grain boundaries was found to be a function o f grain size o f the 
material examined and in all cases the P enrichment was localized to < 2 0  A 
near the grain boundary.

R c fc r r n c v s  />/>. 2IH  '2 2 2
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Fig. 37 .  E f fe c t  o f  P segregation to  the grain boundaries o n  the ducti le—brittle transition  
temperature o f  tungsten. A fter  Joshi and Ste in  [ 1 2 0 ] .

AEá [1 2 1 ,1 2 2 ] was used to establish a correlation o f  em brittlement in 
copper, containing various amounts o f  Bi, w ith Bi segregation at grain 
boundaries. The concentration o f Bi in the grain boundary región was esti­
mated at 30 at.% and, extended over a very limited región. In a different 
study, embrittlement in Cu containing 25—100. ppm Te was studied using 
AES [1 2 3 ] .  A solution-treated material aged at 540°C  for one day resulted 
in grain boundary segregation o f Te and consequent em brittlement. Further 
aging resulted in a second phase formation in bóth the matrix -and grain 
boundary región. This. second phase formation resulted in de-embrittlement, 
which was believed to  result from desegregation o f  Te from grain boundaries.

Polycrystalline Ni charged with hydrogen results in brittle, intergranular 
fractures when tested in slow tensión. From AES studies, the em brittlement 
of Ni by hydrogen was correlated with segregation o f hydrogen recombina- 
tion poisons at the grain boundaries [1 2 4 ] . It was suggested that the entry 
o f hydrogen into the Ni specimens occurs preferentially in the proxim ity of 
grain boundary intersections with the free surface. The Sb and Sn present at 
grain boundaries act as hydrogen recombinatioi} poisons and stimulate ab- 
sorption o f hydrogen by the metal.

In another AES study [125] on S-doped Ni base alloys, it was shown that 
em brittlem ent results from S segregation at grain boundaries in concentra- 
tions up to  12 at.%. It was also shown that ductility enhancement induced 
by doping the alloy with small amounts o f  elem ents such as Hf, Zr, and La 
was associated with a reduction in grain boundary sulfur concentration.

The role o f TiC precipitation in the thermal em brittlem ent o f  250 series 
maraging steels has been elucidated by AES [1 2 6 ] . It was shown that the
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segregated TiC is highly localized near the prior austenite grain boundaries. 
Further loss in fracture toughness with aging was shown to result from a loss 
in cohesive strength at the TiC/matrix interface due to segregation o f B.

c. Embri t t lement in p o w d e r  metallurgy materials
Under identical conditions o f pressing and sintering, compacts o f iron 

powders prepared by various methods differ in density and tensile strength. 
Differences in mechanical properties were believed tó arise from variations in 
initial surface preparation techniques or from changes that occurred during 
sintering. The interface chemistry between partióles can be examined with  
AES by in situ fracture which occurs primariíy along interparticle interfaees. 
In a recent AES study [1 2 7 ] ,  the density and tensile strength o f various 
specimens were related to the fracture surface concentration o f  impurity 
elements; the results are presented in Fig. 38. The relationship. between the 
concentration o f impurity elem ents and the density o f powder-metallurgy 
compacts was similar; only oxygen appears to be detrimental. Low density 
(also high strength) irons exhibited a shallow in-depth profile, while the 
lowest density iron exhibited a región o f segregation extending well over 
300 A. In a scanning AES study [70] o f a low-density Fe, it was shown that
O, C, and Ca are localized in the same regions on the fracture surface. These 
observations suggest that the contamination in the low-density iron consists 
of O, C, and Ca in a com pound form. The distribution o f O and C were not 
highly correlated on the fracture surface o f a high-density Fe specimen i

t’ig. 38.  Variation o f  S, Gl, C, and O at the fracture surface o f  pow der  metallurgy iron vs. 
tensile strength.

R cferc t icos  p p .  218~~222



d. Intergranular corrosion
Austenitic stainless steels that have been solution-treated are often sus­

ceptible to grain boundary corrosion after heating in the 4 50—900° C tem ­
perature range. This phenom enon, known as sensitization, was strongly be- 
lieved to result from precipitation o f chromium-rich carbides at the grain 
boundorios. Since the carbides were chrohiium-rieh, it was expec-ted that the 
región adjacent to the grain boundaries would be depleted o f Cr; impoverish- 
ment in Cr was hypothesized to be the reason for poor corrosion resistance. 
This explanation appeared satisfactory for explaining the corrosion behaviors 
in weakly oxidizing solutions, but does not account for observed intergranu­
lar corrosiorf o f solution-treated steels which show no detectable Carbide 
precipitation. Chaudron [128] and Armijo [129] have shown that high- 
purity alloys are immune to attack. These and other experiments indícate 
that Cr depletion and the strain theories [13 0 ] cannot account for all the 
observed properties. In order to understand the coijrosion behaviors in 
austenitic stainless steels better, Joshi and Stein [13 1 ] conducted an AES 
study on freshly fractured surfaces o f selected alloys and related the grain 
boundary chemistry to the corrosion behavior in strongly and weakly oxi­
dizing solutions. The results o f the study are briefly summarized below and 
in Table 2.

Sulfur, á com mon impurity elem ent and som etim es an additive in stainless 
steels, segrégates to grain boundaries during the high-temperature (~1050°C )  
non-sensitization treatment. When the steel is subsequently treated in the 
600—850° C range, the grain boundaries undergo depletion o f Cr and enrich- 
ment o f Ñi. The corrosion properties, measured as weight loss/cm 2 /h, in 
nitric—dichromate (strongly oxidizing) solutions relate very well with S con­
centration at grain boundaries and apparently have no relation to Cr deple­
tion. The: corrosion properties in H2S 0 4—C uS04 solutions, on the other 
h'and, strongly depended upon Cr depletion, but not on S or Si segregation. 
The mínimum Cr content at grain boundaries, required to provide good 
resistance to intergranular corrosion, was estimated at 13 wt.%. In other 
steels examined the segregation o f  P and N was observed and beliéved to 
cause poor corrosion resistance in nitric—dichromate solutions.

There is considerable evidence that intergranular corrosion under stress is 
influenced by impurities in many materials. AES studies on these materials 
in conjunction with stress corrosion studies is needed to assess the impurity 
effeets fully. Another interesting area o f application for AES studies is in 
materials where the penetration of liquid metáis along grain boundaries
seems te depend on the com position o f the boundary.

i

e. Stabili ty o f  grain s truc tures
Powóer melallurgy tungsten wire produced from W 03 , which is doped 

with potassium silicate and aluminum chloride prior to  hydrogen reduction, 
is used extensively for filaments in incandescent lamps because o f its resis-
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tance to creep at high temperatures. The cause o f this phenom enon has been 
attribuk'd to an interlocked grain structure which is formed as a con- 
sequence o f either mullite particles, as suggested by Walter [1 3 2 ] , or bub- 
bles, as suggested by Moon and Koo [1 3 3 ] . An AES study performed on the 
intergranular fracture surfaces o f tungsten rods doped with Al, K, and Si 
showed that K was segregated at the grain boundaries. No Al or Si was 
detected, but a strong correlation between bubble density and K content was 
established [1 3 4 ] . The results demónstrate that the bubbles are formed by 
elemental K and that K, rather than mullite, is responsible for the inter- 
locked grain structures. Additions of ~ 1 0 0 0  ppm of MgO to  A12 0 3 are 
known to increase the sintering rates and substantially increase the density 
of sintered A1.¿03 . The role o f MgO was thought to result from reduced 
grain boundary m otion caused by solute segregation at grain boundaries 
[1 3 5 ] . An AES study o f intergranular fracture surfaces showed no large 
increase in Mg over bulk levels [136 ,137] ; the grain boundary^concentration 
was estimated at 0.4 at.% Mg12* in a specimen containing 0.2 at.% Mg2+ in 
the bulk [1 3 8 ] . The only other elem ent present in significant amounts at 
fracture surfaces was Ca. A closer examination [89] o f the fresh fracture 
surfaces in a scanning Auger system indicated that the Mg signal arises from 
localized precipitates present at the grain corners where the Mg2 + content 
was estimated at 4 at.%. In Fig. 39(a), an optical micrograph o f a relief 
polished section o f slow-cooled A120 3 sintered with MgO is shown, and in 
Fig. 39(h) the Mg Auger image o f the fracture surface o f a similar specimen 
demonstrates that the precipitates are indeed Mg-rich.

AES studies [137] in NiO-doped A120 3 showed no significant segregation 
o f the additive, but did exhibit heavy Ca segregation, which was observed in

Fig. 39. (a) Micrograph o f  relief polished alumina, and (b) Mg Auger image obtained from 
a fracture surface o f  alumina. (Courtesy o f  VV.C. Johnson ,  Ford Scientif ic  Laboratory.)
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CaO-doped A120 3 , as well as commercially puré A12 0 3 . Sputtering studies 
indicate that the segregated species were localized in the first 5—10 atom ic 
layers near the boundaries.

Fracture studies o f hot-pressed MgO doped with NaF and LiF have also 
been studied utilizing AES [1 3 7 ] . In the hot-pressed condition, the additives 
were present at the grain boundaries; after annealing only Ca and Ti were 
observed. Grain boundary chemistry changes affected by annealing were 
shown to be consistent with a liquid phase-assisted hot pressing mechanism  
and responsible for changes in physical properties.

C. CA TALYTIC ACTIVITY

Catajytic activity o f many materials is a surface phenom enon and henee a 
strong function o f surface structure and chemistry. It is likely that surface 
impurities influence catalytic activity through induced changes in surface 
structure [139—141] as well as by more direct means. The surface chemistry 
in catalytic materials may be altered by adsorption from the environment, 
surface segregation from bulk, and contamination during usage.

Several Pt and Pt alloy catalyst surfaces have been studied using AES. 
After normal polishing and etching, Pt surfaces consist almost entirely o f C 
and S to a depth o f several atom ic layers [1 4 2 ,1 4 3 ]. These are believed to be 
produets o f decom position and can only be removed by excessive heating, 
ion bombardment, or heating in low oxygen pressures. A heat treatment of 
contaminated Pt [144] at 400°C  in 0 2 at 1 alm for 4 h removed the C and S 
from the surfaces. The Pt surface thus formed containedno more than a few  
monolayers o f oxygen and was passive toward contam ination in atmosphere 
that normally occurs on untreated Pt surfaces.

The kinetics of CO oxidation on a Pt(110) surface [14 5 ] was investigated 
using AES in conjunction with LEED and residual gas analysis. The experi- 
ments demónstrate that tw o different catalytic reaction mechanisms prevail 
in the oxi'dation process. At low  temperatures, 100°C <  T  <  200°C , CO 
remains adsorbed on the Pt surface resulting in a com petitive adsorption by 
oxygen and an induction period for the onset o f C 0 2 formation which is a 
strong function o f temperature. At high temperatures or in cases where 
oxygen was preadsorbed on Pt surfaces, the reaction with CO occurred im- 
mediately and was temperature-independent.

Catalytic platinum gauzes are often used in the oxidation o f  ammonia and 
in the synthesis o f  HCN. A 4% increase in HCN production and 20° C rise in 
temperature results when the catalyst, a Pt—10% Rh alloy, is treated with 
~ 1 0 0  ppm H2S for 110 h during continued HCN production. An examina­
ron  o f such a catalyst using AES [139] indicated that the surface consists of 
large amounts o f C along with Rh, Ag, S, and N. Sputtering studies indicated 
that C extends over a great depth, while S and N are concentrated in the first 
few layers. This shows that treatment with H2S does not produce bulk

Rcfe rence e  p p .  2 1 8 —2 2 2
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contam ination  with S. Silver, llie origin o f  which is unknow n, was also pres­
ent to  depths on the order of several thousand  angstroms. It  was also 
noticed tha t  Rh was present in excessive am ounts  near the surface compared 
with the bulk.

Copper catalysts tha t  are used in a variety of oxidation and dehydrogena- 
lioli reaclions were examined [1-16] by AES lo determ ine the cause of 
differences in their performance. The poorly performing catalyst was found 
to contain 4.9 at.% Pb near the surface, which was almost three times tha t  of 
a good catalyst surface. Lead is a known poison fo r many copper catalysts 
and apparently  migrated to  the surface during the m anufacturing operation. 
In a similar s tudy [147] on a Pd—alumina catalyst used for selective hydro- 
genation of diolefins in an olefin—arom atic—paraffin ‘.tream, it was-found 
th a t  small am ounts  of Fe acted as a poison by preferentially masking the 
active Pd surface.

Surface com position, which can differ signifióantly from bulk composi­
tion with little or no external influence, plays an even more inYportant role 
in alloy catalysis. AES analysis o f  Ni—Au alloy foil surfaces [148] indicated 
tha t  Au enrichm ent occurs a t the alloy surfaces upon Ihermal equilibration

AUGER IMAGES AUGER LIME SCANS

Fig. 4 0. Auger ¡magos and corresponding Auger line scans for Ni and S from spent  
methanation catalyst.
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at high temperature. Chemisorption o f hydrogen or oxygen at roo.m temper­
ature caused the surface concentration o f Ni to increase. Since the Ni—O and 
Ni—H bonds are stronger than Au—O and Au—H bonds, preferential migra- 
tion of Ni to the surface from the near surface región is expected.

In a 50% Ni—50% Al alloy catalyst used in methanation o f natural gas, AES 
experiments have shown [89] that deactivation resulted from coverage of 
the surface by a small amount o f S. A scanning Auger system was used to  
study the actual sites o f S enrichment'at the surface. The Auger images (Fig. 
40) o f Ni, S, Al, and O clearly show that Ni and S are present in the same 
localized regions. The spectra o f Fig. 41 taken from areas o f high and low  
sulfur content also support this observation. These data suggest that S was 
either preferentially adsorbed or segregated to  Ni-rich surfaces. Depth com ­
position profiles obtained from the surface (Fig. 42) o f.th e  spent catalyst 
demónstrate that the S is localized within a depth o f about 30 A on the Ni 
surfaces.
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D. SEM IC O N D U C T O R  TE C H N O L O G Y

Semiconductor technology was one o f the first areas for application of 
AES to failure analysis and is now one in which AES plays a critica!-role in 
process development. In many respects, sem iconductor devices are ideal spe­
cimens for the AES technique. Thin film structures on these devices are 
well-defined in thickness and lateral extent. The depth profiling technique 
can be used to elucidate surface and interfaciaf contam ination, as well as 
inter-diffusion with excellent in-depth resolution. Scanning Auger micro- 
scopy can be used to localize the area o f examination on a bonding pad, an 
oxide window, a resistor, or any other feature o f interest.

1. Failure analysis

Failure o f a device can often be tráced to  impurity poisoning.of a surface 
during a particulár process step. For example, impurities such as hydrocar- 
bons and alkalis left on the surface after cleaning can lead to poor thin film  
adherence ór poisoning o f the device. Incomplete removal o f a photoresist 
also can cause poor adherence between metailic thin films. Similarly, incom ­
plete removal o f the passivation layer over a metailic contact pad can pro­
duce a bond with poor mechanical strength and/or a high resistance contact.

Thermal compression bond failure on gold-coated lead frames or bonding 
pads is most often caused by the formation o f impurity metal oxides at the 
gold surface. These metal oxides usually form in the thermal annealing process 
step necessary for good thin film adherence. All active metailic elements 
(such as Fe, Ni, Cr, Ag, Cu, etc.) within the gcid layer are potential bond 
inhibitors. Similarly, metailic com ponents may diffuse to the surface from 
the underlying layers and form oxides at the gold surface. Usually, these 
oxíde layers are less than a- few hundred angstroms in thickness and thus a 
surface-'sensitive technique is required for positive identification.

The role o f AES in detecting and identifying the impurities detrimental to 
bonding is exemplified in a recent publication by Wagner et al. [1 4 9 ] . A 
thick gold film on an alumina substrate was examined and found to have a 
high surface concentration o f copper oxide, even though the manufacturers 
had specified 99% purity. Wagner also showed that ultrasonic bonding of 
aluminum wires to electroplated gold failed “pulí” tests because o f impuri­
ties (C, Ca, Ag, Cd, and O) at the surface following thermal treatment o f the 
device. It is important to  point out that these impurities would not affect 
bond strength if they were uniformly distributed throughout the gold layer.

Figure 43 shows Auger spectra of gold-plated lead frames which had dem- 
onstrated both good and poor mechanical bonding strengths [1 5 0 ] . As 
indicated, the poor bonding characteristics were associated with the presence 
of thallium at the surface. Depth profile analysis demonstrated that the 
thallium was segregated within a few atom ic layers o f  the surface. A com-



• c

ETCHING TIME. MINUTES

Fig. 43 .  Correlation o f  thallium Auger signal am plitude  with  bonding  characteristics on  
gold-plated lead frames.

Fig. 44 .  D e p th —co m p o s i t io n  profiles o f  A l—Si c o n t a c t s ; lo w  resistance c o n ta c t  ( to p ) ,  and  
high resistance co nta c t  (b o t lo m ) .

píete study showed that the mechanical bonding strength could be predicted  
by the amount (relative peak-to-peak height) o f thallium present on the 
surface. After the cause o f failure was determined, it was then possible to  
trace the source o f thallium to  the goldplating solution.

The formation o f  oxides at the surface or an interface can cause electrical 
as well as mechanical failure. Using AES, Morabito [1 5 1 ] has shown that 
zinc oxide at the surface o f a gold-plated spring contact was the direct cause 
of high resistivity in the contact area. Further, the oxide layer was at most a 
few hundred angstroms thick and localized in the contact area.

R e fc r cn c e s  p p .  2 1 8 —2 2 2



Depth—com position profiles o f aluminum/silicon-álloyed contacts with 
good and poor electrical resistance characteristics are shown in Fig. 44. The 
depth profile demonstrates that at least a partial oxide layer existed a.t the 
alum inum/silicon interface in the poor contact area and very likely increásed

— 2 5 > i m —

Fig. 45 .  Elemental analysis o f  partióles on gold-plated lead frame show ing  Auger images 
for Fe, CI, and C. After  M acDonald [4 3  ].



the contact resistance. The souree o f contam inauon was traced to the 
accumulation o f impurities from the vacuum environment on the Silicon 
surface prior to aluminum evaporation.

An exam ple o f a scanning AES application in evaluating a bonding failure

Fig. 4 6 . T hree-d im ensional analysis o f  partióles on  a gold-plated  lead fram e. Au Auger  
images as a fu n etio n  o f  sp utter  etch  tim e. A fter  M acD onald [ 4 3 ] .
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is given in Fig. 45 which is a two-dimensionai com positional map o f a gold- 
plated beam lead frame [4 3 ] .  As indicated, AES analysis revealed localized 
iron, chlorine, and carbón impurities at the surface. Three-dimeosional 
analysis o f the impurity particle is demonstrated in Fig. 46. Gold images 
taken after sputtering 5, 15, and 35 min (~ 7 0 0  A ) define the particle geom- 
etry as a function o f depth. The ability to identify particulate contamina­
tion and measure the thickness o f  the particle led to the particular process 
step in which the contam ination was introduced.

2. Process evaluation

AES surface analysis and depth com position profiling provide a useful 
means for evaluating and developing specific device processes. The surface or 
interface com position may be characterized before and after a cleaning pro­
cess. By direct comparison, the inter-diffúsion characteristics important in 
achieving specific mechanical, electrical, and optical thin film properties can 
be characterized.

It has been shown [149] that contaminants such as Cl, F, and S left after 
final cleaning o f MOS/LSI circuits can affect the operation o f the final 
device. AES characterization of the surface was instrumental in the develop- 
m ent o f improved cleaning processes. From a depth—com position profile it 
was possible to show that the discoloration o f a thin film metallization  
system used for terminating a tantalum nitñde resistor was caused by copper 
and sulfur contam ination o f  a palladium overlayer [1 5 1 ] . Since the profile 
showed that the copper and sulfur were removed from the palladium at 
similar rates during sputtering, it was concluded that copper and sulfur were 
chemically associated.

An example o f depth—com position profile analysis o f  a thin film metal­
lization system is shown in Fig. 47. This particular com posite is made up of 
three separate metallic layers bonded to alumina. (Thin layers o f chromiüm  
and titanium typically are used to promote gold adherence to ceramic sur- 
faces.) The profile itself suggests what parameters are important and can be 
used as a visual aid for discussing the different kinds o f evaluation that may 
be performed. For example, the test may be focused on the inter-diffusion 
of the chromiüm and titanium layers as a function o f annealing temperature. 
In this case, several test specimens or even the actual package devices could 
be treated at different temperatures. The depth—com position profiles could 
then be compared for the penetration c>f chromiüm throughout the gold film 
or into the ceramic substrate. In another approach, the profile could be used 
as a quality control m onitor o f chromiüm film thicknesses for different 
production runs. Combining the test to include both thickness and Cr—Ti 
inter-diffusion could reveal preferred film thicknesses as a function o f an­
nealing temperature, thereby empirically arriving at an improved metalliza­
tion system . Finally, the test could also be aimed at determining the maxi-
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Fig. 4 7 . D ep th —co m p o sitio n  p rofilc  o f  A u , Cr, untl T i m eta llization  sy stem  o n  AI2 O3 .

mum allowable contamination at the titanium—alumina interface. Corre- 
lating adhesión tests and/or contact resistance measurements with depth  
com position profiles o f carbón and oxygen, for exam ple, could serve as a 
quality control o f ceramic cleaning procedures and predeposition enviror- 
ment. '

Finn et al. [152] have shown that AES/X-ray diffraction studies can be 
used to study alloying and chemical reaction occurring at Pt/GaAs interfaces 
after device thermal treatment in the temperature range o f 300—400° C. 
Their study showed that the inter-diffusion o f Pt and GaAs was directly 
observable from AES depth profiles by comparing treated and untreated 
specimens. A depth profile o f  a sample treated at 400° C for one hour 
showed that Ga and As were present on the Pt surface and that Pt had 
diffused into the GaAs substrate. X-ray diffraction data showed that com ­
pounds o f  PtAs2 , Pt3 Ga, and PtGa were formed after heat treatment.

In a depth—com position study o f ohmic contacts, Robinson and Jarvis 
[153] examined nickel and gold—germanium thin films on GaAs substrates 
before and after alloying. Composition profiles from the surface showed that 
before annealing the 150 A nickel and 340 A gold—germanium films were 
well-defined on the GaAs substrate. Upon annealing <460°C for 40 sec), 
however, it was determined from the profiles that Ga, As, Au, and Ge had 
diffused to the nickel surface. The AES results, as well as scanning electrón  
micrographs, indicated that the nickel overlayer was not a continuous and 
uniform coating after annealing. AdditiOnal process information about 
heated GaAs was gained from results which showed that differential out-dif- 
fusion o f  gallium depends on the crystalline orientation o f  the GaAs.

In a later study o f ohmic contacts, Robinson [154] applied the same 
techniques and method to investígate the formation o f palladium silicide on

H efcrcnccs  v p .  2 1 8 —2 2 2
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single crystal Silicon. In a comparison o f X-ray diffraction data o f a thick 
Pd2Si layer and the low-energy Silicon Augeí spectrum, it was possible to 
associate distinguishable electrón peaks with free Silicon and Silicon in the 
com pound form o f Pd2 Si. In total, the results indicated Silicon enrichment 
at the surface and diffusion-limited formation o f the Pd2Si layer. .
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AN ALS A N A L V S IS  O F O X lD K  FILM S ON IKON

M. S i : 0 * .  J.B . t.tlM SD I-N  and R.W. S T A I l lL lí  
iJ c i iu r u n n it  o ] ' M c it i l lu rg ic a l lin i¡ in c c r in g , l i t e  O h io  S ta te  U it iv e rs ity ,
C o lu m b a s , O h io  4 3 2 1 0 , U .S .A .

Keeeived 30  S c p le m b e r  1974 ;  revised  n ia n u s e r ip t  receivcd  12 l ' c b r u a r y  1975

I lie A 11 j ’ 1 \ p e c t r a  ul' (lie i ron o x id e s  liave b een  invesl if ia ted.  Tin- rc la tive  a m ­
p l i tu d e s  ul  llie Au::er Imes h o n i  oxyj.H'it am! im n  liave been  d e t e r m i n a !  for l e ( ) .
1 C i ü j .  o-l  c ; C)j ,  7 -I C2 U 3 , a n d  1-eOOII.  ll  was  l 'ound th a t  (lio a m p l i t u d c  r a t io  s 
o f  tlic O  (5 IO e V ) / l  'e (7 0 3  cV )  lines was,  to  a firsl a p p r o x i m a t i o n ,  d i re e t ly  p ro p o r -  
t iona l  tu  ttic  ra t io  o f  oxy¡'.en a n d  i ro n  in the  e l ie in ieal fo r m u la .  S t r u c t u r e  w a s  o b ­
served in t lio spee tra  resu  ll i un l 'rom tlic l e  M 2 j  VV  t r a n s i t io n .  D if f e ren t  spec tra  
w ere  obse rved  fo r  l e . l  eO,  l e , O . , .  K ' . i O j ,  and  I c O O H ;  how'ever,  tlie s am e  spee tra  
w crc  o b t a in e d  fo r  a -  aml 7 -l-e2 Ü j .

I. In trod u ction

T lie ie  liave heeu tiiniH'Knis investiga lions ol llie p io le c liv e  o x id e  til di foniK'd un 
iron exposed  to hotli ¡¡aseóos environm ents j I ,?| and to aqu eou s so lu tio n s h j. 
It lias been well establishcd that tlic high tem perature o x id a tio n  o f  iron (up lo  ap- 
p io x im a li'ly  5 7 0 " (')  rosulls in llie  forn iaiioti ol a tw o layer film  consistin¡> l't’ ^04 

and I e ^ O ^ a l  higlier tem peratures a t lu e e la y e i  film  o f  l ;e (), l-'e^ O ^ a n d  l*c ->() ^is
loi m ed.

I lie ox id e  film lo im ed  al low  tem peratures is less w cll eharacletizcd  w itli several 
(lilleren t s t iu c lm e s  liaving been observed in d ilíra c tio n  patterns from  tlic film s
17 I 0 | . Salem  a 11 and l’a llin so n  1 1 I | liave 110 led el 1 auges i 11 llie  A 11} > e r vale lite  batid 
speclra ol iron v, lien a elean surlacc is exposed  lo  o x y g en  at room  tem perature; 
lliey  give 110 ¡n lc ip reta lio n . S eo , l.u m sden , aml S lae lile  112 | liave observed similar 
changes in spectra from llie passive film ; tlicy  snggesl tlial on e  type o í  s ln ie tiire  in 
tlie spectra can lie attributed to !;e->Oj and a secm ul type (o  l 'e 3 O4 . R ecen ily  Veda  
aml S h im i/u  | l . í |  liave also co n jec lu ied  llial il ifl'ercn I low  cneigy' spectra can be at- 
tribnted to l e i O  ; and i'e  ?0 4 ; how ever, their in terp ic la tio n  is still nuclear.

Tliere is no general agrccnient 011 (lie nature o f  tlic o x id e  film  form ed 011 iron in 
aqueous so lu tion s. T lierm odynam ies 1 1 4 1 as well as experim ental results p . 1 5 , l<>| 
can he used to support e ilher a tw o phase 01 a single phase m otlel; llie inteipreta- 
tion depend s upo 11 llie invesl ij>;itt>1

In the work reported licrcin A I S  has been used lo  investígate the o x id e  lilm s

l’resen t  aili lress:  h l e e t r o e h e m i s t r y  L a b o r a tu r y ,  t a e t i l l y  o l  I j iyineeri ii f ;,  l l o k k a id o  U nive rs i ty ,  
S a p p o iu ,  .tapan.
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AIJC.FR ANALYSIS OF THF ANODIC OXIDF FILM ON 
IKON IN NEUTRAL SOLUTION*

N
M . Sl:<> and S a t o

Electmdicinisiry I.aboratory, Tuciilly o f Engiiicering, Mokkaido IJnivcrsity.
Kita 13, Nishi K, Kita-ku, Sapporo 060, Japan

and

.1. B. l.uMsDi N mui R. W. S t a i iii.p

Department o f Mctallurgical Engineering, The Ohio State University, 
Columbus, OH 43210, U.S.A.

Abstrae! -The composition depth-prolile o f anodic oxide films on iron at various potentials in a 
boric acid sodium borato solution of pH 8.4 was measured by the sci|uential use o f  Auger electrón 
spectroscopy (AES) and sputtcr-ctching. It was found that the anodic oxide film consisted mainly of 
oxygen and iron with minor impurities such as boron, sulphur and Carbón. The composition ratio o f  
boron or stilplun lo oxygon exhibited a máximum v;flue al a ccrtain depth in Ihe oitlcr layer o f the 
lilm aml the máximum valúe ol'(ltyO) increascd with increasing potcntial up to 500 mV (SCli). The 
lilm formation mechanisin is discussed from the observed dependente o f boron content in the film.

IN T K O D IK  T IO N

S t u o ii:s  of the anodic oxide lilm on iron in neutral boric acid-sodium borate solution 
have been carried out by many researchers. Nagayama and Cohén1 made electro­
chemical mcasurcment of the anodic oxide film on iron and proposed a two layer 
model consisting of an inner magnetite and an outer ferric oxide. The recent applica- 
tion of ellipsometry to this system has succeeded in the direct measurement of the 
thickness and the optical constant of the anodic oxide film. Nodaeí al.2 proposed a 
model consisting of antíydrous ferric oxide as an inner layer and hydrated ferric oxide 
as an outer layer as a result of using a cathodic reduction technique combined with 
ellipsometry.

Recently, the sequential use:i of Auger Electron Spectroscopy (AES) and sputter- 
etching of solid surfaces has mude possible the measurement of the composition profile 
of n surface layer in tlcptli; the composition gi ailienl of surface layer in depth can be 
determined by rcpealcd sputtering with Ar1 ion-bombardment followed by Auger 
analysis. The application of this technique to the ahodic oxide film on metáis should 
bring forth further an understanding of the passivation phenomena.

In the present paper the composition profile in depth of the anodic oxide film on 
iron in neutral boric acid-sodium borate solution was examined by the sequential ase 
of AES and sputter-etching and these Auger results were compared with the results2 
previously obtained by ellipsometry and coulometry.

‘ Manuscript received 24 January 1976; in revised form 20 February 1976.
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E X P E R IM E N T A !. M E T H O D
P r e p a r a !  i o n  o f  s p e c i m e h

The iron specimen uscil in this sludy was a vacuum meltcd ctectrotytic rod, 0 .2  in. in dia. and
0.4 in. in length (ptirily which was anncalkd in an atrhosphere o f  argón at 750°C for 3 h and
then electropolishedin a solution o f glacial aceticacid and 70% perchloric acid (¿0 : I). The electrolyte 
solution used was an equivolume mixture o f  0 .I5N  Na2B40» • IOHaO and 0 .I5N  H3BOs (pH 8.4), 
which was de-acratal in a solution rcservoir by prepurilicd argón before introduction into an electro- 
tytic ccll. The clectropolished specimen was cathodically rcduced in this solution at 5 i¿A/cm2 for
30 min to remove any oxide films from its surface. The solution was changed after cathodic redúction, 
and the specimen was oxidized potentiostatically at a desired anodic potential for 1 h to form the 
anodic oxide film on it. The specimen thus anodically oxidized was rapidly removed from the cell, 
washed with double-distilled water, dried with anhydrous methanol under argón atmosphere and 
stored in a glass tube filled with prepurified argón to prevent from further oxidation in air. The 
cylindrical surface of rod specimen was used for AFS mcasurcment.

A E S  m i 'a s i i r e m v n l
The AES chamber consisted o ía  cylindrical tum or analyser (Varían) wilh a co-axial electrón gun, 

an ion-bombardmenl gun, and an ultra-high vacuum system. The specimen was set on a sample 
holder in this chamber, in which prepurified argón had been (illed at a pressure higher than the 
atmospheric pressure. After rough-pumping with /.colile-lillcd cryosorption pumps, the chamber was 
evaciiatcd to a vacuum of 10 " Torr or better, using ¡on and titanium sublimation pumps. N o  bakc 
out o f the chamber was used, in order lo avoid changing the composition o f  the films.

Spectra were taken by using a 2 kcV, 50 |tA primary electrón beam and a 2 V modulation ampti- 
tude with a frequeney o f 17 KH/.. Argón ion-bombardment was performed at a pressure 8 x  i 0 “ * Torr, 
using prepurified argón. After the admission of argón the chamber was pumped with the titanium  
sublimation pump to elimínate the possibility o f contamination by active residual gases.

0 100 200 300 400 500 600  TOO 800

E le c t r o n  E n e rg y  ( eV )

Fig. I . The Auger spcctra of the anodic oxide film formed on iron at —300 mV(SCfe) 
for 1 h in the boríc acid-sodium borale solution. The sensitivity o f the lock-in ampMfief 

was so changed that all the Auger spectra was represented in a single figure.



A 500 eV ion beam \v;is used lor ion-bonibardiiicnt at an ion currcnt density less than 1 |¿A/cm2.
I he spultcring rale ol' lile anodic oxide lilm 011 iron was estimated to lie I ~  1.5 Á/niin by comparing 
tlio lime required lor the lililí lo be spullercd oomplololy and the film thickness measured by etlipso- 
melry.

K X P i:R IM F .N T A 1. R I S U I .T S  A N D  D I S C U S S IO N  

.-ttificr spectra o f  anodic oxide films on ¡ron
F ig u re  I sh o w s the  A u g e r  sp e c tra  o l' ¡ron  sp e c im en  a n o d ic a l ly  o x id iz e d  a t  — 3 0 0 m V  

( S C E )  fo r  I h . T h e  a n o d ic  o x id e  f ilm  c o n s is ts  m a in ly  o f  o x y g e n  a n d  ir o n  w ith  m in o r  
im p u r it ie s  su ch  as b o ro n , s u lp h u r  an d  c a rb ó n . T h e  A u g e r  p e a k  o b se rv e d  a t  ca. 155 e V  
in  F ig .  1 can  be  re g á rd e d  as an  o v e ra lp p e d  p e a k  o f  b o ro n  an d  s u lp h u r  s in ce  re cen t 
A u g e r  re su lts ” h ave  re v e a lc d  th a t th e  A u g e r  p e a k  o f  b o ro n  in  th e  f i lm  s p l it s  in t o  tw o  
p ea ks (157 an d  178 c V )  an d  the  lo w e r  en e rg y  p ea k  is  c ió se  to  th e  s u lp h u r  A u g e r  p e a k  
(152 eV ) . A 11 a p p e a ran ce  o f  the  a rg ó n  A u g e r  peak  (215 e V )  d u r in g  s p u t te r in g  re su lts  
f ro m  a rg ó n  p e n e tra t io n  in  the  l i lm  d u e  to  a rg ó n  io n  b o m b a rd m e n t .  T h e  c o m p o s it io n  
o f  the  a n o d ic  o x id e  f ilm  ch ang es w ith  s p u t te r in g  t im e . A  lo w  ene rg y  ir o n  A u g e r  p e a k  
(47 e V )  o f  p u ré  m e ta ll ic  ir o n  c o r r c s p o n d in g  to  M 2i!1 V V  t ra n s it io n  s p lit s  in to  tw o  p ea ks 
(43 a n d  51.5 c V )  as a rc su lt  o f  the  fo rm a t io n  o f  the  a n o d ic  o x id e  l i lm ;  the  h e ig h t  an d  
lo c a t io n  o f  tw o  p ea ks ch an g e  w ilh  sp u t te r in g  t im e . T h is  c h e m ic a l s l i i f t  w il l be d is cu sse d  
la te r  in  d e ta il.

Composition deptli-projile o f  anodic oxide films form ed at various potentials
T h e  peak  to  p ea k  h e ig h t (p .p .h .)  f o r  ca ch  c o m p o n e n t  in  the  a n o d ic  o x id e  f i lm  o n  

iro n  w as p lo t te d  ve rsu s s p u t te r in g  t im e  lo  o b se rve  the  c o m p o s it io n  p ro f i le  in  d ep th . 
T h e  m a jo r  A u g e r  p ea ks  o f  o xygen  (510  e V )  a n d  iro n  (703 e V )  w e re  used lo  m o n ito r  
th e ir  c o n c e n t ra t io n s  in  the  li lm .  T o  e lim ín a le  e x p e r im e n ta l e r ro rs  cau sed  b y  a  f lu c tu a ­
r o n  o f  A u g e r  o p e ra t io n a l c o n d it io n ,  it is d c s ir a b lc  to  n o rm a liz e  th e  o b se rv ed  p .p .h . 
o f  c a ch  c o m p o n e n t  as a ra t io  lo  Ihe  p .p .h . o f  iro n . F ig u re s  2 an d  3 sh o w  the  n o rm a liz e d  
c o m p o s it io n  p r o l i lc s  o f  the  a n o d ic  o x id e  f ilm s  fo rm e d  in  the  p o tc n t ia l ra nge  f ro m  — 630 
to  750 m V  ( S C E )  fo r  I h ; Ihe m á x im u m  a c t iv e  d is s o lu t io n  c u r re n t  d e n s ity  in  the  
p o la r iz a t io n  c u rv e  o f  iro n  in  the  b o r ic  a c id - s o d iu m  b o ra te  s o lu t io n  o f  p H  8.4  a p p e a rs  
at 030  m V  ( S C 'l í)  a n d  Ihe p a s s iv ity  o f  iro n , w h ic h  s ta rts  a l -500 m V  ( S C E ) ,  c x le n d s  
o v e r  a w id e  p o tc n t ia l range  up  to  | 000  111V  (S C E ) .

The ra t io  o f  o xygen  p .p .h . o l iro n  p .p .h . (O /Fe),,.,, i,., in i l ia l ly  d c c rc a s c s  w ith  
sp u t te r in g  t im e , b u l th e re  is a p la le a u  re g ió n  w he re  i l  r c m a in s  a lm o s l c o n s ta n t  b e fo re  
Ihe l i lm  is c o m p le te ly  s p u t ie re d . T h e  p resence  o f  the  p la tean  suggcsts  th a t Ihe  f ilm  
lia s  a c o n s ta n i c o m p o s it io n  Leg ión  in  i is  Ih ic k n e s s , p ro v id e d  Ih a t a p re fe re n t ia l 
s p u l le r in jy ’ o l l l ie  l i l i l í  c o m p o n c n ls  d o c s  1 1 0 I o c cu r . T h e  p la le a u  v a lu é  o f  (0 /1  'c),,,,i, 
fo r  Ihe a n o d ic  o x id e  litm  fo rm e d  at 500 an d  300 m V  ( S C E )  is 2.1 |_ 0 .1 . A c c o r d -  
in g  lo  p rcv io iiN  A I S  re su lts" o f  s ta n d a rd  iro n  o x id e  l i lm s , i l  is m ag n e t itc . Fe,,O*, w h ic h  
c o fre s p o n d s  to  the  ra t io , ( 0 / E e ) p p.|, 2.1. T h e  l i lm  fo rm e d  a t p o te n t ia ls  a b o v e
0  m V  ( S C E )  has a w id e  p la tean  in  w h ic h  (O /Fe ),,.,, 1,. s l ig h l ly  de c reases  w ith  sp u t te r in g  
lim e , an d  the  m ean  v a lu é  o f  ( O / l  e),, ,,,, in  the  p la te a u  re g ió n  m erca se s  f ro m  2.7 to  
3.2 as Ihe p o tc n t ia l is m o re  n o b le , w h ich  c o r re s p o n d s  lo  Ihe  c o m p o s it io n  o f  Fe.,.0., • 
n \ E O  {n 0.í> ~  I .X). I he g ra d u a l ch an g e  o l' (0 /1  ;c ) ,,,, h. a e ro ss  the  l i lm / ir o n  su b s t ra le  
in te r l'a ce  m ay  suggesl the  p o s s ib i l i ly  o f  e x le n s iv e  o x yg e n  d if l 'u s io n  in to  tho  ir o n  su b - 
s lr a le ,  a lth o t ij ’ h an  a l lc r n a l iv c  e x p la n a t io n  m ay  be m ade  by  th e  k n o c k -o n  c l f c c t 7 o f

Auger analysis or tlie anodic ule lilm 011 iron in neutral solution
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I'kí. 2 . I he normali/cil composition prohlcs ol llie films formeil 011 ¡ron at rclativcly 
less noble potentials ¡11 a rango froni (iJO to 300 mV.(SCE) for I h and the chemical 

shift o f low energy Auger peaks o f iron.

io n -b o m b a rd m e n t  o r  b y  the  h c te ro g e n e o iis  sp u t te r in g  o f  th e  f i lm  w h ic h  a ls o  jn a k e s  its  
in le r fa c e  u n c lc a r .

I hQ v a lú e s  o f  ( C / f ' e ) , , i i |  the  c o m p o s it io n  p r o l i le  d e creases e x p o n e iH iu jly  w ith  
s p u t te r in g  t im e  an d  in c re a s c s  a g a in  w hen  th e  ir o n  su b s tra te  is  e xpo sed . A lm o s t  n o  
b o ro n  w as o b se rv ed  in  th e  l i lm s  fo rm e d  a l 630  an d  — 500  rp V  ( S C E ) .  Sotrte  a n io u n t  
o f  b o ro n , h o w e v c r , w as ob se rv ed  in  the l i lm s  fo rm e d  a t p o te n t ia ls  m o re  n o b le  th a n  
- 3 0 0  m V  ( S C E ) ,  a n d  its  c o n te n t  in c reases as t l ic  p o te n t ia l r ise s u p  to  + 5 0 0  m V  ( S C E ) ,  

a lth o u g h  th e  p re sen cc  o f  b o ro n  is l im ite d  lo  an  o u te r  la y e r  o f  th e  f i lm .  T h e  d is t r ib u t io n  
o f  b o ro n  an d  s u lp h u r  in  the  f i lm  is d i l lc r e n t  f ro m  th a t  o f  c a rb ó n . T h e  d if fe re n ce  in  
d is t r ib u t io n  m ay  be m o re  e v id e n t in  te rm s  o f  ( B / 0 ) p p h , ( S / 0 ) p p h ,. a n d  ( C / 0 ) p p h .,
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l'i<¡. 3. I he normalized composition prolilcs o f the films formed 011 ¡ron at relatively 
more nohte polen liáis ¡11 a range from 0 lo 750 mV(SCIi) for I h and llie chemical shift o f  

low enei'ny Auner peaks  of iron.

as sh o w n  in  F ig .  4. T h e  p rcse n ce  o f  m á x im u m  va lú e s  o f  ( B / 0 ) p p h. a n d  (S /0 )p .Pih. a t 
a  c e r ta in  d e p th  in  the  l i lm  m eans th a t s u lp h u r  as w e ll as b o ro n  h a s  c o m e  f ro m  the  
s o lu t io n ,  w he reas c a rb ó n  has c o m e  f ro m  a n o th e r  so u rce , f o r  e x a m p le , a ir ,  a n h y d ró u s  
m e th a n o l u sed  f o r  w a sh in g  th e  sp e c im en  o r  re s id u a l gas in  A u g e r  c h a m b e r . T h e  
m á x im u m  va lú e s  o f  ( B / 0 ) p p h in  the  f ilm s  w ere  p lo t t c d  ve rsu s  a n  a n o d ic  p o te n t ia l in  
F ig . 5. T h e  m erca se  in  m á x im u m  v a lu é  o f  ( B / 0 ) p p ll u p  to  1-500 m V  ( S C E )  is  in  
a c c o rd a n c e  w ith  the  in c rc a s c  in  the  o u te r  la y e r  th ic k n e s s  o f  l i lm ;  th e  f i lm  th ic k n e s s  has 
been m ea su red  by  e ll ip s o m e t ry .2 F ig u re  5 a ls o  sh o w s th a t b o r o n  is  c o n ta in e d  in  the  
l i lm  fo rm e d  in  the  a c t iv e  d is s o lu t io n  le g ió n . S u ch  a p o te n t ia l d e p c n d cn c c  o f  b o r o n  in  
the  f ilm  m ay  be  re la te d  to  th e  l i lm  fo rm a t io n  m ech an  i sm  w h ic h  w i l l  be d is cu sse d  la te r .
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F i g . 4. l 'h c  d i s t r i b u l i o n  o f  h o r o n ,  s u l p h u r  a m l  c a r b ó n  in llie fi lms f o r m e d  o n  i ro n  a t  
d if ie ren!  p o le n l ia l s ,  500,  0 ,  a n d  750  m V ( S C E ) .

F io .  5. T h e  p o te n t ia l  d e p e n d c n c c  o f t h e  m á x i m u m  v a lu é  o f  (B/0), ,., , .h. in  i h e  f i lm s;  th e  
d o t t e d  l ine  s h o w s  p o l a r i / n t i o n  c u rv e  o f  i ro n ,  a n d  /., a n d  l.¡  in d ic a fe  re spec l ive ly  th e  to ta l  

lilm th ic k n e s s  a n d  llie in n e r  l.iycr t h ic k n e s s  o b t a i n e d  l’y e l l ip s o m e l ry .



Chcmicid slii/l o f 'b w  cncr^y Auyj-r ¡teak o f  iron in anadie films

F ig u re s  2 a m l 3 sh o w  the  c h e m ic a l s h ilt  o f  lo w  ene rg y  A u g e r  p e a ks  o f  i r o n  in  the  
a n o d ic  o x id e  l i lm s  fo rm e d  in  the  p o t c n l ía l ra nge  f ro m  — 630  to  750  m V  ( S C E )  f o r  I h . 
A  m o d u la t io n  v o lta g e  o f  0 .5  V  w as used fo r  an  a e cu ra tc  m ea su rem e n t o f  th e  lo w  
ene rg y  A u g e r  p ea ks o f  iro n . T w o  lo w  en e rg y  A u g e r  p e a k s  a t  43 ~  44  e V  an d  51 .5  e V  
w e re  a lw a y s  ob se rv ed  in  an  in it ia l  s p u t te r in g  stage  o f  th e  f ilm . A s  th e  c o m p o s it io n  o f  
l l ie  l i lm  a p p ro a ch e s  to  ( ( ) /F e ) r  ph 2.2, a l l i i r d  p e a k  a p p e a rs  a t  46  ~  46 .5  c V  bes ides 
the  tw o  p ea ks  at 44  an d  51.5 e V . A f t e r  the  c o m p o s it io n  o f  the  l i lm  a tta in e d  to  
( 0 / l 'e ) IM,i, 2 .2, -llie  peak  h e ig h t o f  46 .5  e V  in c re ases  ra p id ly ,  w h e rca s  th e  p e a k  
h e ig h t  o f  51.5 c V  de creases re v e rse ly  a n d  the  p ea k  o f  44  e V  d is a p p c a r s  c o m p le te ly .

A c c o r d in g  to  p re v io u s  A u g e r  re su lts0 c o n c e rn in g  s ta n d a rd  ir o n  o x id e  f ilm s , 
( 0 / í 'e ) p  p i, ■- 2.2 c o r r c s p o n d s  to  an  in te rm e d ía te  c o m p o s it io n  be tw een  y - F e 20 3 
1 (0 /Fe )p  p h 2.3] a n d  F e :iO^ ( ( 0 / F e ) pph  == 2.1]. T h e p re s e n c e  o f t w o  p e a ks  (43 ~  44  
a n d  51 .5 e V )  m eans th a t ir o n  io n s  in  th e  f i lm  a re  t r iv a le n t ,  w he re a s  th e  p re sen ce  o f  tw o  
p e a ks  (46 .5  a n d  5 1.5 c V )  m eans th a t  i r o n  io n s  in  the  f i lm  a re  d iv a le n t .  I t  is  th u s  p o s s ib le  
to  d e te rm in e  the  d is t r ib u t io n  o f  F e 21 a n d  F e :,t in  th e  ( ilm  f r o m  th e  c h e m ic a l s h if t  o f  
lo w  ene rg y  A u g e r  p ea k  o f  iro n . I t  c a n  be  seen f ro m  F ig s  2  a n d  3 th a t  a  s ig n if ic a n t  
a m o u n t  o f  F e 2 t is  c o n ta in e d  in  th e  in n e r  la y e r  o f  th e  f i lm  fo rm e d  a t  p o te n t ia ls  b e lo w
0  m V  ( S C E )  b u t  th a t F e 21 io n s  re m a in  o n ly  a l  th e  f i lm / ir o n  in te r fa c e  fo r  th e  f i lm  fo rm e d  
a t p o te n t ia ls  a b o v e  500 m V  (S C E ) .

R e v ie , B a k e r  an d  B o c k r is 1" h ave  íe c e n t ly  re p o rte d  th a t the  a n o d ic  o x id e  f ilm  on  
iro n , w h ic h  w as t ra n s le r r c d  f ro m  an  e le c t ro c h c n iie a l c e ll to  an  A u g e r  c h a m b e r  w ith o u t  
a n v  d a m a ge , had  o n lv  o n e  lo w  en e rg y  peak  o f  51 .5  e V . T h u s  th e ir  re s u lts 10 a p p e a r  to  
d il l 'e r  f ro m  o u r  re su lts . L c y g r a f  a n d  E k e lu n d *  h a ve  suggested  th a t  th e  lo w  en e rg y  
A u g e r  p ea ks o f  43  ~  44  e V  an d  51 .5 e V  a re  re la te d  to  F e 2+ a n d  F e 3+, re sp e c t iv e ly . 
A c c o r d in g  to  th e ir  su g g e s t io n , R c v ie ,  B a k e r  a n d  B o c k r is 10 c o n c lu d e d  th a t  th e  
a n o d ic  o x id e  ( ilm  c o n ta in s  F e 21 a n d  n o  F c :)|. E r t l  a n d  W a n d e lt , ” h o w e ve r, h a ve  
re cen t ly  fo u n d  th a t  the  43 ~  44  e V  p e a k  c o r r c s p o n d s  to  th e  c ro s s -A u g e r  t r a n s it io n  
h c tw cen  M 2;, le ve l o f  ir o n  an d  2/; le ve l o f  o x yg e n , w h e rca s  th e  51 .5  e V  peak  c o r -  
re sp o n d s  lo  l l ie  c ro s s -A u g e r  t ra n s it io n  be tw een  IVL., le ve l o f  i r o n  an d  3<1 le ve l o f  
iro n . T h c r c fo re ,  t l ic  in t e rp r e ta ro n  m ad e  by  R e v ie , B a k e r  a n d  B o c k r is 10 fo r  th e  51 .5 e V  
pea k  seem s to  be d o u b t fu l.

Formation mechan ¡mu o f  anodic oxide films on iron

T h e  f ilm  fo rm e d  a t t l ic  lo w c s t  p a ss iv e  p o te n t ia l ( — 500  m V )  c o n ta in s  n o  b o ro n , 
w h e re a s  the  f ilm  fo rm e d  at h ig h e r  p o te n t ia ls  c o n ta in s  so m e  a m o u n t  o f  b o ro n ,  the  
p re sen ce  o f  w h ic h  is h o w c v e r  l im ite d  ío  the  o u te r  la y e r . T h is  suggests th a t  th e  fo rm a ­
t io n  m ech an ism  o f  t l ic  o u te r  la y e r  is d if fe re n t f ro m  th a t  o f  the  in n e r  la y e r . M a r k o v a c  
a n d  C o h é n 11 fo u n d  th a t an  a n o d ic -d e p o s ite d  f i lm  o n  p la t in u m  in  a  b o r ic - b o r a te  
s o lu t io n  c o n ta in in g  fe r ro u s  io n s  c o n ta in s  a  la rg e  a m o u n t  o f  b o ro n . O u r  A u g e r  re s u lts 12 
w ith  a d e p o s ite d  l i lm  fo rm e d  u n d e r t l ic  sam e  c o n d i l io n  as th a t  o f  M a r k o v a c  a n d  C o h é n 11 
sh ow ed  Ihat the d is t r ib u t io n  o f  b o ro n  in  d e p th  is c o n s ta n ! a n d  ( B / 0 ) p .p .h .  isO .1 8. T h e  
p resence  o f  b o ro n  in  the o u te r  la y e r  o f  th e  a n o d ic  o x id e  l i lm s ,  th e re fo rc , p ro v e s  th a t  the  
o u te r  la y e r  is fo rm e d  by  a n o d ic  o x id a t io n  o f  fe r ro u s  io n s  d is s o lv e d  f ro m  th e  ir o n  
sp e c im en  in  an  in it ia l p e r io d  o f  p a s s iv a t io n .

Auger analysis o f ll>c aiuulic oxide (ilm d ii iron in neutral solution



l t  is  k n o w n ,:i ih a t  b o r ic  a c id  an d  so c iiu n i b o ra te  in  the  s o lu t io n  a re  d is s o c ia te d  
a c c o rd in g  lo  the  f o l lo w in g  e q u a tio n s .

B fO H ) ,  | H aO  ¡ [ I I ( Ü H ) J  I H '  ( I )

N . i . l t .O . ,  i 7 1 1 ,0  . 'N a '  I 2 | 1 » (O II)1| | .'U (O II) .,. (2)

D is s o c ia te d  io n , [ B ( O H ) , ]  , c an  rea c t w ith  fe r ro u s  io n  to  fo rm  fe r ro u s  b o ra te  c o m p le x  
io n s  su ch  as [ F e B ( O H ) , ] ',

l-c-' i [lt(OI i ).,] IFcB(OH)4]'. (3)

F e r ro u s  b o ra to  c o m p le x  io n  [ F e B ( O H ) 4] ' m a y  be  o x id iz e d  a n o d ic a l ly  to  fo rm  a  
d e p o s ite d  o x id e  f ilm  o f  w h ic h  th e  c o m p o s it io n  m a y  be re p re sen ted  b y  F e O H [ B ( O H ) 4]2 
o r  F e ( O H ) 2 [B (O H ),,]  as sh o w n  in  e q u a t io n s  (4) a n d  (5).

l l ;e B ( 0 1 !) ,[ ' | B (O I l) :, | 2 1 1 ,0  F e O H [ B ( O I I ) , J ,  | 211 ' | t- (4)

[ F e B ( O H ) 4]  ̂ +  2 H 20  =  F e ( O H ) 2[ B ( O H ) 4] +  2H< +  e. (5)

T h e  p re sen ce  o f  b o ro n  in  the  f i lm  fo rm e d  a t  th e  a c t iv e  d is s o lu t io n  re g ió n  ( — 700  m V )  
m a y  suggest th a t  th e  f i lm  c o n s is ts  o f  a  h y d ra te d  fe r ro u s  b o ra te  o x id e  d e p o s ite d  sü ch  
a s  F e O H [ B ( O H ) 4].

T h e  ab sen ce  o f  b o ro n  in  th e  in n e r  la y e r  o f  th e  a n o d ic  o x id e  f i lm ,  o n  th e  c o n t ra r y ,  
m a y  p ro v e  th a t  the  in n e r  la y e r  is fo rm e d  b y  a  d ir e c t  a n o d ic  o x id a t io n  o f  ir o n .  N o d a ,  
R u d o  a n d  S a to ,2 u s in g  e ll ip s o m e try  a n d  c o u lo m e t ry  c o n c lu d e d  th a t  th e  in n e r  la y e r  
o f  the  a n o d ic  o x id e  f ilm s  on  ir o n  is  y -F e ./^ , in  w h ic h  a lm o s t  a l l  th e  o v e rp o te n t ia l o f  
f i lm  fo rm a t io n  e x is ts ; its  th ic k n e s s  ¡n crca ses l in e a r ly  w ith  th e  p o te n t ia l.  I t  is  d if f ic u lt  
to  e s t ím a te  f ro m  the  A F S  re su lts  the  re g ió n  o f  a p h a se  o x id e  w ith  c o n s ta n t  c o m p o s it io n  
f o r  the  in n e r  la y e r , because  o f  d i l lu s e  p ro f ile  o f  c o m p o s it io n  in  d e p th  o f  th e  f i lm . T h e  
A u g e r  re su lts , h o w eve r, suggest (h a l the  l i lm  fo rm e d  a t p o tc n t ia ls  b e lo w  O m V  c o n ta in s  
a  s ig n if ic a n t  a m o u n t  o f  fe r ro u s  io n  an d  has a n a r ro w  c o n s ta n t  c o m p o s it io n  re g ió n  
c o r r e s p o n d in g  to  F e 30 ,. T h u s  it  c an  be e s t im a te d  th a t  the  in n e r  la y e r  o f  th e  f i lm  fo rm e d  
a t p o tc n t ia ls  b e lo w  O m V  ( S C E )  is Fe-,O  t, i f  it  is a  phase .

R e ce n t e le c t ro c h e m ic a l a n a ly s is  b y  S a to , R u d o  a n d  N is h im u r a 14 h a s re ve a le d  
th a t  th e  in n e r  la y e r  o f  the  f ilm  fo rm e d  a t  p o te n t ia ls  b e lo w  th e  F la d e  p o te n t ia l 
( — 1 5 0 m V  ( S C E )  in  p H  8.4  s o lu t io n ) ,  w h ic h  is  c ió se  to  O m V  ( S C E ) ,  c o n s is ts  o f  
F e aO.,. W a g n e r15 has a s e r ib e d  the  p a s s iv ity  o f  ir o n  to  a  th in  f i lm  o f  iro n -d e f ic ie n t  
m ag n e t ite  w ith  the  l im it in g  c o m p o s it io n  in  th e  range  f r o m  F e 3 0 4  t o  Y -F e 20 3 a n d  he  h a s  
in te rp re te d  th e  F la d e  p o te n t ia l as the  p o te n t ia l a t  w h ic h  th e  c o m p o s it io n  o f  th e  o x id e  
is  e q u a l to  th e  in te rm e d ía te  c o m p o s it io n  be tw een  tw o  th e  l im it in g  c o m p o s it io n s . T h e  
A u g e r  re su lts  o f  the  a n o d ic  o x id e  l i lm s  o n  ir o n  is c o n s is te n l w ith  W a g n c r ’ s in te r ­
p r e ta ro n .

C O N C L U S IO N

T h e  c o m p o s it io n  d e p th -p ro f ile  o f  a n o d ic  o x id e  f i lm s  o n  ir o n  a t v a r io u s  p o te n t ia ls
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in  a  b o r ic - b o r a te  s o lu t io n  o f  p H  8.4 w as m ea su red  b y  a  s e q u e n t ia l use  o f  A E S  a n d  
sp u tte r -e tc h in g .

T h e  o u te r  la y e r  o f  th e  a n o d ic  o x id e  f ilm  c o n ta in s  a  s ig n if ic a n t  a m o u n t  o f  b o ro n , 
w h ic l i in c re a se s  as ( lie  p o le n l ia l  r ises up  lo  5(10 m V  su g g e s t in g  th a t th e  o u te r
la y e r  is fo rm e d  by  a n o d ic  o x id a t io n  o l fe r ro u s  io n  d is s o lv e d  f ro m  th e  ir o n  sp e c im en  
d u r in g  an  in i t ia l  p e r io d  o f  p a s s iv a t io n .

T h e  in n e r  la y e r  o f  the  f i lm s  w as fo u n d  to  c o n ta in  n o  b o ro n . T h is  m a y  suggest 
th a t  th e  in n e r  la y e r  is  fo rm e d  b y  a d ir c c t  a n o d ic  o x id a t io n  o f  m e ta ll ic  iro n . F r o m  the  
m ea su rem e n t o f  c h e m ic a l s h if t  o f  lo w  en e rg y  ir o n  A u g e r  p e a k , a  s ig n if ic a n t  a m o u n t  
o f  fe r ro u s  io n  w as  fo u n d  to  be c o n ta in e d  in  th e  in n e r  la y e r  o f  th e  f i lm s  fo rm e d  a 
p o te n t ia ls  b e lo w  0  m V  ( S C E ) ,  w h ic h  is c ió se  to  th e  F la d e  p o te n t ia l.  T h e  in n e r  la y e r  
o f  th e  f ilm s  fo rm e d  a t  p o te n t ia ls  b e lo w  the  F la d e  p o te n t ia l w a s  th u s  e s t im a te d  to  be 
a n  ir o n  o x id e  c o n ta in in g  fe r ro u s  io n , p r o b a b ly  m agn e t ite . T h e  in n e r  la y e r  o f  th e  f i lm s  
fo rm e d  a t  p o te n t ia ls  a b o v e  500  m V  ( S C E )  w as e s t im a te d  to  be  a  fe r r ic  o x id e  su ch  as 
Y -F e203 because  n o  fe r ro u s  io n  w as  fo u n d  in  the  f i lm  e x cep t in  a  re g ió n  v e ry  c ió se  to  
the  f i lm / ir o n  in te rfa ce .
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have been determined using Auger electrón spectroscopy. The films were found to 
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insolubility of chromium compared to that of iron and nickel. However, the films 
were depleted ¡n both Silicon and molybdentim which are thermodynamically more 
stable than chromium in Ihe solutions used. Thus, it is not possible to rationalize 
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M e lá is  o w e  th e ir  c h e m ic a l in t e g r it y  lo  Ihe  p r e s e n c e  o f  t h in  la y e r s  o f  
r e a c l io r i p r o d u c ís  o n  the  s u r fa c e .  T h e  a m o u n t  o f  p r o t e c t io n  a f fo rd e d  b y  
th e se  ia y e rs  d e p e n d s  u p o n  t h e ir  in s o lu b i l i t y ,  a d h e re n c e ,  a n d  d e fe c t  
s lr u c lu r e .  I h is  f i lm  is  s o m e t im e s  c a l le d  a p a s s iv e  f i lm ;  a  m e ta l is  s a id  to  be  
p a s s iv e  i f  it is  t h e rm o d y n a m ic a l ly  u n s ta b le  u n d e r  th e  c o n d it io n s  to  w h ic h  
it is  e x p o s e d , b u t , n e v e r th e le s s ,  c o r r o d e s  a t  a  v e r y  lo w  ra te .

F a r a d a y  j / 1 2 w a s  o n e  o f  th e  f i r s t  to  in v e s t íg a te  t h is  p h e n o m e n o t i w h e n  
he s t t id ie d  the  c o r r o s io n  o f  ir o n  in  n i t r ic  a c id .  H e  fo u n d  th a t  i r o n  d is s o lv e s  
r a p id ly  in  d i lu t e  n i t r ic  a c id ;  h o w e v e r .  in  c o n c e n t r a t e d  n i t r i c ,  w h e re  
a c c o rd in g  to  t h e rm o d y n a m íc s  ir o n  s h o u ld  a ls o  d is s o lv e ,  th e  m e ta l b e - 
c o m e s  s ta b le  a n d  ¡s u n a t ta c k e d .  F ig u r e  1 s h o w s  th e  a t t a c k e d  a n d

1 Adjuncl assistant professor and professor. respectivety. Department o f Metallurgical 
Engjneering, The Ohio State University. t  olumbus. Ohio 43210.

2 The italic numbers in brackets refer to the lisl of rcferences appended to this paper.

39



4 0  SURFACE ANALYSIS TECHNIQUES

FI
G

. 
I—

Ef
fec

ts 
of 

dil
ate

 
(a)

 a
nd

 
co

nc
en

tra
te

d 
nit

ric
 

aci
d 

(b
) 

on 
iro

n.



IUMSDÉN AND STÁEHtE ON COMPOSITION OF MOTECJWE FIIMS 41

u n a t ta c k e d  s u r fa c e  o f  i r o f l  in  d i lu t e  a n d  c o n c e n t r a t e d  n i t r i c  a c id .  T h e  
A u g e r  e le c t ró n  s p e c t r o s c o p y  ( A E S )  a n a ly s is  o f  th e s e  s u r f a c e s  ( F ig .  2) 
s h o w s  th a t  in  b o th  c a s e s  th e  p r o d u c t  la y e r  ñ lm  h a s  th e  s a m e  c o m p o s it io n ,  
th u s  in d ic a t in g  th e  c o m p le x i t y  o f  th e  p h e n o m e n o n .

T h is  w o r k  is  p a r t ic u la r ly  c o n c e r n e d  w it h  r a t io n a l iz in g  th e  r o le  o f  a l lo y  
s p e c ie s  w ith  re s p e c t  t o  t h e ir  c r i t i c a l  in f lu e n c e s  o n  th e  p r o t e c t iv e  q u a l i t y  o f  
th e  f i lm s  o n  s t a in le s s  s te e l.  A l lo y in g  i r o n  w it h  c h r o m iu m  a n d  n ic k e l  to  
fo rm  a u s te n it ic  s t a in le s s  s te e l r e n d e r s  i t  p a s s iv e  u n d e r  a  w id e  ra n g e  o f  
e n v ir o n m e n ta l c o n d it io n s  in c lu d in g  d i lu t e  n i t r i c  a c id  s o lu t io n s .  T h e  a d d i-  
t io n  o f  S i l ic o n  a n d  m o ly b d e n u m  p r o d u c e s  a  f u r t h e r  r e s is t a n c e  to  a t t a c k  in  
a c id  s o lu t io n s  a n d  a  s u b s ta n t ia l im p r o v e m e n t  in  r e s is t a n c e  to  p it t in g  in  
c h lo r íd e  c o n ta in in g  e n v ir o n m e n t s  [2,3].

F o r  th e  v a r io u s  a l lo y in g  e le m e n ts  to  e x e r t  a  s ig n if ic a n t  e f f e c t ,  p r e s u m -  
a b ly  th e y  s h o u ld  b e  a s s o c ia te d  w it h  th e  p r o t e c t iv e  f i lm .  R h o d in  l i - 5 ]  
d e te rm in e d  f i lm  c o m p o s it io n s  b y  c h e m ic a l a n a ly s is  o f  th e  is o la t e d  f i lm .  
H e  u s e d  a  f i lm  s t r ip p in g  p r o c e d u r e  in  w h ic h  a n  a g g r e s s iv e  re a g e n t  (an  
a n h y d ro u s  m e th a n o l- b ro m in e  s o lu t io n )  w a s  e m p lo y e d  to  a t t a c k  th e  m e ta l 

a n d  f lo a t  th e  f i lm  a w a y .  T h e  im p ro v e d  c o r r o s io n  b e h a v io r  o f  s t a in le s s  
s te e ls  w a s  fo u n d  to  c o r r e la t e  w it h  th e  e n r ic h m e n t  o f  S i l ic o n  a n d  m o ly b ­
d e n u m  in  th e  s u r fa c e  f i lm s .

T h e  t e c h n iq u e  u t i l i z e d  h e re  to  o b ta in  f i lm  c o m p o s i t io n s  is  A E S ,  w h ic h  
p e rm it s  th e  r e la t iv e  a m o u n ts  o f  c h e m ic a l s p e c ie s  in  th e  s u r f a c e  la y e r s  t o  
b e  d e te rm in e d .  B a rn e s  e t a l 16] h a v e  u s e d  A E S  to  d e t e rm in e  th e  s u r fa c e

FIG. 2—Auger electrón spectroscopy spectra from the attacked and unattacked iron 
surfaces on Fig. I.



c o m p o s it io n  o f  s t a in le s s  s t c e ls  c o n t a in in g  m o ly b d e n u m . It w a s  fo u n d  in  
th e se  s tu d ie s  th a t  m i l i  p r o c d s s in g  ( th e  e x a c t  n a tü re  o í' the  su r fa c e  
t re a tm e n t  w a s  u n k n o w n )  p r o d u c e d  a  s u r fa c e  c o n c e n t r a t io n  o f  m o ly b -  
d e n u m  w h ic h  w a s  a  f a c t o r  s e v e n  la rg o r  th a n  th a t  o f  th e  b u lk .  In  c o n t ra s t ,  
th e  s tu d y  re p o r te d  h e re in  c o n s id e r s  th e  f o rm a t io n  o f  f i lm s  r e s u lt in g  f ro m  
e x p o s u re  to  a q u e o u s  e n v ir o n m e n t s .

E x p e r im e n ta l

T h e  a l lo y s  u s e d  w e re  th e  a u s t e n it ic  s t a in le s s  s te e ts  A I S I  T y p e s  304 , 
316 , 347 , a n d  a  d u P o n t  e x p e r im e n ta l a l lo y ,  S P - 2 ,  w h ic h  is  a  S il ic o n  
m o d if ie d  T y p e  3 1 6 L  s t a in le s s  s te e l.  C o m p o s i t io n s  a r e  g iv e n  in  T a b le  1.

T h e  s p e c im e n s  w e re  f i r s t  v a c u u m  a n n e a le d  a n d  th e n  m e t a l lo g r a p h ic a l ly  
p o l is h e d  d o w n  to  0 .3  /xm  a n d  p a s s iv a te d .  O n e  p a s s iv a t io n  p r o c e d u r e  w a s  
id e n t ic a l to  th a t  u s e d  b y  R h o d in .  It c o n s is t e d  o f  f i r s t  p ic k l in g  th e  
s p e c im e n s  in  10 p e r c e n t  n i t r í c  a c id  ( H N 0 3)-2  p e r c e n t  h y d r o f lu o r i c  
a c id ( H F ) - l  p e r c e n t  h y d r o c h lo r ic  a c id ( H C l)  a t 8 0 °C  f o r  I m in .  A f t e r  r in s in g  
th e  s p e c im e n s  in  d e m in e r a l iz e d  d o u b le  d is t i l le d  w a te r ,  th e  p a s s iv e  f i lm s  
w e re  fo rm e d  b y  t r e a t in g  th e  p ic k le d  s u r fa c e  in  5 p e r c e n t  H N O . , - 0 .5  p e r c e n t  
p o ta s s iu m  d ic h r o m a te  ( K 2C r 20 7) a t  6 0 ’C  f o r  30  m in . In  o r d e r  to  e x a m in e  
th e  e f fe c t  o f  th e  d ic h r o m a te  io n  o n  th e  p r o t e c t iv e  f i lm ,  th e  s p e c im e n s  w e re  
a ls o  p a s s iv a te d  b y  im m e r s io n - in  th e  5 p e r c e n t  H N O n s o lu t io n  w it h o u t  th e  
K 2C r 20 7.

In  o r d e r  to  e x a m in e  th e  in f lu e n c e  o f  c h lo r id e  io n s ,  p a s s iv e  f i lm s  w e re  
fo rm e d  p o t e n t io s t a t ic a ü y  in  a  p H  7 , 1 .0 JW  s o d iu m  c h lo r id e  ( N a C I )  + 0.1 
M  s o d iu m  s u lfa te  ( N a 2S 0 4) s o lu t io n .  A f t e r  m e c h a n ic a l p o l is h in g ,  th e  
s p e c im e n s  w e re  r e d u c e d  c a t h o d ic a l ly  a n d  th e n  p o la r iz e d  a t  0  m V  a g a in s t  
th e  sa tu ra te d  c a lo m e l e le c t r o d e  ( S C E ) .  T h e  s o lu t io n  w a s  o p e n  to  th e  a ir .

C o m p r e h e n s iv e  r e v ie w s  o f  A E S  h a v e  b e e n  g iv e n  e ls e w h e re  
th e re fo re ,  th is  t e c h n iq u e  w i l l  n o t  b e  d is c u s s e d  h e re . T h e  A E S  s p e c t r a  
w e re  ta k e n  u s in g  a  c y l in d r ic a l  m ir r o r  a n a ly z e r  w ith  a  c o a x ia l  e le c t r ó n  gu n . 
A  2 k e V ,  50  /utA e le c t r ó n  b e a m  w a s  u s e d  h a v in g  a  d ia m e te r  o f  a p p r o x i­
m a t e ly  5 0  A .  T h e  m o d u la t io n  a m p l i t u d e  w a s  2 V  p e a k  t o  p e a k ,  
a n d  a  f r e q u e n c y  o f  17 k H z  w a s  u se d .

T h e  c o m p o s it io n  p r o f i le s  o f  th e  p a s s iv e  f i lm s  w e re  o b t a in e d  b y  the  
s e q u e n t ia l a p p l ic a t io n  o f  s p u t t e r in g  b y  a rg ó n  io n  b o m b a rd m e n t  a n d  A E S  
a n a ly s is  19]. I o n s  o f  6 0 0  e V  e n e rg y  a n d  c u r r e n t  d e n s it ie s  in  th e  10 -6 A / c m J 
ra n g e  w e re  u s e d . T h e  e s t im a te d  s p u t t e r in g  ra te  w a s  2 to  4  A / m in .  A  b a se  
p re s su re  o f  8 x  10-10 t o r r  o r  le s s  w a s  a lw a y s  u s e d . A  t y p ic a l  s p e c t r u m  is  
s h o w n  in  F ig .  3.

Results

T h e  A E S  r e s u lt s  f o r  th e  s p e c im e n s  p a s s iv a te d  in  th e  H N 0 3- K 2C r 20 7 
s o lu t io n  a re  s h o w n  in  F ig s .  4 , 5 , 6 , a n d  7 . P e a k - t o - p e a k  h e ig h ts  v e r s u s  
s p u t te r in g  t im e  a r e  g iv e n  f o r  th e  Silicon (92 e V ) ,  c o lu m b iu m  (167  e V ) ,

42 SUR'ACE ANALYSIS TECHNIQUES
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I Ki.  1 A u g e r  e le c tró n  sp e c t ro s c o p y  sp e i t rn in  o f  p a s s iv e  f i lm  o n  Type  S I '-2  u j ie r  
spuU e rinn .

F IG .  4— Depth-< w n p o s it io n  p ro f ile  o f  the  f i lm  on  Type M U  s ta in le s s  s te e l p a s s iv a te d  in  a 
n it r ic  t l i ' id - t t ic lm w n it f  s o lu lit in .
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FIG. 5—Depth-composition profile Of the film on Type 316 stainless steel passivated in a 
nitric üciá-du hromatc solution.

m o ly b d e n u m  (186  e V ) ,  o x y g e n  (510  e V ) ,  c h r o m iu m  (529  e V ) ,  i r o n  (703 
e V ) ,  a n d  n ic k e l  (848  e V )  l in e s ;  a ls o  g iv e n  a re  th e  n o r m a l iz e d  p e a k  h e ig h ts  
v e r s u s  s p u t t e r in g  t im e ,  w h e re  th e  p e a k - to -p e a k  h e ig h t s  o f  e a c h  o f  th e  
a b o v e  l in e s  h a v e  b e e n  d iv id e d  b y  th e  su m  o f  th e  p e a k - to -p e a k  h e ig h t s  f o r  
ir o n  a n d  n ic k e l.

T h e  re s u lt s  ¡n d ic a te  th a t  th e re  w a s  n o  e n r ic h m e n l o f  th e  m o ly b d e n u m  o r  
S il ic o n  in  th e  f i lm .  In  f a c t ,  a  d e p le t io n  o f  th e se  e le m e n ts  is  o b s e r v e d .  T h e y  
w e re  n o td e t e c t e d  in  th e  s u r fa c e  o r  n e a r  s u r fa c e  la y e r s  o f  th e  f i lm s  e v e n  at 
a  s e n s it iv i t y  le v e l te n  t im e s  th a t  u s e d  to  o b ta in  th e  r e m a in in g  p o r t io n  o f  the  
s p e c t ru m ;  l ik e w is e ,  th e re  w a s  n o  e n r ic h m e n t  o f  c o lu m b iu m  in  th e  f i lm  on
T y p e  347. T h is  to o  w a s  n o t  d e te c te d  u n t i l  th e  

TABLE 1—Composition of stainless steel alloy

m e ta l s u b s t r a to

s, percent.

w a s

Cr Ni Si Mo Cb

Type 304 18.9 8.8 0.33 0.46
Type 316 16.9 12.8 0.66 2.3
Type 347 18.7 11.0 0.41 0.59
Type SP-2 18.8 9.2 2.5 2.4
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FIG. 6—Depth-composilion profile of ihe film on Type 347 slainless steel passivated in 
a nilric acid-dichronuile solution.

a p p m a c h e d .  The re s u lt s  a ls o  s h o w  ih a t  th e re  w a s  a  s u b s ta n t ia l e n r ic h -  
m en t o f  c h m m ii im  111 th e  l i lm s .  I he  p e a k - lo - p e a k  h e ig h ls  o f  th e  c h r o m iu m  
lin e  is  g re a te r  th a n  th a t o f  ir o n  ^t s e v e ra l p o in t s  w it h in  th e  f i lm s  o n  a l l  f o u r  
a l lo y s .  C o m p a r in g  th e  r a t io  o f  th e  n o r m a l iz e d  ir o n  p e a k  a m p l i t u d e  to  
c h ro m iu m  a t th e  m á x im u m  c h r o m iu m  le v e l in  th e  f i lm  w it h  th e  s a m e  r a t io  
a t  th e  la s t  p o in t  o f  th e  p r o f i le ,  a n  “ e n r ic h m e n t  f a c t o r ”  c a n  b e  d e f in e d .  
T h is  f a c to r  h a s  th e  v a lu é  o f  3 .5 , 3 .5 , 3 .2 , a n d  3 .3  f o r T y p e s  3 0 4 , 3 1 6 , 347 , 
a n d  S P -2 ,  r e s p e c t iv e ly .  T h e  n o rm a liz e d  n ic k e l  l in e  c h a n g e s  l i t t le  th ro u g h -  
o u t  th e  p r o f i le .

T h e  c o m p o s it io n s  o f  th e  f i lm s  fo rm e d  in  th e  5 p e r c e n t  H N 0 3 s o lu t io n  
w ith o u t  th e  d ic h r o m a te  io n s  a re  s h o w n  in  F ig s .  8 , 9 , 10, a n d  11. T h e s e  
re s u lt s  a re  v e r y  s im i la r  to  th e  p r e v io u s  o n e s . T h e  d if f e r e n c e s  a re  th a t  th e  
c h ró m iu m  e n r ic h m e n t  w a s  s o m e w h a t  le s s  a n d  th e  n o r m a l iz e d  o x y g e n  
p e a k  h e ig h ts  a re  a ls o  le s s ,  T h e  e n r ic h m e n t  f a c to r s  in  t h is  c a s e  a re  2 .7 , 2 .7 , 
2 .4 , a n d  2 .8  f o r  T y p e s  304 , 316 , 347 , a n d  S P - 2 ,  r e s p e c t iv e ly .  B ü t  h e re  
a g a in  n o  e n r ic h m e n t  o f  m o ly b d e n u m  ñ o r  S i l ic o n  w a s  o b s e r v e d  in  th é  f i lm s ,  
an d  th e  s u r fa c e  la y e r s  w e re  d e p le te d  o f  th e se  c le m e n ts .

F ig u r e  12 shows the cürrent d e n s it y - p o t e n t ia l  curve for T y p e s  3 0 4 , 316 , 
and S P -2  in the sulfate-chloride ( S ( ) 4 -C I  ) solution. T h is  shows th e  
in c re a s e  in  the range of s t a b i l i t y  a s  th e  m o ly b d e n u m  and Silicon contents
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F I G .  7— D e p th -c o m p o s it io n  p r o f ile  o f  the f i lm  on  T ype  S P -2  s ta in le s s  S tee l p a s s iv a te d  in  
a n it r k 'j t c id -d ic h r o m a ie  s o íu t io n .

F I G .  8 — D e p t li- i o in p o x it io n  ¡>rofilc o f  the f i lm  on  / v/ 'c M)4 x ta in le x x  x te e l p t ix x iv u le d  in 
n it r ic  a c id .
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I'ICi. 9— I h ’p th -co m p o s it iitn  p ro jt lc  o f  the JH m  on  T ypv  Mf> s ta in le s s  S tee l p a s s iv a te d  in  
n it r ie  u c id .

Spu tte r in g  Time (min )

| ; K>. 1 0 — f) í'p tl¡-( om p<K\íiion p ro f ile  on t/n J ilrn  on  Type 3 47  s ta in te s s  s íe e l p a s s iv a te d  in  
n it r íe  (teid.
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Spu tte ring  T im e (m in )

F I G .  11— D e p th -c o m p o s it io n  p r o f i le  o f  the  f i lm  on  Type S P -2  s ta in le s s  s te e l p a s s iv a te d  in  
n it r ic  a c id .

F I G .  12— C u rre n /  d e n s ity -p o te n t ia l t u n  e f o r  T ype s  M U . .116. m u i S ¡ ’ -2 s ta in le s s  s tee ls  
e xpo sed  to  a  s t t lfa le -e h lo r id e  s o lu t io n .
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FIG. 13—Depth-eomposition profile of the film on Type 304 stainless steel passivated by 
potentiostatie polarization in a siilfate-chloridc solution.

H ( j .  14— / )c/>lli-( iin ijm \ilm n  / rrofilt' n f  the film  on l \¡x .f 16 s ta in less  s te e l p a ss iv a te d  by  
p o ten tio sta tic  polari:a lion  in a sn lfa te-i hloride so lu tion .
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FIG. 15—Depth-composition profiíe of the film on Type SP-2 slainless Steel passivated by 
potentiostatic polarization in a sulfate-chtoride solution.

are increased. The AES results for the films formed in this solution are 
given in Figs. 13, 14, and 15. Only a slight enrichment of chromium is 
observed in the film on Type 304. The compositional behavior of Silicon 
and molybdenum is identical to those observed in the previous two cases.

Discussion

The following are significant obscrvations made using AKS lo analyzc 
passive films on stainless steels.

1. There appears to be no enrichment of molybdenum or Silicon in the 
surface film.

2. Chromium is enriched in the surface layers of the protcctive films 
which result from passivation in HNO:i and H N 0 3 plus K2Cr20 7 solutions.

3. There is little, if any, chromium enrichment in films formed poten- 
tiostatically in a pH 7 S 0 4=-C r solution.

4. The normalized nickel content remains essentially constant through 
the film.

5. The films formed by electróchemical polarization and in the H N 03 
solution containing the dichromate ion appear to have higher oxygen 
levels that those films formed in the H N 0 3 solution without the dichro­
mate ion. *

The enrichment of chromium is consistent with. the nm lcrstumfcHg  a i  tfce
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relativa insolubility of chromium compared to that of iron and nickel in 
these environments and has been predicted in previous studies [10]4, 
however, these results cannot be explained simply from thermodynamic 
considerations since Silicon and m olybdenum  are both more stable than 
chromium at low pH's and these elements do not enrich in the film.

These results are substantially different from those obtained by Rhodin 
using a chemical analysis technique. He found a factor of 10 enrichment in 
Silicon compared to the percentage in the alloy. In the case of molyb­
denum. he found an enrichment ranging from approximately 2 for Type 
316 to slightly more than 10 for Type SP-2. He further found that the 
enrichment of Silicon and molybdenum in the film corresponded to a 
depletion of iron. No enrichment of chromium was observed. In the case 
of Type 347, columbium enriched in the film by a factor of nine. None of 
these phenomena were observed using AES to determine film composi­
tion. Also the higher chromium levels found after passivation in the 
dichromate solutions could explain the increased inprovement in pitting 
resistance following the treatment compared to that for alloys passivated 
in HN():, solutions wilhout dichromate ions |.?|.

C o n s id e r in g  the compositions of the films on Type 316 a n d  SP-2, one 
must be  concerned about the role of molybdenum and Silicon since they 
do have a major influence on suppressing the pitting behavjor; however, 
the AES analysis of these films gives no evidence that molybdenum and 
S il ic o n  are present to any substantial extent in the films o n  Type 316 and 
SP-2. Indeed, these elements are depleted in the outer layers of the film; 
therefore, it appears one must look in othfr directions for rationalizing the 
role of molybdenum and Silicon.
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A B S T R A C T

A u g er  e le c tr ó n  sp ec tro sco p y  has b een  u sed  to  in v e s t íg a te  th e  in flu en ces  
o f  pH , C1 a d d ition , and  p o te n lia l on th e  c o m p o sitio n  o f  p a s s iv e  film s o n  
F e-C r -M o  fe rr it ic  s ta in le s s  s te e ls . it  w a s fo u n d  th a t th e  im p r o v ed  corrosion  
r es is ta n c e  p ro p er tie s  o b ta in ed  by th e  a d d itio n  o f  m o ly b d e n u m  ca n n o t b e  e x -  
p la in e d  b y  its  en r ic h m e n t o f  th e  p r o te c tiv e  film . M o ly b d en u m  w a s n o t fo u n d  
in  th e  film  e v e n  at th o sc  p o te n lia l and jjII v a lú e s  at w h ic h  its o x id e  is  th e  
s ta b le  sp e iie s .  H o w ev er , th e  re la tiv o  iron  and  ch ro m iu m  c o n te n í in  th e  film  
fo llo w e d  p r e d ic lio n s  based  on  th e ir  s o lu b ilit ie s  in  a q u eo u s so lu tio n s . T h ese  
resu lts  a lso  in d íc a le  c h a n c e s  in boiid intí in (lie  tilín  as a fu n ctio n  ó f  d is ta n ce
fro m  th e  su b stra to .

T h e  d e v e lo p m e n t  o f  h ig h  p u r ity  F e -C r -M o  fe rr it ic  
s ta in le ss  s te e ls  o f lo w  in te r s t it ia l  c o n te n t s t im u la te d  th e  
c o m m erc ia l u se  o f fe rr it ic s  a fter  th e  resu lts  o f  se v e ra l  
s tu d ie s  d e m o n stra te d  th e  e x c e lle n t  co rro sio n  r es is ta n ce  
o f th is  c la ss  o f  a llo y s . T h e  im p r o v ed  co rro sio n  r e s is t ­
an ce  is  d e r iv e d  m a in ly  fro m  th e  a d d itio n  o f m o ly b ­
d en u m .

T h e  b e n e fic ia l e ffec t o f  m o ly b d e n u m  on  a u s ten itic  
s ta in le s s  s te e ls  in  in c re a s in g  its  r e s is ta n c e  to  a ttack  by  
c h lo r id e  and  a c id  so lu tio n s  h as b een  k n o w n  fo r  m a n y  
y ea rs . M o ly b d e n u m - an d  s i l ic o n -c o n ta in in g  a u sten itic  
s ta in le ss  s te e ls  w e r e  in v e s t ig a te d  b y  S tr e ic h e r  ( 1 ) and  
b y  R h o d in  e t al. (2 , 3 ) .  B o n d  and  L iz lo v s  (3 -7 )  h a v e  
e x te n s iv e ly  s tu d ie d  th e  co rro sio n  p ro p er tie s  o f  m o ly b -  
d e n u m -c o n ta in in g  fe rr it ic  s ta in le ss  s te e ls  e x p o se d  to  
c h lo r id e  so lu t io n s . B e s id e s  a su b sta n tia l in c re a se  in  
p itt in g  p o ten tia l, th e  a d d itio n  o f  5% M o to 13, 18, and  
25% C r a llo y s  p ro d u ces  o v e r  a n  o rd er  o f m a g n itu d e  
d ecrea se  in  th e  c r it ic a l cu rren t d e n s ity . F u rth er , th e  
e ffe c t o f m o ly b d e n u m  d e p e n d s  u p o n  th e  ch rom iu m  
le v e l:  th e  h ig h er  th e  ch ro m iu m  c o n te n t  th e  g rea ter  th e  
effect. T hu s, m o ly b d e n u m  in te ra e ts  sy n e r g is t ic a lly  w ith  
ch ro m iu m . T h e  fu n ctio n  o f M o, or fo r  th a t m a tter  Cr, 
in  im p r o v in g  r e s is ta n c e  to  h a lid e  so lu tio n s  is  n o t u n -  
d ersto o d .

A m b ro se  a n d  K ru g er  ( 8 ) h a v e  p r e se n ted  e v id e n c e  
th a t  M o in c re a se s  th e  p a ss iv a tio n  ra te; th e y  su g g es t  
th a t in  th e  p r e se n c e  o f  c h lo r id e  io n s  th e  film  is  co h -  
s ta n t ly  b r ea k in g  d o w n  and b e in g  rep aired . W h eth er  or  
n o t p itt in g  o ccu rs d e p e n d s u p on  th e  ra le  a t w h ich  th e  
film  rep a irs it se lf .  U h lig  e x p la in s  th e  b en efic ia l e ffee ts  
o f  M o a n d  Cr u s in g  a  c o m p e tit iv e  a d so rp tio n  m o d e l  
( 9 ) .  H e r a t io n a liz e s  th e  e ffe e ts  o f  Cr b y  its  g r ea te r  a f -  
f in ity  fo r  o x y g e n  th a n  F e  a n d  th a t o f  M o b y  its  lo w e r  
affin ity  fo r  c h lo r id e  th a n  Cr.

R h o d in  (2 ,3 )  fo u n d  th a t th e  im p r o v ed  co rro sio n  b e ­
h a v io r  o f  th e  a u s te n it ic  s ta in le s s  s te e ls  c o rr e la te d  w ith  
th e  e n r ic h m e n t o í  Silicon an d  m o ly b d e n u m  and th e  d e -  
p le t io n  o f  iro n  in  th e  su r fa c e  film s. H e u sed  a  f ilm -  
str ip p tn g  p ro ced u re  in  w h ic h  an  a g g r e s s iv e  reagent. 
(a n  a n h y d ro u s m e th a n o l b ro m id e  so lu t io n )  w a s  e tn -  
p lo y e d  to  a tta c k  th e  m e ta l an d  float th e  film  a w a y . T he  
i so la te d  film  w a s  th e n  c h e m ic a lly  a n a ly zed . H o w ev er , 
L u m sd en  a n d  S ta e h le  (10 , 1 1 ), u s in g  A u g er  e le c tr ó n  
sp ec tro sco p y  ( A E S ) ,  foun d  no c n r ich m o n t o f  m o ly b ­
d en u m  or S ilicon  in  th e  films o n  th e se  a llo y s . T o  th e  
co n tra ry , a d e p le t io n  w a s  o b serv ed .

* Electrochemical Soclety Active Member.
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spectroscopy.

T h e w o r k  rép o rted  h e r e in  w a s u n d e r ta k en  to  d e ­
te rm in e  c o rre la tio n s  b e tw e e n  film  co m p o sitio n  a n d  its  
p r o te c tiv e  q u a lity . A u g er  e le c tr ó n  sp ec tro sco p y  w as  
Used fo  d e te r m in e  film  co m p o sitio n s  o n  F e -C r -M o  fe r -  
r itíc  s ta in le ss  s te e ls  as a  fu n c tio n  o f  p H  a n d  c h lo r id e  
co n ten t.

Experimental
T h e  a llo y s  used  w e r e  h ig h  p u r ity  fe r r it ic  s ta in le ss  

s te e ls  p ro v id e d  b y  C lim a x  M o ly b d en u m  C o m p a n y  w ith  
ch ro m iu m  c o n te n ts  o f  13, 17, an d  25% a n d  w ith  v a r y in g  
a d d ilio n s  o f  m o ly b d e n u m . T h e y  w e r e  p rep a red  b y  in -  
d u ctio n  m e lt in g  a n d  v a cu u m  c a stin g . T h e  ch e m ic a l  
c o m p o sitio n s  a re  g iv e n  in  T a b le  I. T h e  su r fa c es  s tu d ied  
w e r e  m e ch a n ica lly  p o lish e d  b y  sta n d a rd  m e ta llo -  
g ra p h ic  te ch n iq u e s  (1 2 ) to  xk  d ia m o n d  p a ste . P rio r  
to  p o la r iza tio n , th e  sp ec im en s  w e r e  w a sh e d  in  a  m ild  
d eterg en t, r in sed  in  d o u b le  d is t i l le d  w a te r , a n d  fin a lly  
c le a n e d  u ltr a so n ic a lly  in  m e th a n o l.

P o la r iza tio n  w a s  ca rr ied  o u t in  a g la ss  c e l l  o f  s ta n d ­
ard d e s ig n  (1 3 ) ,  w h ic h  w a s  o p e n  to  th e  a ir. In it ia lly ,  
p o la r iza tio n  c u r v es  w e r e  d e te r m in e d  p o te n t io d y n a m i-  
c a lly  a t a sea n  ra te  o f  0.55 m V /se c  to  e s ta b lish  th e  
a c tiv e , p a ss iv e , and  tr a n sp a ssiv e  reg ion s.

F ilm s w e r e  fo rm ed  p o te n tio s ta t ic a lly  in  IN  H^SO.i, 
IN N a 2SO t +  H 2S 0 4 (p H  3 ) ,  IN  N aC l +  H 2S 0 4 (p H  
3 .4 5 ), and  p H  14 N aO H  a t 60, — 150, — 150, a n d  —700 
m V  (N H E ), r e sp e c tiv e ly . P r io r  to  a n o d ic  p o la r iza tio n  
th e  sp ec im en s  w e r e  c a th o d ic a lly  p o la r iz e d  a t —750 m V  
(N 11E) fo r  1 hr. T h e  a llo y s  w e r e  p a s s iv a te d  fo r  1 hr.

Table I. Composition and heat-treatment of the ferritic stainless 
steels used

A Hoy Cr Mo C N Ni

Condition 
( °C,1 h r 

WQ)

1 13.68 0.08 0 003 0.004 815
2 13.14 1.04 0.005 0.004 815
3 13.60 1.88 0.002 0.004 815
4 12.95 3.48 0.003 0.004 980
S 13.04 4.77 0.003 0.003 980
6 17.35 <0.01 0.002 0.003 815
7 17.35 1.14 0.003 0.004 815
e 17.61 2.02 0 004 0.004 815
9 17.58 3.52 0 005 0.004 815

10 17.38 4.75 0 004 0.004 980
11 0.002 0.002 ■ 0.015 815
12 2.1,26 2.05 0.002 0.017 1115
13 25.25 5.25 0.0112 0.013 080
14 25.66 0.002 0.002 0.015 0.13 980
1? 26.15 0 99 0.003 0 016 0.1 980
16 25.26 2.05 0.002 0.017 0.13 980
17 25.58 3.49 0.002 0.015 0.13 98D
18 25.25 5.24 0.002 0.013 0.13 980
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A fte r  r em o v a l fro m  th e  e le c tr o ly te , th e  sp ec im en s  w e r e  
w a sh ed  in  d o u b le  d is t i l le d  w a te r  and  p la c ed  im m e d i-  
a te ly  in  th e  v a cu u m  sy stem .

P o la r iza tio n  in  a N aO H  pH  14 so lu tio n  w a s  ca rr ied  
o u t in  an  o p e n - to - th e -a ir  p o ly p r o p y le n e  b ea k er  u s in g  
a H g /H g O /N a O H  r e fe re n c e  e le c tr o d e  an d  a z irco n ia  
bridge . T h e  r e fe re n c e  e le c tr o d e  w a s  co n str u c ted  o f  a 
p la tih u m  w ir e  em b e d d e d  in  a  sh r in k a b le  T eflon  tu b e  
w h ic h  w a s m ou n ted  in  th e  e n d  o í  a z irco n ia  tu b e . T h e  
z irco n ia  tu b e  c o n ta in ed  m ercu ry  an d  H gO  o n  th e  b o t-  
to m  c o v e r e d  w ith  a m ix tu r e  o f  Z rO í p a r tic le s  a n d  
N aO H . A  b r id g e  w a s m a d e  o f a Vi in . T eflon  tu b e  filled  
w ith  th e  sa m e  m ix tu r e  as th e  r e fe r e n c e  e le c tr o d e  and  
c lo sed  on  both  en d s w ith  a p o ro u s ZrO« p lu g .

S e le c te d  sp ec im en s w e r e  a lso  p a s s iv a te d  in  a H N O 3 
so lu tio n  u s in g  th e  sa m e  p ro ced u re  a s th a t e m p lo y ed  by  
N ie ls e n  and  R h o d in  ( 2 , 3 ) .  T h e  su r fa c e  p rep a ra tio n  
co n s is te d  o f first m e c h a n ic a lly  p o lish in g  as a b o v e  f o l-  
lo w e d  b y  p ic k lin g  in  a 10% HC1 so lu tio n  a t 80°C  fo r  1 
m in. T h en  th e  su r fa c es  w e r e  p a ss iv a ted  b y  im m ersio n  
in  a 5% H N O 3 so lu tio n  at 6 0 'C fo r  30 m in . T h e  a llo y s  
w e r e  su b se q u e n tly  r in sed  in  d e m in e ra lize d , d o u b le  d is ­
t i lle d  w a ter .

A u g e r  a n a ly s is  w a s  p er fo rm ed  u s in g  a  V a r ia n  c y lin -  
d r ica l m irro r  a n a ly z er  (1 4 ) w ith  a c o a x ia l  e le c tr ó n  
gun . B e fo re  a n a ly s is  th e  sy s te m  w a s p u m p ed  to  8 x  
10_ , ° T orr or le s s  u s in g  n o n m ec h a n ic a l p u m p in g . N o  
b a k eo u t w a s u sed  in  o rd er  to  a v o id  c h a n g in g  th e  co m ­
p o s itio n  o f  th e  film s.

T h e  c o m p o sitio n  o f  th e  p a ss iv e  film s w a s  d e te rm in e d  
u sin g  th e  p ro filin g  te c h n iq u e  (15, 16 ). T h is  c o n s is ts  o f  
s im u lta n e o u s  e tc h in g  b y  a rg ó n  io n  b o m b a rd m en t and  
A E S  a n a ly sis . A  600 e V  io n  b ea m  w a s u sed  h a v in g  an  
io n  cu rren t d e n s ity  o f  a p p r o x im a te ly  1 luA /cm 2. T he  
A u g e r  sp ec tra  w e re  ta k en  u s in g  a 2 kV , 50 /¿A e le c tr ó n  
b ea m  (s ta t ic )  h a v in g  a d ia m e ter  o f a p p r o x im a te ly  50 
,ixm. A  17 kH z m o d u la tio n  fr e q u e n c y  w a s  u sed  w ith  a  
m o d u la tio n  a m p litu d e  o f  2V  ( p - p ) .

Results
T h e  co m p o sitio n  p rofiles are  g iv e n  as p lo ts  o f  n o r ­

m a liz ed  p e a k  h e ig h ts  vs. sp u tte r in g  tim e . T h e  A u g er  
p ea k  h e ig h ts  h a v e  b een  n o rm a lized  to  th e  su m  o f  th o se  
fo r  iro n  and  ch ro m iü m  in  order to  c o m p é n sa te  fo r  an y  
c h a n g e  in  su r fa c e  and  e x p e r im e n ta l c o n d it io n s  w h ic h  
a ffec t th e  A u g er  sig n a l. D u e  to  th e  u n ce r ta in ty  in  th e  
sp u tte r in g  rate, th e  sp u tte r in g  t im e  is  g iv e n  ra th er  th a n  
th e  th ic k n e ss  o f  th e  film  r em o v ed ; h o w ev e r , th e  ra te  o f 
film  r em o v a l h a s  b e e n  e s t im a te d  to b e  a p p ro x im a te ly
3 A /m in  b e fo r e  su b m o n o la y e r  c o v er a g e  is  reach ed . 
T h is  w a s d e te rm in e d  b y  sp u tte r in g  an d  A u g er  a n a ly z -  
in g  o x id e  film s w h ic h  w e r e  fo rm ed  b y  e x p o s in g  iron  
to  c h ro m a te  so lu tio n s . T h e  th ic k n e ss  w a s d e term in ed  
u s in g  an  e llip so m e ter . A fte r  c o v er a g es  o f  le s s  th a n  a 
m o n o la y e r  are a tta in ed , th e  sp u tte r in g  ra te  d ecrea ses  
e x p o n e n t ia l ly  s in c e  th e  ra te  a t w h ic h  an  e le m e n t  is  
sp u tte re d  is  p ro p o r tio n a l to  its  su r fa c e  co n cen tra tio n .

P r e lim in a r y  e x p e r im e n ts  w e r e  ca rr ied  o u t to  find th e  
effe c t o f  th e  m e ch a n ica l su rfa ce  p rep a ra tio n  on  th e  film  
co m p o sitio n . A  c h ro m iü m  d e fic ien cy  w a s  fo u n d  in  th e  
film .

F ig u r e  1 g iv e s  th e  co m p o sitio n  o f  th e  p a ss iv e  film  
fo r m e d  o n  th e  F e-2 5 .25C r-5 .24M o a llo y  w h ic h  h ad  b e e n  
e x p o se d  to  th e  pH  3 su lfu r ic  a c id  so lu tio n  an d  p o la r ized  
to  a p o te n tia l o f  — 150 m V  (N H E ) fo r  1 hr. T h e  A u g er  
p ea k s u sed  fo r  a ll  p ro files w e r e  th e  O 510 eV , F e  703 
eV , Cr 529 eV , M o 221 eV , S  152 eV , C 272 eV , and  Cl 
181 eV  lin es .

t ’h e  r esu lts  g iv e n  in  F ig . 1 a re  ty p ic a l o f  th o se  o b -  
ta lh ed  for all th e  a llo y s  e x p o se d  to th e  pH  3 so lu tio n .  
In  ad d itio n  to o x y g c n  and  th e  a l lo y in g  e le m e n ts , su lfu r  
w a s p r e se n t  in  a p p re c ia b le  a m o u n ts  b u t w a s  lo ca lized  
in  th e  o u te r m o st la y e r s  an d  w a s e a s i ly  sp u tte re d  off. 
C arbón , w h ic h  w a s  p r e se n t in  la r g e  q u a n tit ie s  o n  th e  
su rfa ce , was rapidly removed and reached a level 
s l ig h t ly  a b o v e  its  c o n tc n t  in  th e  s te e ls  a fte r  5 -1 0  min  o f  
sp u tter in g . Its p r e se n c e  on  th e  su r fa c e  w a s  p ro b a b ly  
d u e  to a tm o sp h er ic  c o n ta m in a tio n . T h e  r e ja tiv e  a m o u n t

4 0  |----------------------------------------------------!--------- ,----------,----------1----------

Fern tic  Sta in less Steel 2 5 2 5 %  Cr,5 .2 4 % M o  
, * Anodically Polarized for / Hotir

Hy S 0 4  p H  3  O  Solution

^  3 °  _ _

Sputtering Time (minutes)

Fig. 1. Normalized Auger peak heights vs. sputtering time for 
the passive film on Fe-25Cr-5Mo ferntic stainless steel.

o f  m o ly b d e n u m  in  th e  film  w a s  th e  sa m e  as th a t  d e -  
scr ib ed  in  p r e v io u s  p u b lica tio n s  ( 10 , 1 1 ) ,  i .e ., n o  m o ­
ly b d en u m  in  th e  o u te r m o st la y e r s  o f  th e  film s a n d  no  
e n r ic h m e n t in  th e  film s. F in a lly , c h ro m iü m  e n r ic h e s  
th e  film  w ith  a co rresp o n d in g  d e p le t io n  o f  iron .

T h e  e ffe e ts  o f  h e a t- tr e a tm e n t  on  th e  an o d ic  film  
c o m p o sitio n  w e r e  e v a lu a te d  u s in g  a l lo y s  11, 12, 14, an d  
16-in  T a b le  I. N o  e ffe c t w a s  o b serv ed , b u t i t  sh o u ld  be  
c m p h a s iz e d  th a t o n ly  25% Cr s te e ls  h e a t - tr e a te d  at  
815° and  980‘C w e r e  a v a ila b le .

T h e  su r fa c es  o f  th e  a l lo y s  w h ic h  w e r e  p o la r ized  
in  th e  pH  3.45 c h lo r id e  so lu t io n  w e r e  e x a m in e d  o p t i-  
c a lly  and  n o  a tta ck  w a s  o b ser v e d . T h e  lo w e s t  p itt in g  
p o te n tia l, 295 m V  (N H E ) , w a s  o b ta in e d  fo r  th e  F e -  
13Cr a llo y . T h e  p o te n tia l a p p lie d  to  th e  a l lo y s  e x ­
p o sed  to  th e  c h lo r id e  so lu t io n  w a s  — 150 m V  (N H E ) .  
T h is p o te n tia l is  w e l l  b e lo w  th e  p itt in g  p o te n t ia l o f  
a ll  o f  th e  a l lo y s  u sed  in  th is  in v e s t ig a t io n .

T h e  a n a ly s is  o f  th e  film  fo r m e d  o n  th e  F e -2 5 .2 5 C r-  
5.24M o a llo y  a t — 150 m V  (N H E ) e x p o se d  fo r  1 h r  to  a 
H 2SO.1-l.O N  N a C l so lu tio n  is  sh o w n  in  F ig . 2. T h e  
c o m p o sitio n s  w e r e  s im ila r  to  th o se  o b ta in e d  fo r  film s  
fo rm ed  in  th e  p H  3 so lu tio n  w ith o u t  ch lo r id e . In  a l l  
ca ses  th e  e n r ic h m e n t o f c h ro m iü m  in  th e  p a s s iv e  film  
w a s o b ser v e d  r ea ch in g  th e  h ig h e s t  v a lu é  fo r  th e  25%  
Cr s te e ls  an d  p r o p o r tio n a lly  lo w e r  fo r  th e  17 an d  13% 
Cr s te e ls  (F ig . 3 ) .  M o ly b d e n u m  w a s  n o t d e te c te d  in  
th e  su r fa c e  and  n e a r -su r fa c e  la y e r s  ñor  d id  i t  en r ich . 
C h lo r in e  w a s  d e te c te d  in  th e  su r fa c e  and  n e a r -su r fa c e

fig . 2. Composition of passive film formed on Fe-25Cr-5Mo 
alloy after anodic polarization in a pH 3.45 chloride solution.
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Fig. 3. Relotive chromium composilion of possive films on 
ferritie stainless steels formed by anodic polarization in a pH 
3.45 chloride solution.

liiyors o n ly . Al.so, H iero w a s no sifíiiií'u-iint dilTerence  
in  th e  th iik n c s s  o f  l lie  p u ss iv e  film  on tlic  u llo y s us 
doducod  from  th e  sp u tte r in g  tim e  n ecessa ry  to  reaeh  
llie  suh .stiu lo .

T y p ica l r esu lts  for a llo y s  e x p o se d  to  IN  IIaS O i are  
g iv en  in F ig. •!. T h is  is Ihe co m p o silio n  profile  o f  the  
lilm  on F e-2!5 .25C i-5 .24M o w h ich  liad b een  p o la r ized  
at 60 m V  (N H E ) for 1 hr. C h ro m iu m  en r ic h m e n t w a s  
fou n d  to c o in c id e  w ith  a d ecrea se  in  th e  iron  co n ten t  
in  th e  film . T h e  m o ly b d e n u m  c o n te n t w a s th e  sa m e  as 
th a t o b ser v e d  p r e v io u s ly .

For com p a riso n . an A E S  a n a ly s is  w a s p er fo rm ed  on  
su rfa ces  w h ic h  had  b een  p a ss iv a ted  b y  im m ersio n  in  
nitr ic  acid . T h e  film  co m p o sitio n s  r e su ltin g  from  p a ss i-  
v a tio n  in  n itr ic  acid  (F ig . 5) d iffered  from  th o se  fo rm ed  
a n o d ica lly  o n ly  in  th e  c h ro m iu m  co n ten t. W h erea s  
a n o d ic  p o la r iza tio n  re su lted  in  film s w ith  v a r y in g  
a m o u n ts o f  ch ro m iu m  e n r ic h m e n t d e p e n d in g  upon  
th e  c h ro m iu m  c o n te n t  o f  th e  a llo y , th e  am o u n t o f  
c h ro m iu m  e n r ic h m e n t w h ic h  r esu lted  fro m  p a ss iv a tio n  
in  n itr ic  acid  d id  n o t c h a n g e  in  e ith er  th e  17% or th e  
25% Cr s te e ls  w ith  or w ith o u t m o ly b d en u m ; th e  13%

Fig. 4. Auger results for the passive film on Fe-25Cr-5Mo formed 
by anodic polarization in \ N  H2SO4 .

Fig. 5. Passive film composition on 17Cr-5Mo ferritic stainless 
steel after passivation in 5 %  H N O 3 at 60°C for 30 min.

Cr s te e ls  w e r e  a tta ck ed  b y  th e  10% n itr ic  a c id  s o lu ­
tion .

T h e  film s fo rm ed  on 13, 17, and  25% Cr a llo y s  (w ith
0 and 5% M o) e x p o se d  to th e  p l£ 14 N aO H  so lu tio n  
w e re  a n a ly zed . In e v e r y  ca se  a  d e p le t io n  o f  Cr and  an  
a b sen ce  o f M o w a s  o b ser v e d  In th e  film s. A n  e n r ic h ­
m en t in  iron  w a s fo u n d  co rresp o n d in g  to  th e  ch ro m iu m  
d e p le tio n . A s th e  film  w a s  sp u tte r  e tch ed , th e  iron  
¡m il ch rom iu m  contonl.s u n ifo r m ly  np pronched  th e  n llo y  
lev e ls . T h is is sh o w n  in F ig . 0.

T h e  ofTects o f  p o te n tia l w e r e  d e te rm in e d  for  a llo y s  
e x p o se d  to Uie II>SO.i-NhC'I so lu tio n . F ig u re  7 sh o w s  
th e  film  co m p o sitio n  o f  th e  18% Cr 5% M o u llo y  o b -  
ta inod  by p o la r i/a lio n  in th e  tra n sp u ssiv e  reg ió n  at  
1250 111V (N 11E ). For uH o f th e  a llo y s  in v e s t ig a te d  th e r e  
w a s a d e p le t io n  o f ch ro m iu m  in  th e  film  a n d  an  e n -  
r ich m en t o f  iron  r e la t iv e  to  th e  b u lk  co m p o sitio n . M o­
ly b d en u m  w a s d e te c ta b le  in  th e  su r fa c e  la y e r s  o f th e  
film  on  th o se  a llo y s  in  w h ic h  it  w a s  p resen t; h o w ev e r , 
th e  d e p le lio n -e n r ic h m e n t  ty p e  o f  b e h a v io r  o f  ch ro ­
m iu m  and iron  w a s in d e p e n d e n ! o f  its  e x ís te n c e  ín  th e  
a llo y . F ig u re  8 sh o w s  th e  A u g e r  r e su lts  fo r  th e  25% Cr 
C>'Z M o s ta in le ss  s te e l w h ic h  had  b e e n  p o la r ized  c a th -  
o d ic a lly  a t — 1150 m V  N H E . T h e  film  co m p o sitio n s  on  
th e  fe r r it ic  s ta in le ss  s te e ls  w h ic h  h a d  b e e n  p o la r ized  
c a th o d ic a lly  w e re  id e n lic a l to th o se  r e su lt in g  fro m  
p o la r iza tio n  in  th e  tr a n sp a ss iv e  reg ió n .

T h u s, th e se  r e su lts  su g g e s t  th a t c a th o d ic  p o la r iz a tio n  
c h a n g e s  th e  su r fa c e  co m p o sitio n  o f  th e  a llo y . It is  n o t  
c o n c lu s iv e , h o w ev e r , th a t th e  o b ser v e d  film  is  th a t

Fig. 6 . Composition of the film formed in a pH 14 NaOH  
solution.
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F ern itc  S ta m /ess  S tee l !7.38% Cr, 4 7 5 % M o  
A n o d u ed  m  the Transposstve Región m 
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Fig. 7. Auger results for the film formed on 17% Cr 5 %  Mo 
«toinless Steel polorized in the transpossive región.

F e r n h c  Stom tess Steel 25  2 5 % C r , 524  %  Mo 
Cathodicatty Potar ¡zed for / Hour in 
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Fig. 8 . Effects of cathodic polarization of the film composition 
on 25% Cr 5% Mo alloy.

w h ic h  e x is t s  on  th e  a llo y  in  so lu tio n . I f  th e  a ir -fo r m e d  
film  is  r em o v e d  b y  ca th o d ic  red u ctio n , th e n  o x id á tio n  
w o u ld  o ccu r  w h e n  th e  a l lo y  is  ta k e n  o u t o f so lu tio n  
and e x p o se d  to  th e  air. H o w ev er , th e  a ir -fo r m e d  film  
o n  th e  a llo y s  u sed  in  th is  in v e s t ig a t io n  is  a lw a y s  e n -  
r ich ed  in  ch ro m iu m ; th erefo re , a ir  o x id á tio n  o f  an  u n -  
a lter ed  su rfa ce  w o u ld  n ot p ro d u ce  a film  d e p le te d  o f  
ch rom iu m .

F ig u r e s  9 -1 3  sh o w  th e  A u g er  sp ec tra  at v a r io u s  
d e p th s  in  th e  p a s s iv e  film  o n  th e  F e-25 .25C r-5 .25M o  
a llo y  w h ic h  had  b een  p a ss iv a ted  in  th e  HNO3 so lu tio n . 
E ach  figu re  has tw o  sp ectra . O ne is  th e  c o m p le te  sp e c ­
tru m  sh o w in g  a ll o f  th e  A u g er  lin es  fro m  th e  c o n s t it -  
u e n ts  o f  th e  film ; th e  o th e r  is  th e  lo w  e n e r g y  or  
v a le n c e  ban d  sp ec tru m  fro m  iron . F or th e  la tter , tw o  o f  
th e  e le c tr o n s  in v o lv e d  in  th e  A u g er  tr a n sit io n  are  in  
th e  v a len ce  band. T h u s, th e se  A u g er  e le c tr o n s  are v e r y  
se n s it iv o  to ch a n g o s in bon d in g . F ig u re  !) sh o w s th e  
.spectra w h ich  rcsu lt  a fte r  5 m in  o f .spu ltering. T h e  lilin  
for th e  m o st p a rt is  an  iron  o x id e  w ith  o n ly  a sm a ll  
a m o u n t o f Cr. T h e  v a le n c e  ban d  sp ec tru m  sh o w n  is th a t  
o f iron ; th is  is  th e  ty p e  o f sp ec tru m  w h ic h  r e su lts  w h e n  
iro n  is  in  th e  fe rr ic  s ta te  as rep o rted  p r e v io u s ly  (1 7 ) .  
T h e  sp ectra  in  F ig . 10 w e r e  ta k en  a fter  10 m in  o f  s p u t­
ter in g . H ere, a su b s ta n tia l a m o u n t o f  Cr a p p ears in  th e  
film ; w h er ea s  th e  o x y g e n  and  iro n  c o n te n t  rem a in s a p ­
p r o x im a te ly  th e  sa m e  as th a t in  th e  p r e v io u s  sp ectru m . 
M o ly b d en u m  a lso  b e g in s  to  b e c o m e  d e te c ta b le . T h e  
lo w e r  e n e r g y  p ea k  in  th e  v a le n c e  b an d  sp ec tru m  h as  
sh ifte d  in  en erg y ; th is  is  th e  sa m e  ty p e  o f  v a le n c e  ban d

300 400 50' 
Electron Energy (E)

600 700 800

Fig. 9. Auger spectra of the passive film On Fe-25Cr-5Mo after 
5 min of sputtering.

Electron Energy ( E )

Fig. 10. Auger spectra of the passive film on Fe-25Cr-5Mo after 
10 min of sputtering.

sp ec tru m  w h ic h  w a s  o b ser v e d  fro m  F e  in  th e  ferro u s  
sta te . F ig u r e  11 sh o w s th e  sp ec tra  w h ic h  r e su lted  a fter  
15 m in  o f  sp u tter in g . T h e  v a le n c e  ban d  sp ec tru m  for  
F e  at th is  d e p th  is  th e  sa m e  as th a t o b ta in e d  fo r  a  F e  
fr ee  su r fa c e  a lth o u g h  a su b s ta n tia l a m o u n t o f  o x y g e n  
rem a in s h e r e  a fter  th e  film  h a s  b e e n  sp u tte re d  fo r  15 
m in . T h e  im p lic a tio n  o f  th e  la t te r  r e su lt  is  th a t  o x y g e n  
is b on d cd  to  th e  Cr w ith  iron h e in g  in  th e  m e ta llic  
sta te . T h e  sp ectra  o h la in c il ¡iflor 20 m in o f  sp u tte r in g  
are g iv e n  in  F ig . 12. T h e se  sp ec tra  are  e s sc n t ia l ly  Ih e  
sa m e  as th o se  in  F ig . 11 e x c e p t  th a t  th e  o x y g e n  le v e l  
h as su b s ta n tia lly  d ecrea sed  and  th e  F e  l in e s  h a v e  in ­
crea sed  in  a m p litu d e . F ig u r e  13 su m m a rizes  th e  a b o v e  
resu lts . T h is  p a tte rn  w a s a lso  o b ser v e d  fo r  film s fo r m e d  
b y  a n o d ic  p o la r iza tio n .

Discussion
T h e  r o le  o f  a l lo y in g  e le m e n ts  in  im p r o v in g  co rro sio n  

r es is ta n c e  p ro p e r tie s  is  fr e q u e n tly  in te rp re ted  in  term s  
o f th e  r e la t iv e  ra n g e  o í  th e  th erm o d y n a m ic  s ta b ility ,
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Electron Energy ( E )

Fig. 11. Auger spectra of the passive film on Fe-25Cr-5Mo after 
15 min of sputtering.

Electron Energy (E )

Fig. 12. Auger spectra of the pdssive film on Ft-25Cr-5Mo after
20 min of sputtering.
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Fig. 13. Valence band spectra of Fe in the passive film on 
F«-25Cr-SMo after variotis sputtering tiwm.

w ith  r esp e ct to  p H  a n d  p o te n tia l, o f  th e ir  in so lu b le  
sp ec ies . T h u s, th e  e f fe c t iv e n e ss  o f  c h r o m iu m  a n d  m o ­
ly b d en u m  a s a l lo y in g  e le m e n te  In iron  is  in te rp re ta b le  
l*i tc r im  o f  tho  b ro a d er  t ungo o í  u c ld  s tu b illty  o f  Ci^Oa 
a n d  M 0O 2. T h is  a r g u m e n t ca n  a lso  b e  e x te n d e d  to  
ra tio n a liz e  th e  in c re a se d  e ffe c t iv e n e ss  o f  a llo y s  c o n ta in -  
in g  c h ro m iu m  a n d  m o ly b d e n u m  in  r e s is t in g  a tta c k  in  
c h lo r id e  so lu tio n s  i f  p itt in g  is  a ssu m e d  to  b e  a  r e su lt  
o f  lo ca lize d  a c id iñ ca tio n  (1 8 ) .

U s in g  s o lu b ility  a r g u m e n ts  fo r  th e  e ffe e ts  o f  a l lo y in g  
on co rro sio n  p ro p er tie s , o n e  ca n  o b ta in  a n  “e n r ic h ­
m en t m o d e l.” A c co rd in g  to  th is  co n cep t, in  th e  p a ss iv e  
reg ió n  th e  o x id e  or h y d r o x id e  o f  h ig h e s t  so lu b ility  
s e le c t iv e ly  d is s o lv e s  a t th e  f ilm -so lü t io n  in te r fa c e . T he  
film  th en  b eco m es en r ic h e d  in  th e  m o r e  s ta b le  sp e c ie s  
and th is  o x id e  or h y d r o x id e  g o v e r n s  th e  ra te  o f d is ­
so lu tio n . T hus, th 6 irríproved co rro sio n  p ro p er tie s  in  
acid  nnd c h lo r id e  e n v ir o n m e n ts  o b ta in e d  b y  a llo y in g  
s ta in le s s  s te e ls  w ith  m o ly b d e n u m  co u ld  b e  e x p la in e d  
b y  an en r ic h m e n t o f  m o ly b d e n u m  o x id e  in  th e  p a ss iv e  
film . H o w ev er , no e v id e n c e  fo r  th is  w a s  fo u n d  u s in g  
A E S ; on  th e  co n tra ry , a d e p le t io n  o f  m o ly b d e n u m  w a s  
fou n d  in  th e  su r fá c e  and  n e a r -su r fa c e  la y e r s  o f  th e  
p a ssiv e  film  ( s e e  F ig . 4 ) .  T h is  w a s  th e  c a se  e v e n  fo r  th e  
p l i  3 and  3.45 so lu tio n s  in  w h ic h  th e  film s w e r e  fo rm ed  
u n d er  co n d itio n s  a t w h ic h  M0O2 i s  th e r m o d y n a m ic a lly  
s ta b le  [se e  th e  P o u r b a ix  d ia g ra m  (1 9 ) in  F ig . 14]. T h e  
sa m e  g e n e ra l tr en d s w e r e  fo u n d  fo r  p a s s iv e  film s  
fo rm ed  in  th e  pH  3.5 su lfa te  so lu t io n  w ith  a n d  w ith o u t  
c h lo r id e  io n s  (F ig . 1 an d  2 ) .  T h u s, th e  p r e se n c e  o f  
c h lo r id e  io n s  in  so lu tio n  h a d  no e ffec t o n  film  c o m p o si­
t io n  in  th e -p a ss iv e  reg ión .

A lth o u g h  th e r m o d y n a m ic s  co u ld  n o t b e  u se d  su c -  
c e s s fu lly  to  p r e d ic t th e  r e la t iv e  a m o u n t o f  m o ly b d e n u m  
in  th e  p r o te c t iv e  film , th e  g e n e r a l tr en d  o f  th e  c h r o ­
m iu m  c o n te n t fo l lo w e d  th e r m o d y n a m ic  p red ic tio n s . 
C h ro m iu m  w a s  fo u n d  to  e n r ic h  in  th e  p a s s iv e  film  
u n d er  th o se  co n d itio n s  w h e r e  Cr2Ü 3 w a s  s ta b le  (F ig . 
1 4 ). H o w e v er , th e  P o u r b a ix  d ia g r a m s a re  o v e r ly  p e s s i-  
m istic  in  th e  a c id  r eg ió n  s in c e  a p a s s iv e  r a n g e  w a s  
o b ta in ed  in  1 N  H 2S 0 4 , a lth o u g h  th e  h y d r o x id e s  and  
o x id e s  o f  iron , ch ro m iu m , and  m o ly b d e n u m  a r e  n o t  th e  
s ta b le  p h a ses in  th is  r eg ió n . T h is  a lso  a p p lie s  to  u n -  
a llo y e d  iro n  an d  c h ro m iu m  b e c a u se  b o th  h a v e  a  
p a ss iv e  ra n g e  in  H2SO4. S in c e  th e se  d ia g ra m s w e r e  ca l­
c u la te d  fro m  k n o w n  th e r m o d y n a m ic  d a ta  fo r  b u lk  
co m p ou n d s, e ith e r  th e se  th in  o x id e  film s a re  a  d ifferen t

Fig. 14. Superposition of Pourbaix diagrams for chromium, molyb­
denum, and iron showing the insoluble produets and some of the 

- « p lÍ M  éüGm km  íb e  jpfcne boandaries.
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p h u e  or co m p o u n d  w h o se  b u lk  p ro p e r tie s  a r e  n o t  
k n o w n  o r  o n é  m u st c o n í id e r  t h e  k itte tlc s , T h «  film s
fo r m e d  a t  p H  14 w e r e  fo u n d  to  b e  d e p le te d  o l  c h r o ­
m iu m ; th is  is  c o n s is te n t w ith  th e  p o te n t ia l-p H  d ia g r a m  
i f  th e  in so lu b le  p ro d u ct i s  c o n sid era d  to  b e  CrzOs. T h e  
v e r t ic a l l in e  r e p r e se n tin g  th e  b o u n d a ry  b e tw e e n  pas*  
s iv i t y  a n d  co rro sio n , i.e., ÍC rO s- **- ] =  1 0 “ ®, i s  lo c a te d  
a t  á p p r o x im a te ly  p H  12.S fo r  C ^ O j.

T h e  in fiu en ce  o f  p o te n tia l o n  th e  c h ro m iu m  a n d  iro n  
c o n te n t  o f  th e  ñ lm  is  a iso  p r e d ic ta b le  fro m  th e r m o d y -  
n am ics. A t 1250 m V  (N H E ) s o lu b le  ch r o m a te  io n s  and  
in so lu b le  F e 2 0 a are the atable specles (Fig. 7). The 
re su lts  o b ta in e d  a fte r  ca th o d ic  p o la r iz a tio n  sh o u ld  be 
co m p a red  w ith  th o se  o b ta in e d  in  c a u stic  so lu tio n s  s in c e  
th e  e v o lu t io n  o f  h y d ro g e n  a t th e  e le c tr o d e  i s  a c c o m -  
p a n ie d  b y  th e  g e n e r a tio n  o f  h y d r o x id e  io n s. T h is  ra ise s  
th e  p H  a t th e  e le c tr o d e  su rfa ce . B o th  c a th o d ic  p o la r iz a ­
t io n  in  th e  p H  3.5 so lu t io n  a n d  an o d ic  p o la r iz a t io n  in  
pH  14 s o lu t io n  (c o m p a re  F ig . 6 a n d  8 ) r e su lte d  in  a  
ch ro m iu m  d e p le te d - ir o n  en r ich ed  ñ lm .

L e g it ím a te  q u e s t io n s  ca n  b e  r a ised  a b o u t th e  e f fe c -  
t iv e n e s s  o f  th e  A u g e r  te c h n iq u e  in  d e te c t in g  m o ly b d e -  
n u m  s in c e  i t  se e m s  in c o n c e iv a b le  th a t an  a llo y in g  a d d i-  
t io n  w h ic h  c a n  in c re a se  th e  p itt in g  p o te n tia l o v e r  500  
m V  W ould n o t  b e  a  m a jo r  c o n stitu e n t  o f  th e  ñ lm . V e t  
th e  A u g er  r e su lts  fo r  th e  r e la t iv e  a m o u n ts o f  c h ro m iu m  
a n d  iro n  in  th e  p a s s iv e  film s w e r e  c o n s is te n t  w ith  s o lu -  
b il ity  a rg u m en ts . T h u s, o n e  w o u ld  su sp ec t th a t  i f  th e  
te ch n iq u e  w e r e  a lte r in g  th e  c o m p o sitio n  o f  m e ta l  io n s  
in  th e  film , i t  w o u ld  b e  m a n ife s te d  in  th e  b e h a v io r  o f  
th e se  c o n s titu e n ts  a s  w e l l  a s  m o ly b d en u m .

A  fu r th e r  q u e s t io n  is  w h e th e r  or n o t th e  e le c tr ó n  and  
io n  b ea m s a re  v o la t il iz in g  th e  m o ly b d e n u m  o x id e .  
F ig u re  15 sh o w s  th e  A u g e r  sp ec tra  o f  a  c a th o d ic a lly  
d ep o s ited  m o ly b d e n u m  o x id e  film  (fr o m  a  m o ly b d a te  
s o lu t io n ) . T h is  film  h a s  a  su b s ta n tia l a m o u n t o f  m o ly b ­
d en u m  an d  a  sm a ll a m o u n t o f  iron , th u s  d u p lica t in g  a  
p a ss iv e  film  o n  a n  iro n  b a se  a l lo y  e n r ic h e d  in  m o ly b ­
den u m . T h e  sp ec tru m  rem a in e d  u n ch a n g e d  a fte r  5 and  
15 m in  b o m b a rd m en ts b y  th e  e le c tr ó n  gu n . F ig u r e  16 
sh o w s sp ec tra  ta k e n  b e fo r e  an d  a fter  40 m in  o f  sp u t­
ter in g . A g a in , th e r e  w e r e  n o  a n o m a lies . A lth o u g h  th e  
carbón and  n itr o g e n  le v e ls  d e c re a se  su b s ta n t ia lly  a fter  
40 m in  o f  sp u tter in g , th e r e  w e r e  o n ly  s l ig h t  ch a n g es
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fíg . 15. íffect  of electrón beam on cattiodically deposited 
molybdenum oxide film.

Fig. 16. iffe c t  of sputtering on cathodically deposited molyb­
denum oxide film.

in  th e  p e a k  h e ig h t  r a tio s  o f  th e  o th e r  e le m en ts . T h e se  
c h a n g e s  co u ld  b e  d u e  to  th e  r em o v a l o f  a d so rb ed  
m o ly b d a te  Ion s a n d  w a té r  fro m  th e  su r fa c e  or d u e  to  
an  in h o m o g e n e o u s  film . H o w e v er , th e  lm p o r ta n t p o in t  
is  th a t  m o ly b d e n u m  is  n o t p r e fe r e n t ia l ly  r em o v e d  b y  
sp u tter in g . T hu s, th e se  r e su lts  su g g e s t  th a t i f  m o ly b ­
d en u m  is, in  fa c t, e n r ic h e d  in  th e  film , th e  A u g e r  te c h ­
n iq u e  w o u ld  d e te c t  lt.

O ne o f  th e  in h e r e n t  u n c e r ta in tie s  in  th e  p ro fllin g  
te ch n iq u e  is  th e  p o s s ib le  o ccu rr en ce  o f  d ifferen tia l  
sp u tte r in g . T h is  a r is e s  b e c a u se  e le m e n ta l sp u tte r in g  
y ie ld s  a re  d ifferen t, w h ic h  r e s u lts  in  a n  a lter ed  su r fa c e  
la y e r  e n r ic h e d  in  th e  e le tt ie n t  w ith  th e  lo w e r  sp u tte r in g  
y ie ld . F ra n k e n th a l a n d  M alm  (2 0 )  h a v e  co n c lu d e d  th a t  
film s fo rm ed  o n  iro n -ch ro m iu m  a llo y s  d u r in g  m e -  
ch a n ica l p o lish in g  are  n o t d if fe r e n t ia lly  sp u tte re d . It is  
u n ce r ta in  w h e th e r  th e se  r e su lts  can  b e  a p p lied  to  th is  
in v e s t ig a t io n  s in c e  a  d iffe re n t io n  b ea m  e n e r g y  w a s  
u sed ; h o w ev e r , w h e n  a 600 eV  io n  b ea m  is  u sed  to  sp u t-  
ter  a m e c h a n ic a lly  p o lish e d  su rfa ce , th e  A u g e r  r e su lts  
are s im ila r  to  th e  r e su lts  o f  F ra n k e n th a l an d  M alm . 
A lso , th e r e  is  n o  e v id e n c e  th a t  la r g e  d iffe re n c es  in  th e  
e le m e n ta l  sp u tte r in g  ra tes e x ls t .  F o r  e x a m p le , i f  th is  
p h en o m en o n  w e r e  c a u sin g  a n  a p p a ren t e n r ic h m e n t o f  
c h ro m iu m  in  th e  film s, th e n  o n e  w o u ld  e x p e c t  to  o b ­
s e r v e  a n  en r ic h m e n t in  th o se  film s in  w h ic h  ch ro m iu m  
w a s d e p le te d  fro m  th e  su rfa c e  la y er s .

C arbón  c o n ta m in a tio n  w a s  fo u n d  o n  a l l  su rfaces. 
T h is  w a s p ro b a b ly  from  h y d ro ca rb o n  o r  carb ón  d io x id e  
w h ic h  w a s ad so rb ed  w h e n  th e  sp ec im en s  w e r e  tr a n s-  
ferred  fro m  th e  c e l l  to  th e  v a c u u m  sy s tem . T h e  v a r y in g  
co n c en tra tio n s  o f  th e se  o v e r la y e r s  ca u se  th e  d ifferen ce  
in  b e h a v io r  o f  th e  o x y g e n  p e a k  d e c lin e  in  F ig . 1, 2, 
a n d  7.

W h en  th e  o x y g e n  le v e l  is  la r g e  r e la t iv e  to  th a t o f  
ch ro m iu m , th e  o x y g e n  l in e  (510  e V ) c a u se s  so m e  d is -  
to r tio n  in  th e  c h r o m iu m  lin e  (529  e V ) .  C oad  an d  
C u n n in g h a m  (2 1 )  h a v e  a n a ly z e d  iro n  a n d  ch ro m iu m  
m ix e d  o x id e s  u s in g  b o th  X P S , in  w h ic h  th e r e  is  n o  in -  
te r fe r e n c e  b e tw e e n  l in e s , a n d  A E S . T h e se  r e su lts  in ­
d íc a te  th a t th e  e rro rs  ca u sed  b y  th e  d is to r t io n  are  n o t  
sig n ifica n t.

T h e  A u g e r  r e su lts  fo r  t h e  c o m p o sitio n  o f  p a ss iv e  
film s d iffer  su b s ta n t ia lly  fro m  th o se  o b ta in e d  b y  
ch e m ic a l a n a ly s is . P er h a p s th e  h ig h  S ilicon  a n d  m o ly b ­
d en u m  c o n te n t  fo u n d  b y  R h o d in  a n d  N ie ls e n  <-2,3) 
o ccu rs b e c a u se  th e  f ilm -s tr ip p in g  p r o c ed u r e  crea ted  
a n  a lter ed  la y e r . I t  is  c o n c e iv a b le  th a t  su ch  a  la y e r  
w o u ld  co n ta in  u n d isso lv e d  S ilicon  a n d  m o ly b d e n u m  
from  th e  a llo y .

T h e  A u g er  r e su lts  e lim ín a te  fro m  c o n s id e r a r o n  th e  
e n r ic h m e n t id e a  fo t  e x p la in in g  th e  im p r o v ed  q u a lity
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o f  th e  p r o te c t iv e  film  d e r iv e d  from  th e  p r e se n c e  o f  
m o ly b d en u m  in  th e  a llo y . O th er  p o s s ib ilit ie s  fo r  ra -  
t io n u liz in g  th e  e f le c ts  o f  m o ly b d e n u m  in c lu d e  an  in -  
crea scd  r cp a ssiv a tio n  rate  ( 8 ) or  th e  p r e v e n tio n  o f  lo -  
ca lizcd  ac id ifica tio n  (1 9 ) by alte-ring th e  co rro sio n  p o -  
te n tia l or an o d ic  d isso lu tio n  k in etics . E lec tro ch em ica l  
r esu lts  in d íc a le  th a t in d ccd , both  th e  co rro sio n  p o -  
te n tia l and  th e  p o te n tia l n e c essa ry  to  m a in ta in  th e  
h ig h  cu rren t d e n s ity  req u ired  to  su sta in  p it g r o w th  in ­
c rea sed  w ith  in c re a se d  m o ly d e n u m  c o n te n t  in  th e  fe r -  
r it ic  s ta in le ss  s te e ls  ( 2 2 ) .

P erh a p s m o ly b d e n u m  e x e r ts  it s  b en e fic ia l e ffec ts  b y  
im p r o v in g  th e  q u a lity  o f  th e  b o n d in g  at th e  m e ta l-  
o x id e  in te r fa c e  c re a tin g  a b a rr ier  la y er . T h ere  are  tw o  
p o ss ib le  in te rp re ta t io n s  o f  th e  r e su lts  sh o w n  in  F ig . 
9-13 . O ne is  m e ta llic  iro n  w h ic h  is  p r e se n t in  a  ch ro ­
m iu m  o x id e  m a tr ix  (p o s s ib ly  tw o -d im e n s io n a l) .  T h e  
o th e r  is  th a t th e r e  is  a c h ro m iu m  o x id e  la y e r  a d ja cen t  
to  th e  su b stra te . T h e  p r e se n c e  o f  m o ly b d e n u m  in  th e  
la y e r  co u ld  h a v e  a su b s ta n tia l in flu en ce  o n  th e  q u a lity  
o f  th e  bond.
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Surface segregation in alloys: Equilibrium segregation of Au 
to the (t 1 1 ) surface of Ni

J .  J . B u r to n , C . R .  H e lm s ,  a n d  R . S . P o l iz z o t t i

i '.x x o n  R c sc a n  h a n d  l- '.n y jíu w n n ^  ( 'tu n p ü n y , l . i tu lc n , N e w  Jer.w y  070.16  

(Kcccivcd 27 A ugust  l l>75; in final fo n n  1 O c lober  1975)

T h e  exper imen ta l  pi t lal ls in d<*tcnniiiiiif'  tlie equ i l i br ium coinpos i t ion  o f  :in alloy 
sur lace  are  d iscussed.  A m o n g  t hem are loo- slow bulk diffusion,  sur face  
evapo ra t i on ,  an d  con t a min a t i o n .  TJiesc p rob l ems  a r e  i l lus t ra t ed  wi th d a l a  on 
alloys cont a in ing  less t han  I ' /  A u  in Ni.  W e  show that  in the  t emp e ra tu r e  
range H(K)’-I0(X)"C', one  can wi th caro meas u re  the equi l ib r ium concen t ra t i on  
o f  Au  on t he  sur face  o f  the alloy using A u g e r  spect roscopy.  T h e  heal  o f  
segregat ion o f  A u  to t he  (111) sur face  o f  N i  has"been obt a ined  to  be  1 2 ± 2  
kca l /mo le .

l’A C S  number s :  64.80.C,  82.80.L,  79 .20 .F

l ' i i h l i s 1 p r e d i c l e d  a  <<m i t i i i y  a g o  ( i n  1X75)  l l i a t  l l i e  

('< I vi i I i I >r i 11 n i c o m p o s i t i o n  o í  t h e  s u r f a c e  o f  a  s o l u t i o n  is 

n o t  n e c o s s a r i l y  i d c n l i c a l  t o  i t s  b u l k  c o m p o s i t i o n .  T h e  

s o l u t e  wi l l  s e g r e g a t e  t o  t h e  s u r f a c e  o f  t h e  s o l u t i o n  if t h e  

. s u r f a c e  f r e e  e n e r g y  o f  ( l i e  s o l u t i o n  d e c r e a s c s  w i t h  in -  

c r e a s i u g  s o l u t e  r o n c e n !  r a  I i o n . „ T h i s  c l l c c l  w a s  c o n -  

l i r n i e d  b y  M c B a i n - ' 1 iu  1 9 3 2  f o r  a  v a r i e t v  o f  s o l v e u t s  

in  w a t e r .

U r c e n l l v  m.  m v  in v e s l  i ga  l o i  s  l i a v c  s t u d i e d  s e g r e g a  

( i o n  o l  d u e  c o m p o n e n !  ol  a  s o l i d  u i r l a l h r  a l l o y  l o  i l s  

s u r l a c e . ' 1 :':l T l i e r e  a r e  m a j o r  1 1 i s c r e p a  n c i e s  in l l i e  r e s u l t s  

ol  v a i  m u s  e x p e r i m e n t a l  s l u d - i e s  m l e n d e d  l o  a s e e r l a i n  

t l i c  e q u i l i l  i r i u m  s u r l a c e  c o m p o s i t i o n  ol  a l l o y s .  I ' o r  i n -  

s t a n c e ,  u s i n g  A u g e r  e l e c l r o n  s p e e l  r o s c o p y  a s  a  p r o b é  

o f  t l i e  s u r l a c e  c o j n p o s i t  i o n , s o m e  a u  I l i o r s ' 1-1" l i a v e  c o i i -  

c l t i d e d  t l i a l  n o  s u r l a c e  s e g r e g a t i o n  o c c u r s  in ( u Ni  

a l l o y s  w h i l e  i >1 l i e r s 1 ,M,l7,1 ’ h a v e  r e p o r t e d  s u b s t a n t i a l  

s e g r e g a t i o n  o f  C u  l o  l l i e  s u r l a c e  ol  N i .  I h e s e  i n v e s i i g a -  

t i o l lS  s u g g e s t  t i l e  ne e r l  t o  I l ioi  o i l g l l l v  e x a m i n e  l l i e  

p r o b l e m s  a s s o c i a t c d  w i t l i  a t t a i n i n g  e<| i i i l i  1 i r i u m  s u r l a c e  

r o m p í  isit  ii ' l is.

I n  l i l i s  p a p e l ,  w e  r e p o r t  ol í  A i u m t  e l e c t r ó n  s p e c t r o s -  

c o p v  s t u d i e s  ol  l l i e  s m l a c e  c o m p o s i t i o n  < >1 l l i e  ( I I I )  

s u r l a c e  o l  v e r y  d i l u t e  a l l o v s  o l  A u  iu N i .  All t h e  s a m p l e s  

s t u d i e d  c o n t a i n e d  l e s s  l l i a n  1 a t / ; ' f , A u .  T h i s  m a t e r i a l  

w a s  e h o s e n  a s  a  m o d e l  s v s t c u i  t o  e x á n i m e  t h e  p r o b l e m s  

a s M i c i a l e d  w i l l i  e s l a l i l i s l i i n g  e i | u i l i b i  i u n i  b e h a v  i o r  pi  i 

m a n í  v  be t  a u s e  11 le v a  n o l i s  I l i coi  í e s ' ' 1 •'*’ o! s u  i l a c e  sei' .i e 

g a l  i o n  a l l  p r e d i e t  s e g r e g a t i o n  o f  A u  t o  t h e  N i  s u r l a c e  

a m l  b e c . m s e  \ V i ! l i . i m s r: l i a s  p r e v i o u s l y  r e p o r l e d  s e g r e -  

g a l l ó n  o f  A u  t o  I l ie s u r f a i  e  ol  A u  N i  a l l o v s .

I n  i h e  c o i u s e  o f  o u r  w o r k ,  w e  i d e n l i h e d  a  m i m b e r  o f  

p o t e n t i a l  p i t f a l l s  in  d e l e r m i n i n g  t h e  e q u i l i b r i u m  b e -  

l i a v i o r  o f  a n  a l l o y  s u r f a c e .  I I h i r i d a l  i o n  ol  t h e s e  d i l l i c i t l -  

t i e s  w i l l  l ie  l l i e  m a j o r  t a s k  o f  t h i s  p a p e r .  A m o n g  l l i e

p r o b l e m s  i d e n t i l i e d  a r e

_(1) C ' o n l a m i n a n l s  c a n  a l t e e  ( h e  . s u r f a c e  c o n t p o -  

s i l i o n .  H e n e e ,  w o r k  m u s í  b e  c a r r i e d  o u t  o n  v e r y  o l e a n  

s u r f a c e s  o r  t h e  e f f e c t s  o f  c o n t a m i n a ) i o n  n u i s t  b e  

s p e c i f i c a l l y  s i u d i e d .

( ¿ )  S u r l a c e  c o m p o s i t i o n  m e a s u r e m e n t s  i n u s t  b e  

m a d e  a l  c l e v a t e d  t e i n j ) e r a i u r e s  a n d  n o t  a f t e r  q u e n c h i n g
10 roí  u n  I e m p e r a l  u r e .

(3 )  l ' . xpe i  i m e n t s  m u s í  l ie p e r l o r m e d  a l  s u l l i c i c n t l y

11 i l; 11 ( e m p e r a t u r e s  ( l i . i t  ei | u i l i b r i u m  i s a t l a i n e d .

( I )  l ' - x p e r i m e n l s  m u s í  b e  p e r l o r m e d  a l  s u l l i c i e n t l y  
low I e n  i p e r a  I t i r e s  11 i.i I s i g n  i l i r . m  I d  e  p i e l  i o n  o f  I h e  s o l  ll l e  

I r o i u  l l i e  s u r l a c e  b y  e v a p o r a t i o n  is a v o i d e d .

W ’l i i le l l i e  l i r s t  t w o  o f  t h e s e  d i l í i c u l t  ¡cs c a n  b e  o v e r c o m e  

in a n y  c a r e f u l  c x p c r i m c u t ,  l l i e  l a t t e r  t w o  c o m b i l i e d  

i m p l y  t h a t  t l i c  < ■< ni i I il *r i n m  c o m p o s i t i o n  c a n  b e  r e a d i l y  

d e t e r m i n e d  in  o n l y  a  v e r y  n a r r o w  l e m p e r a t u r e  r a n g o  in 

t h e  c o n v c t l t  i o n a l  A u g e r  e x p e r i m e n t  ( d e s c r i b e d  in  l i l e  

s e d  i o n  o n  n i d h o d ) .  W e  d i s c u s s  t h e  p r o b l e m s  o f  e s t a b -  

l i s h i n g  t l i a l  c i | t i i l i b r i u m  is i n d e e d  s e e n .  I n  d i l n t e  a l l o y s  

o f  A n  in N i ,  l l i e  e q u i l i b r i u m  b e h a v i o r  c a n  b e  e a s i l y  
c M a b l i s h e d  in l l i e  t e m p e r a t u r e  r a n g e  .SOI)’’ 10 t )0°< ' .  

I ' i o m  i h e  t-< | u i f i I >i i 111 n s u r l a c e  e o m p o s i l i o n  m e a s u r c -  

l u e i i t s ,  w e  o b l a m e d  l l i e  h e a l  ol  s e g i e g a l i o i i  ol  A u  l o  t h e  

( 1 1 1 )  s u r l a c e  o l  N i ,  l i ± i  k c a l / i n o l e .

EXPERIMENTAL METHODS

Al l  ol  l l i e  s a m p l e s  l l s e d  in  l i l i s  s l u d v  w e r e  p r e p a r e d  

b v  v a p o r  d r p o s i t i u g  ' ¡ ' I . W ' J  a l . ' r  A u  o n t o  ( l l l ) - o r i -  

e u l e d ,  ( l . . ! - m m - l  l i i c k ,  ')').<)<)<) a l / ' j .  N i  s i n g l e  c r y s t a l s .  

Al  leí  d r p o s i t i u g  a b o u t  I a l . '  , A u  o i i l o  l l i e  c r v s l a l ,  it 

w a s  a n n e a l e d  in  v a c u i i m  a l  7 5( )° l  l o r  s e v c r a l  d a y s ;  l l i e  

s u r l a c e  w a s  r e p o l i s h e d  ; a n d  ( h e  s a m p l e  w a s  t h e n  f u e l l i e r  

a n n e a l e d  in v a c u u n i  a l  t e m p e r a I t i r e s  b e t w e e n  1()()()° 

a n d  IH. SO' V f o r  l i m e s  u p  l o  a  vvcek .  I n  l i l i s  w a y ,  A u - N i  

a l l o y s  w e r e  o b t a i n e d  c o n t a i n i n g  l e s s  t h a n  1 a l . %  A u
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¡n  lite  s e v e ra l-t n iiT o iiil'U 'M lM c k  M ilfa c c  regió n  ivht>so

a v e r a g e  c o m p o s i t i o n  wa s  e s t i m a l o d  w i th  a m ie ro p ro be .
M e a s u r e i n e n t s  of  t h e  su r f ace  c o m p o s i l i o n  of  t he  

a l l oys  were  m a d e  wit l i  a  Phy s i ca l  l i l c c t ron i c s  ey i i nd r i c a l -  
m i r r o r  s i ng l e -pa s s  A l i ce r  a n a l y z c r  u s ing  a  b e a m  e u r r e n t  
of  35 f iA a n d  b e a m  e n e r g y  .of 2(100 eV.  T h e  a n a ly z c r  axis  
w as  5o f rom th e  s a m p l c  n o rm a l .  All m e as i i r e m en t s ,  
excep t  whe re  spee i l i ea l l y  n o l e d ,  we re  m a d e  a( p r e s su r e s  
be low 2 X I 0 ’1" T o r r  ( 2 . 6 X 1 0 " ' S Ta l .  T h e  s a m p l c  wa s  
h e a l e d  us ing  an  d c e l r o n  l ieam l i oa te r  which  enal ) led  
A l i ce r  me as i i r em e t i t s  al  c l c v a t e d  t e m p e ra !  uros  w i l h ou l  
a n y  of t he  m a g n c t i c  lield e l l e c l s  a s so c i a l c d  w i th  res is t ivo  
h e a t i n g .

OBSERVATIONS 

Auger spectra

In  Fifí. 1 we  sh ow  d e r i v a t i v o  A u g e r  sp e c t r a  of  An  a n d  
Ni  r e f e rence  s a m p l c s  a n d  of  a  N i  s a m p lc  c o n l a i n i n g  
0.5 a t . %  Au.  Pr i o r  t o  t ak in g  t h e  a l l oy  s p e c t r u m ,  t he  
s a m p l c  wa s  s p n l t c r  c l c an ed  a n d  t h e»  a n n e a l e d  at: 
600°C  for 18 h.  I he s p e c t r a  a r e  q u i t e  d i s t i n c t .  T h e  
s l r o n g e s t  pe a k  in Ni  is a t  61 eV  a n d  A u  h a s  i t s  s l r o n g e s t  
pe a k  a t  69 eV.  [  The p e a k  wh ich  we  a r e  r e f e r r i ng  a s  a 
69-eY gold pe ak  is a c t u a l l y  a  c o m p o u n d  of  66- a n d  69-eV 
peaks .  W e  we re  al>lr lo  resol ve I lioso peaks ,  lint shal l  
use t h e  com] )ound  p e a k  in t h i s  p ap e r .  J Ti re  a l l oy  exhi l i i ts  
l ioth t h e  61- a n d  69 -eY peak s ,  in a p p r o x i m a t e l y  equa l  
s t r e n g t h s .  As  t h e  Au  (69) a n d  N i ( 6 1 )  p e a k s  a r e  r ou g h l y  
e q u a l l y  s t r o n g  in t h e  p u ré  me t á i s ,  t he i r  near. e q u a l i t y  
in t h e  a l l oy  i n d i c a t e s  t h a t  t h e  su r f ac e  región ( t he  61- 
a n d  69 -o \  A llg er  p e a k s  s a m p le  onl \ '  a lew p k m e s  i n lo  t he  
c r y s t a l 17-1*) c o n t a i n s  compa ra l>l e  a m o u n t s  ol Au  a n d  
Ni.  N o t e  t h a t .  un l i k e  (he  6 1 - e \ ’ peak ,  t he  Ni Aug e r  
p e a k s  a b o v e  600 eV  a r e  e s s en t i a l l y  u . nd imin ishcd  in t he  
a l l oy  f rom  th e i r  w e ig h t s  in bu lk  nickel .  As t he  h ighe r -  
cn e rg y  A u g e r  p e a k s  s a m p le  mor e  d cc p lv  i n to  t h e  c ry s t a l  
t h a n  d o  t he  l ow-en e r gy  peaks ,  it ap |>ears  p l a us ab l e  
t h a t  t h e  large e o n < e n t r a t i o n  ol A u seen in t he  69-oV 
p e a k  in t he  a l l oy  m a y  be con l i ned  to  t he  su r f ace  p l añe  
¡tself.  T h i s  f | u a I i t a  t ive conclu s ión ,  t ha t  (he s eg regan !  
m a y  be ma in ly  l imi t ed  lo a su r f ace  m on o l a y e r ,  is in 
a g r e e m e n t  wi th the  conc lu s ions  of  t heo re l i c a l  s l u d i c s  
of su r f a c e  s eg rega t i on  ba sed  on s imp le  m o do l s , " ’ w i th  
M c D a v i d  and  I ' ai i i ' s  e x p e r i m e n t a l  l e su l l s  for s e g r e g a ­
t ion of  Au to t he  su r f ac e  of  Cu  Au  a l l oys-3 a n d  wi th 
M c B a i n ' s  élassieal  s l u d i e s  ol the  su r f ace  co mp os i t i o n
■ i| I i( 1111< I Mi l l l  t K IIP. ’ '

In t he  r em.mulei  ol t hi s  p a p e l ,  we will be d is cus s ing  
pr im.ar i ly  (he  ra t io  o í  i l ie he igh t  of  A ii(69) A u g e r  peak
lo t h a t  of  t he  Ni(61)  peak .  T h i s  r a t i o ,  Au ((>9)/ \  i (61 ), 
p i o v i d c s  a me.iMiiK' ol llie sin l ace  cumpos i l t o i i . ' ’’' I'oi 
i n s t an ce ,  if the sur l ace  p l a ñe  were  p u ré  gold a n d  the 
r e m a i n d e r  ol the  c rys ta l  h ad  t he  bu lk  co mp os i t i o n ,  we 
wou ld  expec t  A u ( 6 9 ) / N i  (61) to  be a b o u t  2. If t h e  sur -  
face is 50 a t . %  Au,  Au (69 ) / N i  (61) wou ld  be  a b o u t  0 .60;  
if t h e  su r f ace  is 10 a t . %  Au ,  t he  r a t i o  wou ld  be a b o u t  
0.09.  I l iese  n u m b e i s  a r e  o n lv  a p p r o x i m a t e  a n d  se rve
■ •:11 y t o  p ro v i de  a q ua l i t a t i ve  g u i de  t o  i n l c rp r c t  ( ing (he

ELECTRON ENERGY (cV)

l'H¡. 1. Au^cr s|H'(tr.i of Au, Ni, utul N¡-0.5 a t . %  A u . The 
(>') c \ ’ Au and (il-c\ '  \ i  Anj;rr peaks wliirli will lie t-i n pl< >y ccl in tliis 
work ;ir»- indu. i t rd.  Tlt r  scnsitivily of llir an.dvzcr was changed 
a t  ‘)D and al (idll e V ; I lie srnsit ivit  Íes are noled on llie lif* i irt*.

d a l a  in t he  fo l lowing sec t i ons ,  w h e r e  w-e will be p r e s en t -  
ing d a t a  ior  ll ie A ng e r - p e a k -h e i g h t  r a l i o  for  var i oi t s  
sani | ) l es  a n d  s a m p le  t rea I metí  Is. In ( he  d i s euss ion  scc- 
t ion of  the  pa p e r ,  we will r e t u r n  t o  t h e  q u e s t i o n  of  the  
m e a n i n g  f)f t h e  A u g e r  p e a k - h e i g h t  r a t i os .

Contaminatiún effeets

In I . K KI )  s t l i dies  of  sol id sur f ace s ,  l l ie i m p o r t a n t e  of 
smal l  a m o u n t s  of  su r f ac e  i m p u r i t y  ha s  l ong  been  
a p p r e c i a t e d .  T h e  ef f ee ts  of  c o n l a m i n a t i o n  on  t h e  su r f ace  
c om po s i t i o n  of  a n  a l l oy  h a v e  been  less w idc ly  eom -  
í i ien led  on .  VVo l lave m a d e  so m e  o b s e r v a t i o n s  011 ef feets  
ol su r f ace  i m p iu i t i e s  wh ich  we will br i cí l y s u m m a r i z e  
liere.

S o m e  ol ot i r  s a m p lc s  were  fo un d  to  c o n t a i n  t r a ce s  of  
su l l u r  which was  c lea t ied ol í  b y  sp i i t l e r i n g  a t  high 
l em pe i  al tires. 111 l l ie eou r se  of  li l is e l e a n in g ,  w e  had
l i l i '  o |  >| II >1 I l l l l l  I \  l o  o l i M ' I V e  l l i e  c l i n  I o l  l l i e  Ml l l l l l  o l í

t h e  s m l a c e  < omp os i t  ion.  W e  found  t l ial  oven  sma l l  
a m o u n t s  o í  S could  . s igni l icant ly  r ed u ce  l l ie a m o u n t  of 
Au 011 llie su r f ace ,  oven  in l l ie inos l  d ih i l e  a l l oys .  Kor 
one  s am p le ,  w i th  a n o m i n a l  bu lk  c on eeu  t 1 a I ion ol 
a b o i i ( 0..S at . ' , ’;, Au ,  A u ( 6 9 ) , / N i ( 6 1 )  w as  0.27 a l  1025°C  
w he n  t l iere wa s  110 s u l fu r  no t i c e ab l e  on t h e  su r f ace .  
I l owe ve r ,  w hen  t he  su r f ace  wa s  co v e r ed  w i th  a b o u t  0 . 05 
m o n o l a y e r  of  S (as  c s t i m a t e d  v e r y  c ru d e l y  f rom ll ie 
r a l i o  of  t he  S (150 )  t o  N i (1 02 )  A u g e r  p e a k  he igh t s ,  
S ( 1 5 0 ) / N i ( 1 0 2 )  --- 1.0),  A u  ( 6 9 ) / N i  (61) wa s  r e d u eo d  lo 
0.22.  In  gen e ra l ,  we fo u n d  t h a t  t h e  A 11 co n ce n t r a l i o i i
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IV;.  1. Auger peak-heinht i.ilio Amí>(M / N><í>t ) a ItiinMioii of 
annealing tempera! ure for a Ni n y s t a l  mnta in ing l a t . ' ,  Au. 
Measurements  were made bolh al the annealing temperature  and 
after  (ptenrhing (o moni temperalure.  Note that ,  al the higher 
t emperaturas,  the two measurements  do not agrer.

d e c r ea s ed  s y s l e m a t i e a l l y  a s  ll ie .sulfur i nc r ea sed .  T h i s  
p h e n o m e n o n  w as  seen al  all  t e m p e r a l u r e s .

W i l l i a m s ' 1 l ias p r e v i ou s l y  r e p o r t a d  t lmt  e x p o su r e  of 
All Ni  a l l oys  lo oxy ge n  can  a l l e r  ll ie su r f ace  comp os i -  
t i o n . In o r d e r  to  i n ve s t í g a l e  this ,  we l ie. i led a (). 2 al / / í> 
A ti s a m p le  al  lOOO'V lor  15 mili a n d  (l ien q u e n c h e d  it 
t o  1 00 ' V .  T h i s  p ro d u c e d  an  A l i ce r  p e a k - h e i g h t  r a t i o  
of  A t i ( 6 9 j / N i  (61) = 0 . 0 8 5 .  T h e  s a m p l e  wa s  t l ien e x ­
po sed  a l  100°C  lo  1 X 1 0 - »  Ton -  ( 1 . 3 3 X I O r' l>a) of ( ) 2 
a n d  t h e  Au ( 6 0 ) / Ni (61) r a t i o  m e a s u r e d .  A f t e r  a  2500-s  
e x p o su r e  (¿5 1 . a n g u u i i r ) , t h e  su r f ac e  h ad  a b o u l  0.2 
m o n o l a y e r s  of  O  011 i t  Q i s s uming  t h a t  t he  A l icer  oxyg en  
s i gna l  f r o m a h eav i l y  ox id i zed  ( 2 0 0 - i , a u g u m i r  ex po su r e  
at  100°( ) Ni  sin face o r i g i na l e s  f r om a mono l . i ve r  of  O  J 
a n d  Au  (O'-M/N i (Ol) was  si ¡II 0.0,S5. Al le r  6000 s of  ex ­
po su r c ,  t he  su r f ace  h ad  a b o u l  0.6 m o n o l a y e r s  of  oxyge n  
a n d  A u ( 6 ' ) ) / N i ( 6 l ) was  r ed uc e d  (o 0.013.

T l i e s e  ob se rv a !  ions  i nd í ca l e  lite i m p ó r t a m e  of  work -  
intf w i th  c l e an  su r f ac e s  in s t u d i e s  of  a l l oy  su r f ace  10 111- 
pos i t i on .  All of  i lie r e m a i n in g  d a l a  in t hi s  p a p e r  will he 
f r o m su r f ac e s  w i th  c o n l a m in a t i o i i  be low the  l ower  l imi t  
of  d e t e c t a b i l i t y  in o u r  sy s t e m ,  w hich we  e s t í m a t e  to  be 
a b o u t  0.01 m o n o l a y e r  for  0.005 i i i ono l aye r  for O,  
0 .005 m o n o l a y e r  for  I a n d  0.005 m o n o l a y e r  for  S.

Quenched samples

M a n  y p r e v i o u s  w or ke r s  h a v e  ca r e f u l l y  p r e p á r e d  t he i r  
a l l ovs  by  ex t en s i vo  am ic a l i hg  al iiigli I e m pe ra l  11 res a n d  
l l ien ( | t iencl ied llie s a m p l e s  lo 100111 l e m p c l a I  u i e ,  whe re  
t h e y  m e a s u r e d  t he  su r f ace  co m p o s i t i o n ,  a s s u m i n g  t h a t  
t h e y  wou ld  o b t a i n  t h e  su r f ace  c o m p o s i t i o n  c h a r a c t e r -  
i s l i c o f  Ihe am ie .d in g  t e m p e r a l u r e .  l u  l i g .  .! we c o m p a r e  
t he  su r f ace  c o m p o s i t i o n  l a t i o s ,  Ai*!/»1*^ Ni(( i l  I, ol a 
1 a t . ' / r  Au  a l l oy  m a d e  a t  t e m p e r a t u r e  a n d  a f t e r  
q u e n c h i n g  to  rooni  t e m p e r a t u r e .  In  e ach  case ,  t he  
a l l oy  was  an n o a l e d  for  10 mili  at  t e m p e r a t u r e  be lw e en  
I lie me.i.Mii eiiieii I I Ile i | ileln h l a l e  u .1:. al mili '0"(  , s. 
I t  is o l i v ious  t h a t ,  a t  t h e  h igh e r  t e m p o r a l  m es,  t h e  d a l a

m e a s u r e d  al  l e m p e r a l u r e  a n d  a f l e r  q t i cnel i ing  d o  not  
su pc r i n ip os e .  T h i s  occu r s  l i ecause ,  d u r i n g  (fu* quene l i ,  
t h e  s a m p l e  s u i l a c c  l ias li ii ie l o  r el ax  t o  a  c om po s i t i o n  
c h a r a c t e r i s l i c  of  a  l e m p e r a t u r e  l ower  t h a n  t h e  a n n e a l i n g  
t e m p e r a t u r e .  T h e r e f o r e ,  ¡11 o r d e r  t o  s t u d y  t h e  cc^ni- 
l i b r i um  c o m p o s i t i o n  of  t h e  a l l o y  su r f ace ,  i t  is ne ce s s a ry  
t o  m a k c  m e a s u r e m e n t s  a t  t e m p e r a t u r e .

ESTABLISHMENT OF EQUILIBRIUM

T h e r e  a r e  tw o  p h e n o m e n a  whir l i  co ns p i r e  to  m a k c  
di l í ieul l  l i le m c a s u r e m e n l  of  Ihe  e ( | u i l ¡ b r i um com po s i -  
t ion of  a n  a l l oy  su r f ace .  T h e s e  a r e  s l ow di l fu sion  a n d  
f a s t  e v a p o r a l i o n .  If t h e  d i l l u s ion  cocfl ieiont  is v c r y  low,  
I.lie t im es  r e qu i r e d  lo a l t a i n  e ( | u i l i b r i u m c a n  tje l ong  
c o m p a r e d  t o  ( he  t im e  a v a i l a b l e  t o  t h e  e x p e r i i ne n t s . - 7 
T h i s  p r o b l e m  ca n  be o b v i a t e d  by  w a i l i n g  o r  by  w o rk in g  
a t  a  h i g h e r  t e m p e r a t u r e .  A t  h igh  t e m p e r a l u r e s ,  t h e  
v a p o r  p r e s s u re s  of  t h e '  a l l o y  c o n s t i t u e n t s  c a n  be 
s i gn i f i e an t  a n d  f ree  e v a p o r a l i o n  f r o m  th e  su r f ac e  ca n  
a l t o r  t h e  su r f ac e  compos i t i on .*  T h i s  p r o b l e m  ca n  be 
o v e r c o m c  e i t h c r  b y  c s t ab l i sh in g  t h e  e q u i l i b r i u m  m e t a l  
v a p o r  p r e s su re  in t h e  s a m p l e  c h a m b e r ,  wh i ch  is difficult.  
in p r ac t i co ,  o r  by  w o r k i n g  a t  l ower  t e m p e r a t  vires w h e r e  
s i gni f ican)  e v a p o r a l i o n  does  tiol occu r .

I ' . v apo ra l i on  p rob l e tu s  c a n  be  rcoogni / .od in a t  leas t  
tw o  w ays .  The m os t  o b v i o u s  is lo p l ac e  a coid co l l cc to r  
n e a r  t h e  s a m p le  a n d  e x a m i n e  i t  for  e v a p o r a n  Is. I 11 

p r ac t i c e ,  t h i s  is so m e t i m o s  i n c o n v e n i e n t  a n d ,  in a dd i -  
t ion,  i t  o n ly  tel ls i h a l  e v a p o r a l i o n  is o cc u r r i n g ,  n o t  
w h e t h e r  it is su f f ie i en l l y  r a p i d  to  s e r i ous ly  p e r l u r b  t h e  
s u r f ac e  c o m p os i l i on .  T h e  s econd  w a y  lo  rocogni / .e 
e v a p o r a l i o n  is t h a t  il l e ads  to  a  s e r i ous  r ed uc l i o n  in t he  
c o n c e n l r a l i o n  of  s eg rega  ni  011 l i le s u r f a c e .11 l'Voin t h e  
d a l a  in Kig. wc  would  expec l  i h a t  w c i e m i r  1 a l . ' ’(, Au 
s a m p le  h e a t e d  lo  I 0 5 0 ° ( \  A 11 ((»*->)/ N i (.61) s l iould be
0.5 lo  0.6.  W h e n  t h i s  s a m p le  wa s  l i e a l ed  to  1050°C' ,  
wí l l i i n 10 s Au  ( 6 9 ) / N i  (61) w as  0.55,  a s  exp oc l ed .  I l o w-  
eve r ,  li l is r a t i o  Il ien b<‘g an  t o  dc c r e a s e  a f t e r  a b o u t  10 
mi n  so t l i a l  il h a d  fa l len t o  0.3 w i t h in  1 h.  I ' o r  co m -  
pa r i so n ,  a l  1000°( ' ,  t h e  e q u i l i b r i u m  r a l i o ,  0.68,  w as  
a l so o b i a i n e d  w i l h i n  10 s ;  h o w e ve r ,  t h e  c o m p o s i t i o n  
t h en  r e m a i n e d  c o n s t a n t  fo r  3 h.  I n  b o t h  cases ,  t he  
s a m p l e s  reacl i  t h e  e q u i l i b r i u m  c o m p o s i t i o n  ex pec t e d  
f rom l ' ig.  2 w i lh in  ihc- first 10 s a l  t e m p e r a t u r e .  W e
111 i 111< t l ial  at  1050° ( . \  i n i t i a l l y ,  d i l fu s ion  wa s  ab l e  lo 
r cp l ace  Au  which  e v a p o i a l e d  froiii t h e  Ni  su r f ace  a n d  
ll ie co m p o s i t i o n  r e l a m e d  i t s  e q u i l i b r i u m  v a lv e .  I l o w-  
eve r ,  subseq iK ' i i t ly ,  a s  t h e  s u p p l y  of  An in t he  r egión
111 mi  1 lie m u  l ace  liega n lo  be  d e p l e l e d  a lid I lie Au a lo ius  
h ad  to  d i l l u se  l u r l h e r  l o  r e ach  t h e  su r f ace ,  t i ie ob-  
s e rvod  Au c o n c e n t r a t i o n  011 t h e  su r f ace  beg an  l o  fn.ll. 
At 1 00 0 ' V ,  d i l l u s ion  w a s  su f l ic i en t l y  r a p i d  ( r e la t ivo  t o  
ev . i p iua l  ion)  l l ia t  l l ie su r f ac e  r e l a m e d  its eq u i l i b r i u m  

com p os i t i o n .
O u r  r e su l l s  i n d i c a t e  t h a t  e v a p o r a l i o n  of  A u  f ro m 

the  su r f ace  m a y  i n t r o d u c e  p r o b l e m s  at  t e m p o ra l  11 res 
a l m v e  |ll:.U"l '. I I k i c Io i c , i h e  d a l a  m llie tosí o l  l lus  

s ec l i on  we re  l a k e n  a l  t e m p e r a l u r e s  be low 10UÜUC.

J. Vac. Sci. Technol., Vol. 13, No. 1, Jan./Fcb. 1976



207 Builon, Hclms and Potizzotli: Surlace segregation ¡n 'l'oys 207

.. ti fU A I iNli
*  c o o i i n i ;
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a l l o y  a s  a I i i i hí í oi í  o í  I c i n p c i a l m r  foi v a r i o i i s  iic. it I i «m i iik-iiI s . 
I n i t i a l l y  ( hr  s a m p l r  w a s  rool<*<l, al  a  l a t r  ol  IC I0'*( */ I » Iron» | ()!H)°('  
f h l l . d  c i r c l r s ) .  It w a s  t l i cn  l i r a t r d ,  al  a i a t r  o f  (<»p'*n
f i r c l c s ) .  ll  w a s  tli<*n <} 11#-11< h<*< 1 frr mi  l UOl i ' V ( o  n m i n  I c m p r r a t m c  
a mi  l iratr<l  aI a r a l e  o f  1 <)()”( ' / I  i ( I r i a n ^ l r s ). K i na II y,  ¡I w a s  s pn l  Irr 
(IraiH'M a l  roo i n  I r i n p r i a t n n -  a n d  l i r a h d  a l  a l a t r  o f  ’/ h
( s ' j i i arrs) .  N o l r  l l i a l  t l w  v a r i o u s  t n - a l m r n l s  n i v r  11h* s a m e  s u i l a r r  
( oi i i | >os i l i on a b o v e  8 U 0 " ( \  l)i ll nol  a l  l o w  ( r i u p n a  I urcs .

Sluw (1 iIfiisiou is casily reeognized. fl mamfcsls ilself 
in liysteresis 1 lial is, llio observed surlacc composition 
of llie sample will depend on its provious temperature 
Inslory. lilis is illustralcd in Fig. 3, where ticatiulc 
curves Irom wcll anncalcd, <|ucnclicd, and sputter- 
clcancd 1 at.% An samples are com pared with a cooling 
curve. Note that, al temporal uros aliovc S ()()°(a ll of 
the curves superimpose within experimental error. This 
superposition of cooling and the various healing curves 
is a strong tesl of c(|iulibrium. ’l lie use of data from 
(|lleiii licil or spul tei < leaiied samples is part icillai Iy 
importan! as it serves as a clicck llial ihe mobilily is 
high onougli that dilfusion occurs at all in tlio time of 
llie experiment.

HEAT OF SEGREGATION

All of 11 le I Iléones of su i I ace see i ega I ion pi ed id llial 
the occupalicy A\, ol availaMe sml.ice siles liy the 
sogiegalil (All ili 0111 case) should lie lelaled to lile 
Imlk composilion X  liy an e<|iiation ol the lorm1,1 211

•V. / ( I .V ,) r | . V , . / ( l  A ",,) (It

wliere Q is t h e  l i ea t  of  s e g r e g a t i o n ; t h i s  e q u a t i o n  is 
expect ed  to  de s c r i be  a  d i l u t e  su r f ace  l a y e r  (A'„ smal l )  
well but  m a y  n o t  be va l i d  for co i i c e n t r a l e d  a l l oys .  
Wc would like lo  o b l a i n  t he  lieat  of  s eg r eg a t i o n  f rom 
Auger  da t a .

T h e  i n t ens i t y  1 o f  a  p a r t i c u l a r  A l icer  l ine of  e n e r g y  
l'l is given,  a p p r o x i m a t e l y ,  b y  a n  o ( | ua t i on  of  t h e  f o r m 23

l (E)  = D ( E ) ( X n+ c  l +  c ^ ^ ’:íX , +  ■ • •), (2)

wlicrc X¡  is t h e  c o n c e n t r a t i o n  of  l l ie e l em en t  pivinpj 
riso to llie Al ice r  l ine in p l a ñ e  / (0 being llie su r f ace ) ,  (I 
is (he p l a na r  spa e i ng ,  a n d  \ ( l i )  is t he  pe i i e t r a t i on  (lis- 
l ance  for an  A u g e r  e l e c t r ó n  w i t h  en e rg y

In  (lio v e ry  spec i a l  r a s e  w h e re  (l ie Alt s eg r e ga n i  is 
ptosei l l  (H mt ty  m i n u t e  i | i ia i l t i t ies  iu t h e  N i  lililí» ol 4(i<* 
s a m p l e  a n d  all of  l l ie s e g r eg a t i n n  occttrH t o  t ho  s t l r f a r e  
m o n o l a y e r ,  a s  a p p e a r s  m a y  be  o u r  c a se  f r om  the  
A u g e r  d a t a  in Fig.  1 a n d  a s  in sug ge s t e d  b y  t heo re t i e a l  
st l idies25,20 a n d  b y  M r  Da  v id  a n d  F a i n ’s e x p e r i m e n t s  
on  C u  Au  a l l o ys ,M (he  go ld  a n d  n ickel  A u g e r  i n t ens i l i e s ,  
a c c o rd i n g  t o  I‘Z<|. (2) sh ou ld  be  r e l a t ed  by

A n  ( 6 9 ) / N  i (01)
=  f ) ( b 9 ) X „ ' “ ' / D ( 6 l ) { X aNi +  e- ' ,i * + -  ■ ■). (3)

N o w  if A'„A" is a lso  ox t r om e l y  smal l ,  i.e., « 1 ,  yY0Ni 
m us í  be n ca r l y  1. So,  for  t h e  e x t r e m o l y  d i l u t e  case,

Au (60 ) / N i  ( 61 ) — ( ’X nA";  (4)

c o in p a r in g  1C(|s. (1) a n d  (3) no w  wc see t h a t ,  for tho  
ve ry  spec i a l  c a se  ol e x l i v m c  d i l u t i on  w h e r e  A , v . 1 ,  tho  
t e m p e r a t u r e  d e p e n d e n c o  of  A u g e r  i n t e n s i t y  r a t i o  is 
d i t e d l y  r e l a t e d  lo  t h e  l ieat  of  s eg re ga t i o n

Au (6()) /N' i  ( 6 t )  =  C e QI't r . (S)
T ho re f o r e ,  a | i lot of  Au  (6 ‘J) / Ni (61) ag a in s l  1 / 7 ' for  an  
e x t r em o l y  d i l u t e  a l l oy  sh ou ld  g ive  a  s t r a i g h t  l ine w i th  
s l ope  (VA'.

Suel i  au  A r r h e n i u s  plol  is sh ow n  iu Fig.  4 for au  a l l oy  
c o u t a i n in g  0.2 a t . %  Au .  D a l a  a r e  p lo t l e d  o n ly  f rom 
(he  t e m p e r a t u r e  r a n g e  S0()°—100()°C', w h e r e  we  h a v e  
o s t ab l i she d  t h a t  eq u i l i b r i u m  is r e a d i l y  o b t a i n e d .  N o t e  
t ha t  th i s  s a m p l e  oxh ib i t s  a n  o r do r  of  m a g n i t u d e  less 
su r f ace  Au t h a n  doos  t h e  s a m p l e  d i s cus sed  p r e v i ous ly  
a n d  so s a t i s  fies tho  c o n d i l i o n s  wh ic h  led to  F q .  ( 5) :  
ver)- d i l u t e  b u lk  i m p u r i t y  a n d  low su r f ace  cove rage .  
F r o m  the  s l ope  of  t h e  s t r a i g h t  l ine t h r o u g h  t h e  d a t a  in 
Fig. 4, wo c o m p u t e  t he  lieat of  s eg re ga t i o n  of  Au  to  
t h e  N i ( l l l )  su r l a cc  to  be 1.!d:.! k c a l / m o l e .

CONCLUSIONS

I n t h i s  p a p e r  we h a v e  d i s cus sed  t he  p r o b l e m s  in- 
vo lved  in d e t e r m i n i n g  t he  e(iui l ibi  iutu su r f ace  s eg rega-
I ion be l i av io r  ol an  a l l o w  W e  l l ave  po iu t e d  o u I  t he  need 
l(j w o rk  wi t h  ve ry  ( lean  s a m p l e s  a n d  t h e  need  t o  ma la ;

I' l<.. -t. Aii lunilla plol nl llu- < j i i ¡ I it >fí i i i n An^ri '  pciik-lici^hl rallo 
An(<>9)/Ni(01) for au alloy loii laining 0.2 at. ' /ó Au. Noto t lial llie 
i lata fall on a straij;lit lino.
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measuremcnts at eleva Urd temperatures and not on 
(|tieili hecl santples. We also have shown ho\v to ostahlish 
that equilibritim is at tained. We tioted that it is possiblc, 
on very dilute alloys, to deduce the heat of segregation 
from Auger data. We 'fiad that the heat of segregation 
of Au to the (111) surface of Ni is 12±2  kcal/mole.
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E Q U I L I B R I U M  S E G R E G A T I O N  O F  C A R B Ó N  T Ot
A  N I C K E L  ( I I I )  S U R F A C E :  A  S U R F A C E  P H A S E  T R A N S I T I O N

J .  C .  S H E L T O N » ,  H . R .  PA T I L * *  a n d  J .  M .  H L A K E L Y

D e partm en t o f  M a te r ia ls  S c ie n ce  a n t l l in i ’ in e e r in i’ . a n d  M a t e r ia ls  S c ie n ce  C en te r, Co rne /I 
L/n ivers ity , It/iaca. N ew  Y o rk  I4 8 Í0 , U .S .A .

R c c c iv c d  2 J i ' l y  1973; revised  m a n u s c r i p t  rcccivcd  15 N o v c m b e r  1973

Ec |u i l ih i ¡un i  s e g r e g a l io n  o í  c a r b ó n  lo  ih e  ( I I I )  s u r f a c e  o f  c a r b o n - d o p e d  n icke l s ing le  c rys-  
lals lias b een  s lu d i e d  by A u g e r  s p c c t ro s c o p y .  A l  leas l  ih rc c  d i s l in c t  e q u i l i b r iu m  s ta t c s  o f  th e  
s u r fa c e  o c cu r ,  viz :
A ,  a  h ig h - t c m p e r a lu i ' c  d i lu te  c a r b ó n  p h a se ,
B, a  c o n i t c n s c d  g ra p h i t i c  m o n o l a y e r ,  s c p a r a i e d  f r o m  A  by  a  s h a r p  i r a n s i l i o n  w i lh  tc m -  
p e ra tu re  a n d  ,
G ,  a m u l l i l a y c r  cp i la x ia l  g r a p h i l e  p rec ip i ta lo .
S la tc  U pe rs is l s  in e i |u i l i b n u n i  a b o u l  I0 0 K  a b o v e  Ihe o b s e r v e d  e q u i l i b i i u m  i c m p e r a l u r o  fo r  
d is so lv ing  g r a p h i l e  in lo  Ihe n icke l  c ry s la l .  O u r  i n l c r p r e l a t i o n  a l l r i b u l e s  Ih is  lo  ( ~  ().()5cV) 
si rouge t 1 b in d in g  o f  c a r b ó n  (o  Ihis  m o n o l a y e r  p h a s e  ( h a n  lo  b u lk  g ra p h i l e .  W e  be l ieve  l he  
obse rved  e q u i l i b r iu m  A I) i r a n s i l i o n  is Ihe  first e q u i l i b r iu m  s u r fa c e  p h a s e  t r a n s i t i o n  d c lc c i -  
cd in  s e g r e g a t io n  s lu il ie s .

1. In tro d u c tig n

T h e  d is t r ib u í ¡on  o f  the  c o m p o n c n ls  o f  an  a l lo y  nea r ¡n tc r fa c c s  is o f  im - 

p o rtu n cc  in  a i iu m b e r  o f  p liy s ic a l c h e m ic a l an d  m c ta llu rg ic a l p h e n o m en a . 
A c c u m u la l io n  o f  o n e  o f  the  c o m p o n c n ls  a t the b o u n d a t ie s  can  have  s ig n if-  

ic j in l c íTects on  e le c tró n  e m is s io n  c h a ra c te r is lic s ,  c a la ly t ic  c f l ic ic n c y  an d  

fra c tu re  b e h a v io r . T h e  th e o re t ie a l p ro b le m  o f  d c le rm in in g  c o n c e n t ra t io n  
p ro file s  n e a r free  su rfa ce s  a n d  o th e r in te rfa ce s  has been d is cu sse d  c x te n s iv e ly  
[C ahn  an d  H i l l i i í r d 1). M e ijc r in g 2), M u r a k a m i et a l. :l)] in  the  c l ic m ic a l and  

m c ta llu rg ic a l lite ra tu re . T h e  p ro b le m  is  a c o m p lc x  o n c  a n d  q u a n t ita t iv e  
p re d ic t io n s  can  be m ade  o n ly  b y  u s in g  ra th e r re s tr ic t iv c  m o d e ls  fo r  the 
so lid  s o lu t io n . F o r  c x a m p le  the  re g u la r  so lu tio .n  m o d e l w ith  nea rest n e ig h b o r  
in te ra c lio n s  d e r lv e d  f ro m  b u lk  p r o p c r l ic s  has been used b o th  in  d is c re to  

lífU ice  a n d  c o n t in u u m  a p p ro a ch e s  to  the  e v a lu a t io n  o f  c o n c e n t ra t io n  p ro f ile s  
near b o u n d a r ie s .

* l’re s en l  a d d r c s s :  Bell T e l c p h o n c  L a b o r a t o r i e s ,  M u r r a y  Il i l i ,  N e w  Je r sey  07 9 7 4 ,  U .S .A .
** P resen t  a d d r c s s :  P hys ica l  E l e c t ro n ic s  L a b o r a l o r y ,  I I c w lc l l - P a c k a r d  C o m p a n y ,  P a lo  
A lto ,  C a l i fo rn ia ,  U .S .A .
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T h e  Ic r in  segregation, as a p p iic d  to  a l lo y  sys tem s, re fe rs  to  an  in c re a se  in 

the  c o n c e n lra t io n  o f  o n e  o r  m o re  o f  the  c o n ip o n e n ls  n e a r la t t fe c  d is e o n lin u i-  

lie s . In  th is  p a p e r we sh a ll he co n ee rn ed  w ith  cquilibrium segregation in  a 
h in a ry  a llo y .  B y  l i l i s  we m ean c o m p o s i l io n a l h c lc r o g e n c i ly  in  ih e rm a l c q u il i-  
b r iu m  m u le r  c o n d it io n s  w h ic h  e o r re s p o iu l to  a o n c -p h a se  lie ld  on  the  phasc 

d ia g ra m . W e  ih u s  d is t in g u is h  c q u i l ib r iu m  se g re g a tio n  I ru m  in lio m o g e n e it ie s  

w h ic h  a r is c  du e  to  c q u i l ib r iu m  phase  s e p a rá t io n  (p r e c ip it a t io n ). Non-equiti- 
bririum segregation is a t r a n s ic n l p h e n o m e n o n  an d  m a y  o c cu r , fo r  e xam p le , 
d u r in g  s o l id i l ic a l io n  o r  q u c n c h in g  o f  a llo y s . F o r  e xam p le , se g re ga tio n  o f  iirt* 

p u r it ie s  at g ra in  b o u n d a r ie s  in  a m m ih e r  o f  sy s tem s |A u s t  et a l. '1), A n t h o n y 8), 

l ’ a r k e r '1)] is  h e lie ved  to  he due  lo  the  in te ra e lio n  o f  the  im p u r i l ic s  w i lh  la tt ice  

vacane ie s  w h ic h  m íg ra le  to  ih c  b o u n d a ry  as ih e ír  s in k  d u r in g  c o o lín g .
In  m a n y  w ays im p u r it y  se g re g a tio n  is a n a lo g o u s  lo  th e  p h e n o m e n o n  o f  

a d s o rp t io n  at c r y s la l v a p o r  in tc r fa c e s ;  o n ly  th e  so u rce  o f  the a d só rb a te  is 

d i lf e r c n t  and  l l ie  c o n c c n lr a l io n  o f  the im p u r it y  in  l l ie  c r y s la l in t e r io r  is the 
v a r ia b le  w h ic h  c o r r e s p o iu ls  to  gas p ressu re . T h e  fo rm a l th e rm o d y n a n iic  

tre a tm e n ts  o f  the tw o  ph e n o m en a  are  e s s e n t ia lly  l l ie  sam e  an d , fo r  exam p le , 

th e  G ib b s '  a d s o rp lio n  iso th e rm  can  be d c v e lo p cd  in  b o th  cases. S t r ic t ly  
sp e a k in g  w hen  a c r y s la l is in  c q u i l ib r iu m  w ilh  a v a p o r  o f  a n o th e r  c o m p o n e n t 
the re  w il l a lw a y s  be som e  a to m s  o r  m o le e u le s  f ro m  the  v a p o r  d is so lv e d  in  Ihc 
c r y s la l so  Ih a l cquilibrium segregation a n d  cquilibrium adsorption a t a so lid  

v a p o r  ¡n te rfa ce  in  a b in a ry  sys tem  a re  . id é n t ic a ! p h e n o m en a . W e  re fe r to  the 
p h e n o m e n o n  as a d s o r p l io n  i f  we e x p c r im e n la l ly  l ix  the  gas p re ssu re  o f  one 

o f  the  c o n s l i lu t c n ls  an d  as se g re ga tio n  i f  we e x p c r im e n la l ly  f ix  l l ie  c o n ­
c c n lr a t io n  o f  (he m in o r  c o n s t itu c n t  in  the s o lid  s o lu t io n .

T h e re  have  been r e la l iv e ly  le w  cquilibrium s lu d ic s  o f  e i lh e r  a d s o rp t io n  or 
se g re g a tio n  at s in g le  c r y s la l su rfa ces . In m a n y  o f  the  in lc r c s t in g  ch em iso rp - 
t io n  sy s tem s l l ie  b in d in g  en e rg y  o f  the  a d s ó rb a le  to  the  su r fa c c  is so  h igh 
(se v c ra l e V )  th a l it  is  n o t  p o s s ib le  to  o b ta in  c q u i l ib r iu m  co ve ra g e s  s ig n if ic a n t-  
ly  less th an  a m o n o la y e r  o v e r  the  c x p c r im e n ta lly  c o n t r o l la b lc  p re ssu re  range. 

S o m e  c q u i l ib r iu m  s lu d ic s  have  h o w e ve r been m ade  o f  gas a d s o rp t io n  on 
s in g le  c ry s la ls . l ix te n s iv e  s lu d ic s  have  been m ade  o f  t l ic  a d s o rp t io n  o f  su lp h u r 
on  v a r io u s  su rfa ce s  fB é n a rd " ) , D o m a n g e  an d  O u d a rK), K o s le l i l z  et a l .9)] and 
c q u i l ib r iu m  a d s o rp t io n  is o lh e rm s  (as w e ll as s t ru c tu ra l in fo rm a t io n  from  
L E E D )  have  c lc a r ly  in d ic a lc d  l l ie  in ip o r la n c e  o f  in tc r a c t io n s  a m o n g  ad só r­

ba te  a to m s. T h e re  have  been n u m e ro u s  r c p o r ls  in  the  l i le r a tu r c  o f  im p u r ily  
a c c u in u la t io n  a t free su rfa ce s  d u r in g  c ry s la l a n n e a lin g  an d  in  a n u m b e r o f 

cases the  im p u r it y  p ro d u ce s  an  o rd e re d  s lr u c tu re  [see fo r  e x a m p le , B laJtc ly  
et a l . 111)] re la le d  lo  th a t o f  l l ie  su b s lra te . In a fcw  cases the  s o lu te  accum<ula- 

t io n  has been fo u n d  to  be re v e rs ib le  [ F e r r a n t e " ) ,  B la k c ly  et a l . 10), B on zc l 

an d  A a r o n 1-)] a n d  to  be a p p r o x in ia t c ly  o f  L a n g m u ir 1 ty p c ;  i.e. the  tem pera-
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M

KJIHI IIIUIUM SIliltKiAIMIN III t '  I ' I A N t ( H  I)  SIl«I A< I! 4 W

tu re  d cp e n d cn ce  o f  the  o c c u p a l io n  o f  s u r fa c e  s ite s  m ay  be d e s c f ib e d  b y  a 
F e rm i fu n c lio n .

In  ih e  p re sen t p a p e r w e  d e s c r ib e  e q u i l ib r iu m  s tu d ie s  o f  the  se g re ga tio n  o f  

c a rb ó n  to  Ihe ( I l t )  su r fa c e  o f  a d ilu te  N i - C  a llo y .  T h e  se g re ga tio n  is n o t 

a c c o u n le d  fo r  by  the L a n g m u ir  m o d e l a n d  in  fa c t lliree tlistincl ei/uMbrium 
states* o f  the  su rfa ce  h a ve  been  id e n lif ie d . A t  h ig h  te m p e ra tu re s , a  sta te  o f  
lo w  c a rb ó n  co ve ra g e  (sta te  A )  e x is ts  (p o s s ib ly  the  la t t ic e  gas re g ión ). In  a 
w ide  in te rm e d ía te  te m p e ra tu re  ra n ge  the  c a rb ó n  co ve ra g e  is  c o n s ta n t  (state  

B), in te rp re te d  as a s in g le  seg rega ted  m o n o la y e r . T h is  seg rega ted  sta te  is 
l im ile d  at lo w  te m p e ra tu re s  b y  p re c ip it a t io n  on  the  su rfa ce  o f  m u lt i la y e r  

g rap h ite  (sta te  G ) .  F o r  the  p u rp o se  o f  la te r  a n a ly s is  w e id e n t ify  the  t ra n s i-  
t io n  be tw een  B  an d  G  w ith  n o rm a l b u lk  p re c ip ita t io n . T h e  t ra n s it io n  be tw eén  

states A  a n d  B  is a b ru p t  a n d  is in te rp re te d  in  te rn is  o f  a s im p le  B ra g g -W il l ia m s  

c o n d e n sa t io n  m o d e l f o r  in te ra c t in g  a to m s . A  s ta t is t ic a l th e rm o d y n a m ic  

an a ly s is  is used to  o b ta in  a v a lu é  fo r  the  ave rage  b in d in g  en e rg y  o f  .ca rbón  in  

state B. A n  e x te n s ió n  o f  th is  w o rk  to  the  s tu d y  o f  the  te m p e ra tu re  v a r ia t io n  

o f  the e q u i l ib r iu m  su rfa ce  co ve ra g e  o f  so lu te  a to m s  in  o th e r  sy s tem s o f le r s  a  
m eans o f  o b ta in in g  en e rg ie s  o f  a d s o rp t io n  in  cases w h e re  it  is t o o  la rg e  to  be 

access ib le  f ro m  m ea su rem en ts  o f  c o v c ra g e  w ith  v a r y in g  gas p ressu re .

T h e  p r in c ip ie  te ch n iq u e  c m p lo y c d  in  th is  w o rk  has been th a t  o f  A u g e r  

e le c tró n  s p e c lro s c o p y  ( A E S )  ( I - la r r is " ') ,  C h a r íg ’ 7), T a y lo r ,H)] u s in g  b o th  a 
re ta rd in g  f ic ld  a n a ly se r  ( R F A )  an d  a  c y l in d r ic a l  m ir r o r  a n a ly s e r  ( C M A )  

[P a lm b e rg  et a l. '" ) ]  fo r  d e te rm in in g  the  se c o n d a ry  e le c tró n  en e rg y  d is t r ib ú -  

tion s. S u p p o r t in g  e x p e r im e n ts  in e lu d e  lo w  en e rg y  e le c tró n  d ilT ra c t io n  o b ­

s e r v a ro n  o f  the  s tru c tu re  o f  the  seg rega ted  la y e rs  an d  a rg ó n  io n  b o m b a rd m e n t  
stud ies o f  th e ir  th ic k n c ss .

2 . E x p e r im e n ta l

T h e  N i - C  sy s tcm  has a n u m b e r  o f  a t lr a c t iv e  fea tu re s  [G ra h a m -0)] as a 
m ode l sy s tcm  fo r  the s tu d y  o f  so lu te  se g re g a tio n  to  f ic e  su rfa ces . N ic k e l su r-  

faces h ave  been e x te n s iv e ly  s tu d ie d  an d  tc c h n iq u c s  fo r  p r o d u c in g  c le a n  su r-  
faces have  been w e ll c s ta b lis h e d . The s o lu b i l i t y  o f  c a rb ó n  in  n ic k e l lu is  been 
m easured  q u ite  a c c u ra tc ly  [ L a n d e r  et a l . - 1), D u n n  e l a l.2'-)] an d  is q u ite  
large , a b o u t  0 .5 a t  at 1 0 0 0 K , w ith  a heat o f  s o lu t io n  o f  0 .4 9 e V . [R o u g h ly  

sp eak in g  the  heat o f  s o lu t io n  is  l l ie  en e rg y  o f  a c a rb ó n  t ilo m  in  the  N i  m a t r ix  

m in a s  its  e n e rg y  in  a p u ré  g ra p h ite  c r y s la l (sec se c t io n  4 .2 , tig. 13).] T h e  la rg e  
s o lu b il it y  a l lo w s  the  use o f  d o p in g  le ve ls  s ig n i l ic a n t ly  h ig h e r  th an  th o se  o f

'  T h e  L a n g in u i r  i s o t l ie rm  is s o m e t im o s  r c l c r r c d  to  ;is l lie  M c L c a n  i s o í h c m i  [ M c L c a i i 13)) 
in sc g r cg a l io n  w o rk .
* T h e  poss i l i i l i ly  o f  c h em ic a l  a n d  s l ru c l i i r a l  l i a n s f o r m a l i o n s  a l  in le r f ac c s  has. b e en  dis - 
ciisscd b y  H a r i 1115).
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b a c k g iü t in d  tra c e  imptiriiies a n d  g ív e s  p r e c ip it a t ió n  te m p e ra tu re s  w ith in  Ihe 

rciidily acce ss ib tc  te m p e ra tu re  range . T h is  le ad s to  re v e rs ib le  v a r ia t io n s  in 
s u r fa c c  c a rb ó n  leve) as p re v io u s ly  d e m o n s tra te d  in  re la te d  w o r k  o n  N i(IO O ) 

[H la k c ly  c t  a l . 10)], (110 ) { S ic k a fu s  a n d  C o lv in 23' 2,1)] a n d  p o ly c ry s ta ll in e  N i 

[ C o a d  an d  R iv ió re - '') ] .  O n  Itic  o ih e r  h a m l w h en  Ihe s o h ib i l i t y  l im i l  is very 

lo w , as I o r  c x a m p le  w ith  C  in  A n  o r  l ’ l, p r e c ip it a t ió n  m ay  o c c u r  o  ve r m ost o f 
the  n o rm a l te m p e ra tu re  range . T h e  d if lu s io n  c o e f l ic ic n t  o f  C  in  N i is a lso 

q u ite  w c ll k n o w n  (M a s s a r o  an d  P e te rso n 2'*)]; th is  in fo rm a t io n  is u se fu l in 

e s ta b lis h in g  th a t  the  b u lk  c ry s ta l a n d  n o t  the  v a p o r  is the so u rce  o f  th e ca rb o n  

a c c u m u la t io n  o b se rv e d  e x p e r im e n ta lly .  In a d d it io n  Surfafce g r a p h it iz a t io n  is 
o f  so m e  in te re s t in  h e te ro g e n o u s  c a ta ly s is  b y  the  t ra n s it io n  m etá is .

T h e  ( I I I )  O r icn te d  N i  sp e c im en  w as p re p a re d  by  s ta n d a rd  te chn iq u cs  

[S h e l lo n -7)] o f  o r ic n l in g ,  c u tt in g , an d  m c c h a n ic u l an d  c h e m ic a l p o lis h in g  

f r o n i a la rg e  n ic k e l c ry s ta l ( l . 5 c m  d ia m e te r  a n d  lO c m  lo n g )  d o p e d  w ith  

c a rb ó n  n o m in a f ly  to  ~ 0 .2 6 a t% . T h e  ¡n id a l n ic k e l c r y s ta l w as g ro w n  from  

I N C O  g rad e  270 n ic k e l w i lh  tw o  passes o f  an  e le c tró n  beam  heated  floatirtg  

/.one at 5 x  I 0 ' h to r r . T h e  d o p in g  w as a c c o m p lis h e d  by  f l . t h ir d  pass in  C O  
a t 4  x  10 ” 5 to r r . T h e  c ry s ta l w as th en  h o m o g e n iz e d  by  r f  h e a t in g  in  a q u a rtz  

c a p su le  fo r  lO O h r a t I 2 0 0 ° C  an d  q u e n ch e d  in  w a te r. E ye n  a f te r  th is  treat- 
m en t, c o n s id e ra b le  v a r ia t io n  in  c a rb ó n  le vé l w as fo u n d  fo r  d if íe re n t  p o r t io n s  

o f  the  sam e  c ry s ta l a n a ly z e d  b y ’ in e rt  gas fu s ió n  te ch n iq u e s . T h e  b u lk  d o p in g  

le ve l is th u s  n o t k n o w n  to  b c l le r  th an  a fa c to r  o f  tw o  o f  the  n o m in a l va lué; 

as w e s h a ll sec la te r  th is  has o n ly  jn in o r  co n se q u e n ce s  in  in te rp re t in g  the  data.

T h e  f in a l sp e c im en  c o n s is te d  o f  a th in  sh ce t (1 4 m m  x  5 .3 m m  x  0 .3 m m j 

w e ld e d  b e lw e en  M o  s u p p o r ts  w h ic h  w e re  w ra p p e d  w ith  h ig h  p u r it y  N i  foi), 
0 .0 5 m m  th ic k ,  a n d  m o u n te d  o n  a  s ta n d a rd  L E E D  c h a m b e r  m a n ip u la to r ,  

A f te r  b a k c o u t  the  su rfa ce  im p u r it ie s  d e te c le d  b y  A u g e r  s p e c t ro s c o p y  were 
C ,  O , S , C l  a n d  N . A r g ó n  io n  b o m b a rd m e n t  a t 4 0 0 c V ,  I^ A / c m 2, 10_ 4 to rr 
d e c re a scd  the  C l  a n d  N  b e lo w  d e te c ta b il it y  an d  the  o x yg e n  to  less th a n  a few 
pe rcen t o f  its  in i t ia l  v a lu é . T h e  su rfa ce  s u íp h u r  c o n c e n t ra t io n  w as decrcased  

b u t  n o t  c l im in a t c d  b y  b o m b a rd m e n t ;  it  w as re d u ced  to  a n  in s ig n il ic a n t  con- 
C p n t r a t io n  b y  eye les o f  a n n e a lin g  td u r in g  w h ic h  the  s u lp h u r  á c c u m u la te d  at 

the  su rfa ce )  an d  b o m b a rd in g . F r o m  the  w o rk  o f  P e rd e re au  c t  a l .28 3")  and 

o l ’ U u C h a rm c  an d  G e r la c h 1" )  w c e s t im a te  th a l the  s u lp h u r  su rfa ce  c o n ce n tra ­
t io n  in  th e se e x p e r im e n ts  w a s ^  I a t  %. In o th e r e x p e r im e n ls  so m e w h a t larger 
s u lp h u r  c o n c e n lra t io n s  w ere  fo u n d  to  have  n c g l ig ib lc  e f le c l ; s u lp h u r  con cen - 
t r a t io n s  an o rd e r  o f  m a g n itu d e  la rg e r  o n ly  re d u ced  the  c a rb ó n  s ig n a l in  sla te  

B  «nd  p ro d u ce d  a  c o m p le x  s lr u c tu r c  [w h ich  has been te rm ed  v/ 3 9 x  N./39 R  

(16. D  b y  M c C a r r o f l  ct a l .32) an d  has a ls o  been re p o rte d  b y  P e rd e re au  and 

C h i l la r 28)].
c r y s la l w as heated  rc s is t iv e ly  a n d  te m p e ra tu re  m ea su red  w ith  a
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c h ro m c l a lt tm c l th c rm o c m ip le  sp o t w e ld e d  lo  the  b a ck  face. T e m p e ra tu re  

g rad icn ts  w c rc  as Itigh  as 7 K /m m *  as m easu red  o p t ic a l ly .  T e m p e ia lu r e  

t lu c tu a t io n s  w ere  w ith in  0 . 2 K  an d  re la t iv e  te m p e ra lu re s  a re  a c c u ra tc  to  
ab ou t 5 K .  E x p e r ím e n ls  w e re  c a r r ie d  o u t  ¡n tw o  d if fe re n t  s ta in le ss  s lc c l,  io n -  

p um ped  v a cu u m  sys tem s w h ic h  h o u sed  the  e le c tró n  a n a ly se rs  used in  Ih is  

w o rk . P re ssu re s  o f  1 -2  x  10” 10 t o r r  w e re  ro u t in e ly  o b ta in e d  w ith  m á x im u m  
pressu res d u r in g  a n n e a lin g  a t ~  1 2 0 0 K  o f  less th a n  1 0 ' 9 to r r . W it h  the  

c y lin d r ic a l m ir r o r  a n a ly s e r  sy s tem  the  in c id e n t  e le c tró n  en e rg y  w as g e n e ra lly  

ab ou t 1 4 00 eV , the  beam  c u r re n t  t y p ic a l ly  2 5 | iA ,  the  beam  w id th  a t the  

spec im en  0 .7 m m  a n d  the  an g le  o f  in c id e n c e  a b o u t  68° f ro m  the  c ry s ta l su r-  
face n o rm a l. T h e  s ig n a l f ro m  the  e le c tró n  m u lt ip l ie r  o f  the  a n a ly s e r  w as 

dctcc ted  b y  c o n v e n l io n a l phase  se n s it iv e  d e te c t io n  tc c h n iq u e s  [ C h a n g 17)] 
at 3 8 k H z  w ith  l2 d b / o c t  r o l l - o f f  a n d  0 .3 se c  t im e  c o n s ta n t. In the  re ta rd in g  

fie ld a n a ly se r  the  t y p ic a l o p e ra t in g  c h a ra c te r is t ic s  w e re : in c id e n t  e le c tró n  
beam  ene rg y  ~  l3 4 0 e V ,  beam  c u r re n t  ~ 2 . 5 n A ,  b eam  w id th  0 .8 m m  (m e a ­

sured u s in g  a s u b s id ia r y  p h o s p h o r  sc reen) a n d  an g le  o f  in c id e n c e  ~  30° f ro m  

the su rfa ce  n o rm a l.  T h e  re ta rd in g  f ie ld  a n a ly s e r  w as a 4  g r id  L E E D  sys tem  
opera ted  in  a m a n n e r s im ila r  to  th a t d e s c r ib e d  by  P a lm b c rg 3'1). T h e  a x is  o f  
cach a n a ly se r  w as n o rm a l to  the  in c id e n t  e le c tró n  beam  an d  in  the  p la ñ e  o f  

the beam  an d  the  su rfa ce  n o rm a l.
F ig . 5 is an  e x a m p le  o f  the  sp c c tra  o b ta in e d  u s in g  the  re ta rd in g  f ie ld  a n a l­

yser. T h e  p r in c ip a l fe a lu re s  m ay  be id e n t if ie d  w ith  re fe ren ce  to  ta b le  1, w he re  

the p e a k  ene rg ie s  a re  g iven  a c c o rd in g  to  the  i io rm a l c o n v e n t io n  as th o se  at 

the m in im a  in  the  d e r iv a t iv o  o f  the  s e c o n d a ry  e le c tró n  en e rg y  d is t r íb u t io n .  
The  im p o r ta n t  p e a ks  re fe rre d  to  in  o th e r  f ig u re s  a re  the  6 2 e V , l0 5 e V  an d  

85 0 cV  n ic k e l A u g e r  p e a ks  an d  the  2 7 0 c V  c a rb ó n  A u g e r  p ea k . T h e  p la sm o n  

loss p e a ks  (a t m ú lt ip le s  o f  2 9 c V )  o b se rved  w ith  g ra p h ite  c o v c rc d  su rfa ce s  
have been d is cu sscd  in  so m e  d e ta il in  a n o th e r  re p o r t  [ P a t il a n d  B la k e ly 35)]. 
In the re su lts  p re sen ted  b e lo w  the  h e ig h ts  o f  the  v a r io u s  A u g e r  p ea ks are 
g iven as a fu n c t io n  o f  te m p e ra tu re  an d  in te rp re te d  in  le rm s  o f  su rfa ce  c o ve r-  
ages. W e  have  ta k c n  as the  q u a n t ita t ív e  m easu re  o f  p e a k  s tre n g th  the  injlcc- 
lion heif’lit d e lin e d  as the  lie ig h t f ro m  the m á x im u m  to  the  m ín im u m  in  a 
d e r iva t ivo  sp e c tru m . N o  c o r re c t io n  lia s  been m ad e  fo r  p e a k  sh a p c  o r  b a ck -  

g round  s lo p e  [ T a y lo r 11*)]. S h a p e  ch ang es w ith  v a r ia t io n s  in  su rfa ce  co ve rage  

were fo u n d  to  be n e g lig ib lc  excep t fo r  the  C  A u g e r  p e a k  w h ic h  w a s s ig n if ic a n t-  
ly  n a rro w e r in  the  lo w  co ve ra g e  ra nge  (sta te  A ) .  T h e  u n c o rrc c te d  in fte c t io n  

peak h c ig h t o f  c a rb ó n  th u s  o v e re s t im a te s  the  c a rb ó n  c o n c e n t ra t io n  in  sta te  

A  s ílic e  l l ie  p eak  s tre n g th  is b e tte r rep re sen ted  b y  the  p ro d u c t ,  h e ig lU  x  

(w id th )2 f ro m  a  d e r iv a t iv e  sp e c tru m .

• By in d u c in g  la rg e  c h a n g e s  in th e  t e m p e r a t u r e  g ra d ie n t s ,  t h e r m o m i g r a t i o n  w a s  f o u n d  to  
be negligib lc  in  a g r e e m e n t  w i th  S l iaw  a n d  O a t c s :l:l).



I I Z

49 8  <•. smi:lt o n , ii k . p at i i . an»  j . m . hi.aki-i.y

'fABLt I
Ide iU Íl ica t ion  o f  the  m a i n  p e a k s  o b s e r v e d  in  (lie s c c o n d a r y  s p c c l r a

P eak

E las t ic

Loss

Loss

Loss

L o s s

L oss

A u g e r
LaVV

A u g e r
(MiVV)
A u g e r  
(M>, nVV)

A u g e r
(KVV)

A u g e r
(L2:iM2:iM2í)

E n e r g y  (eV )  M a te r i a l  

Beain
en e r g y .  En ~

( E a -  29) 
(£ o  -  26)

G r a p h i l e
N ick e l

( £ o  -  70) N ic k e l

(En  — 2 x  29) G r a p h i t e

(E o  -  3 x  29) 

( £ - 3 0 0 )

850

105

62

270

G r a p h i l e

G r a p h i t e

N icke l

N ic ke l

N ic ke l

C a r b ó n

150

A u g e r  520
( K L a i L a . )

S u l f u r

O x y g e n

R cfc rc n c c s

H a r t l c y  a n d  S w a n r’7) 
H c i m a n n  a n d  H o lz l08)
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C o a d  a n d  R iv ió rc 25)
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C o a d  a n d  R ¡v ie re 25)

C o a d  a n d  R iv i c r c 85'®0) 
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H a a s  c t  a l . r’r’)

D a l m a i - l m e l i k  c t  a l . 11")

P a l m b e r g  e t  a l . r,J)

T h e  ratc o f  c h a n g e  o f  th e  ca rb ó n  A u g er  p ea k  h eig h t w ith  tim e  c o u ld  be 

used  to  test Ihe a ssu m p lio n  that ih e  crysta l in ter io r  w a s th e  so u rce  an d  sink  

fo r  c a rb ó n . A  d irec t d e m o n s tr a r o n  th a t the c a rb ó n  w a s n o t d er iv ed  from  
a m b ie n t g a ses  c o n s is te d  o f  h ea tin g  an  u n d o p ed  ( I I I )  n ick el cry sta l for 

p e r io d s  up  to  d a y s  (b o th  w ith  a n d  w ith o u t th e  e le c tr ó n  b ea m ) at tem peratures  

b etw een  5 0 0 K  and I0 0 0 K  ; the ca rb ó n  A u g er  p ea k  rem a in ed  u n ch a n g ed  at 
n m d i less  th an  th e  sa tu rá tio n  lev e l. In d o p e d  sa m p le s , su rface  ca rb ó n  could  

be  cy clctl b e tw een  ro u g h ly  m o n o la y e r  and  bu lk  d o p in g  lev c ls by large tem - 

pcru tiire  ch a n g o s  in a b o til ,"U)sce wi l h p ressu re  a t ~ 5 x  J 0 -I< l1orr.
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3. Results

T h e  v a r ia t io n  o f  the  p e a k  h e ig h t w ith  te m p e ra tu re  f o r  a  n u m b e r  o f  A u g e r  

peaks w as m o n ito re d  b o th  w ith  the  c y l in d r ic a l  m ir r o r  a n a ly s e r  an d  w ith  the 

re ta rd in g  f ie ld  a n a ly se r. In the  C M A  w e re lie d  o n  the  w e ll k n o w n  fo cu s s in g  

p ro pe rt ie s  [ A k s e la 31’)] to  in su re  th a t  the  sam e  a rea  o f  the  sp e c im en  w as be i'ng 
e xam in ed  as a fu n e t io n  o f  te m p e ra tu re . T h e  c ry s ta l w as n o t  m o ve d  a fte r  

p o s it io n in g  it a t the  fo c a l sp o t (b y  m a x im iz in g  the  e la s t ic  peak  as a fu n e t io n  

o f  c ry s ta l an d  e le c tró n  beam  p o s it io n ) . A s  m a g n e t ic  lie ld s  d u c  to  the  c ry s ta l 

hea ting  c u r re n t  d e llc c te d  the  beam , it  w as re p o s it io n e d  o n  the  fo c a l sp o t b y  
a d ju s t in g  the  d e f le c t io n  vo lta g e s  on  the  gun  to  g iv e  a m á x im u m  e la s t ic  p e a k  

vvhile p re se rv in g  its  s y m m c lry .  T h e  o b s e rv a t io n s  w ith  the  R F A  w e re  m ade  to  

c o n lirm  th a t the  re su lts  in  the  C M A  w ere  n o t in ílu c n c e d  b y  ¡n h o m o g cn c o u s  

c o m p o s it io n  a lo n g  th e  sam p le . In  the  R F A  the  e le c tró n  beam  c o u ld  be  scan -

10
en
£
<Cl
OOc\J 1\
J-X
o
UJ
X
X.<
UJ 01
O.
2
Qi-oUJ
.Jtu 0.01
2 10

u *
új
cr.
o:
DO 1
cc
oV-oUJ_l
-J
o
o 01

Corbon (270eV )

• heating 
o coolmg

-*— G --------

Nickel (62cV ) ■TI

■ heating 
o cooling

_l_
1000 1050 1100

T E M P E R A T U R E  (K)
1150 1200

Fig. 1. T e m p e r a t u r e  d e p e n d e n t e  o f  ih e  27 l)eV c a r b ó n  a n d  6 2 e V  N icke l  A u g e r  p e ak s .  
T h rce  s t a t e s  (A ,  li a n d  Cr) o f  d i lTeiem c a r b ó n  e o v e r a g e s  a r e  id en t i t ied .  N o t e  th e  s h a r p  
decreaso in c a r b ó n  c o v e r a g e  a t ~  I I XOK.  1 hese  d a l a  a r e  l o r  ih e  C M A  a t  a n  ¡ingle  o f  

¡nc idence  o f  fiH' lo  th e  s u r f a c e  n o rm a l .



n cd  a c ro s s  th e  sp e c im e n  w ith o u t  s ig n if ic a n t iy  a f le c t in g  th e  l in e  sh apes a n d  

a n a ly s e r  c o l lc c t io n  e f lk ic n c y ,  E le c t r o n  d ilT ra c t io n  o b s c r v a t io n s  gáve  som e  

In fo rm a t io n  o n  th e  s t ru c tu re  o l '  the  seg rega ted  a n d  p re c ip ita te d  phases . A n  

a t te m p t w as m ad e  to  p ro b e  the  th ic k n e s s  o f  the  su rfa ce  la y e rs  b y  m e a su r in g  

A u g e r  p e a k  h c ig h ts  a f te r  v a r io u s  A r g ó n  io n  b o m b a rd m e n t  do se s  in  the  R F A ¡

3.1. A u g e r  p e a k  h e ic h t s  v e rs u s  te m p e ra t u r e  (CMA)

T h e  m a in  re su lt  is  in d ic a te d  ih  fig . 1; th is  sh o w s  the  v a r ia t io n  w ith  tcm - 

p e ra tu rc  o f  l l ie  6 2 c V  N i  A u g e r  p e a k  a n d  th e  2 7 0 c V  C  A u g e r  p ea k . T h e  d á t il 

in  th is  f ig u re  w e re  o b ta in e d  b y  c h a n g in g  the  te m p e ra tu re  in  a  s tep -w ise
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Fig. 2. Typ ica l Auger spcctra in the C M A  at an angle o f ¡ncklcnce o f 68 . P gíves relativo 
fuII scaie sensitivity o f the clcctron m ultip licr and phasc sensitivo detector.



J/f
i(juniHMK)M srxiKfx.AitoN til C f u  A N i(t11) stiRfMt: 501

m an ite r.  T h e  ave rage  h c a tm g  ra te  w as  2 5 K / ! i r  t o  ~ H 0 0 K ,  8 K/lir to  
~  1210  K ; l l i e  c o o l i n g  ra te  w as  ~ 3  K / h r  f r o m  I 2 t 0  to  f O t O K .  T h e  m a in  
features to  no te  on  the l ig u re  a re  the  la rge  a n d  a b ru p t  m ercases  in  the  C  p e a k  

he ights c o in c i d in g  w i th  dc c reases  in  the  N i  A u g e r  pea k  an d  tha t  o th c rw is e  

the h e igh ts  are  in d c p c n d c n t  o f  tem pe ra tu re .  T h e  hea t in g  an d  c o o l i n g  rates 
be low  I <00 K  were  p r o b a b ly  t o o  h ig h  to  e nsu re  tha t e q u i l i b r i u m  w as a t ta in ed ,  
but a b o v e  1100 K  it  is  b e l ie ved  tha t  the  sys tem  was ve ry  c ió se  to  e q u i l i b r iu m .  
f r o m  th i s  f ig u re  we  id e n t i f y  th ree  states* o f  the  su r fa ce  la b e le d  A ,  B ,  a n d  G  

tís in d ic a ted .  T y p i c a l  A u g e r  s p e c t ra  f o r  the th ree  sta tes a re  g iv en  in  f ig. 2. 

In State G  ( h ig h  c a r b ó n  c o vc rage ) ,  the s t fonges !  A u g e r  pea k  ( i f ia t  d u e  t o  

C  at 2 7 0 c V ) ,  has  the  sh ape  c h a r a c le r i s t i c  o f  g r a p h i te  a n d  the  n ic k e l  6 2 e V  

peak  is d o w n  t o  a b o u t  5% o f  i t s  m á x im u m  va lu é  in  sta te  A* . T h e  e la s i i c  p e a k  
is a c c o m p a n ie d  by  th ree  lo s s  p e a k s  a t  m ú l t i p l e s  ó f  2 9 e V ;  th is  is  the  sam e  
va lué ob se rv ed  dur itvg  the  c o u r s c  o f  th is  w o r k  o n  a g ra p h i t e  s ing le  c ry s t a l  

and  agrees q u i t e  w e l l  w i t h  t í i c  p la s m o n  lo ss  ene rgy  in  g ra p h i t e  o b s e rv ed  b y  

o the rs  in r c l l e c t io n  e xpe r im e n ts .  T h e se  o b s e rv a t io n s  toge th e f  w i t h  the  L E E D  

e v id en te  p r c s c n lc d  belosv lead  to  the c o n c lu s ió n  tha t  s ta le  G  is o n e  in  w h i c h  

l l ie  N i  su r fa ce  is c o v c r c d  w i th  seve ra l laye rs  o f  g raph ite .  In state  A  ( the  h ig h  

tcm pe ra tu re ,  lo w  C  c o v c r a g c  re g ió n )  l l i e  C  p e a k  is j n u ch  n a r r o w e r  t h a n  f o r  

g raph ite  ( ~ 8 e V  as c o m p a r e d  to  2 0 e V )  an d  the N i  p eaks  a t  6 2 e V ,  ! 0 5 e V  

and in  ( lie  6 0 0 - 8 5 0 e V  range , are  d o m in a n t .  T h e  s p e c t ru m  o f  sta te  B  is in t e r ­
m ed ía le  be lw een  that o f  A  and  G ;  i l  s h o w s  a s l r o n g  2 7 0 e V  pe; lk  w ith  the 

g raph ite  shape , N i  p e a k s  w e ak e r  that in  s ta te  A  w i l h  the N i  ( 0 5 c V  peak  n io s t  

a t t c n ua lcd  an d  a s in g le  2 9 e V  lo s s  a c c o m p a ñ y in g  the  e la s t ic  p eak .  Q u a n t i t a t i v e  

ana ly s is  o f  the pea k  he igh ts  in th is  reg ión ,  as p r c s c n lc d  in  se c t io n  4, lo g e lh e r  
w t ih  L E E D  o b s e r v a t io n s  lead  to  the c o n c lu s ió n  tha t  state B  is one  in  w h ic h  
the su r face  is c o ve re d  w i l h  a C  m o n o la y e r  h a v in g  the g ra p h i t e  ba sa l  p la ñ e  
s tructu rc .

In o rd e r  to  c s la b l i s h  tha t  the ob se rved  peaks  were  c h a r a c le r i s t i c  o f  n c a r ly  

e q u i l ib r iu m  c o n d i t i o n s  the t ra n s ic n t s  in p e a k  he igh ts  were  foM ow cd  a f te r  the 
step in c re m c n t s  in  t cm pe ra tu re .  F ig .  3 sh o w s  the v a r i a t i o n  o f  the  c a r b ó n  
A u g e r  p e a k  he igh t  w ith  t im e  f o l l o w in g  t y p ic a l  sm a l l  c h ang cs  in  c ry s t a l  tem - 
pe ra tu rc .  T h e  te m pe ra tu re  c h ang cs  were  a c c o m p l i s h c d  w i t h in  o n e  m inu te .  
T h e  r e la x a l i o n  l im e  as soc ia ted  w i th  A u g e r  p e a k  c h ang cs  is seen to  be a b o u t

I hr in the  re g ión  o f  Ihc  A - B  I r a n s i t io n  ( — I I 80 K ) a n d  th is  m a y  c o n t r ib u t e  
to the hys te rcs is  ob se rv ed  the re  ( l ig . I).

• ll is possihle l i l i l í tlierc ¡irc in lcm icd ia lc  sla lcs beiween H ;iml Ci as cvklcnccd by slruc- 
lurc in (lio licinht o f (lie (>2cV N i peaks in lilis  región. In lilis  paper we slia ll mainly 
concéntrate on the npper leniperauirc Iransition.
1 With stiflicicnt annealing in slatc G  the 62cV  N i peak could be rcduccd lo  Ihc lim it o f 
dcteclability.
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F ig .  4  is s im i l a r  l o  f ig .  i b u l  in c tu de s  the  te m p e ra tu re  v a r i a t i o n  o f  a l l  the 

m a in  p e a k s  o f  the  sp e c t r t im .  N o t e  the c o r r e la t i o n  in  c hangos  o f  peak  he igh ts  

a t  the  tw o  t r a n s i t io n  reg ions .  W c  e s t ím a te  f r o m  th is  f ig u re  t h a t  the  lo w e r  

te m p e ra tu re  l im i t  o f  s ta tc  B  is  ~  1065 K .

S o n i c  d a ta  w e re  a l s o  o b t a in e d  f r o m  sp e c im en s  o f  o th e r  n o m in a l  b u l k  c a r ­

b ó n  c o n c e n t r a t io n s ,  ~ Q .0 2  an d  ~ 0 .5 a t% .  T h e  te m p e ra tu re  o f  t ra n s i t io t i

502 I .  C. SUELTON, II. R. PATIL AND i, M. BLAKF.LY
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Fig. 3. Variation o f carbón Auger peak hciglit w ith lim e fo llow ing small slcp changos in 
Icmperaturc. The firsl two sections conesponil lo  healing increments, the last to cooling. 
In Ihis temperature range the le laxa lion lime for attainment o f equ ilibrium  near the A  -ll 
transition is ~ I hr. The N i peaks, which change in the opposite d iiection , show a sim ilar 

time dependente [Shelton-7)].

i n t o  the  h igh  te m p e ra tu re  pha se  A  w c rc  re sp e c t iv e ly  ~ 9 0 0 K  an d  — 1115 K .  
S in c e  the  b u l k  c a r b ó n  concen t ra t ion s ;  a re  n o t  k n o w n  l o  b c t l c r  th a n  a  fa c to r  
o f  2 n o  c o n c lu s io n s  c an  be d r a w n  f r o m  the  vvay th a t  the  t r a n s i l i o n  tem pe ra -  

tu re  v a r ic s  w i th  b u l k  c a r b ó n  c o n c e n t r a t io n .  H o w e v e r  the  fa c t  th a t  it is d if-  
fe ren t  f o r  c r y s ta ls  w i l h  d i íT c ren t  d o p in g  leve ls  le nds  f u r t h e r  s u p p o r t  to  the 
a s se r t io n  th a t  the  c r y s t a l  in t e r io r  w as  the  m a in  so u rc e  o f  the  su r fa ce  ca rbón .

3.2. A t K i i i k  pf .a k  i i i - K i i n s  v iü tsu s  r i iM l ’ CRATUun ( R F A )

T h e  resu lts  o b t a in e d  in  the  c y l i n d r i c a l  m i r r o r  a n a ly s e r  w c rc  s u b s la n t ia l l y  
c o n l i r m e d  w i l h  the r e la r d in g  l ie ld  an a ly se r .  H o w e v e r  s in ce  t i le  e x c i t in g  elec-
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t ro n  beam  c o u ld  be s c anned  ac ro ss  the  sp e c im en  w i t h o u t  a p p r e c ia b ly  c h an g -  
in g  the  sens it i  v i t y  it w as po s s ib lé  t o  assess the  e f íe c ís  o f  t e m p e ra tu re  g ra d ie n t s  

and c o m p o s i t i o n  g ra d ie n t s  o n  the  t r a n s i t io n  be tw een  A  a n d  B . F o r  e xam p le ,  
c o m p a ra d  l o  the  re su l ts  in  the  C M A  the te m p e ra tu ra  o f  the A - B  t r a n s i t io n  
was a b o u t  15 K  lo w c r  a t  the  sp e c im en  cen te r  a n d  a b o u t  40  K  lo w c r  a t  the  

s u p p o r t in g  e iu ls .  T h i s  is a l t r i b u t e d  l o  d e p le l i o n  o f  c a r b ó n  f r o m  ih e  sp e c im en

Temperature (K)

Fig. 4. I’eak lieight versus teníperatuto fo r a number o f the main pcuks in ihe C M A  
spcctra; angle o f incidence 68" (o Ihc normal. The A -B  transition is estimated at ~ IIKOK 
and the low  temperature lim it o f stab ility  o f state H at ~ 1065 K . Fo r all peaks the seatter 

in data points is s im ila r to (he seatter shown in  fig. 1.

d u r in g  the a n n ca ls *  re s u l t in g  f r o m  in te rv e n in g  c x p e r im e n l s  a n d  is e v id en ce  

f o r  i h e  c o n t r o l  o f  the  c q u i l i b r i u m  s u r fa c e  c o m p o s i t i o n  b y  Ih c  b u lk  c r y s la l  
c o m p o s i t io n .  O lh e rw i s e  Ihc A  a n d  B I r a n s i t io n s  d i s p la y c d  te m p e ra tu ra  
d e p cn d cn c c  as s h o w n  in  fig. 4.

F ig .  5 s h o w s  t y p ic a l  s p c c t ra  f o r  the  th re c  s la tc s  as ob se rv ed  in  the  R F A .  

The se  a re  s im i l a r  l o  th o se  g iv en  in  f ig. 2 e x cep t :  i h e s u l p h u r  leve l has been 

fu r th e r  r c d u c c d ,  the  c a r b ó n  p e a k  in  sta te  A  is  o n  Ih c  l im i t  o f  d c t c c t a b i l i t y ,

• The annealing time in the C M A  was suflicicnt for a d illus ion length o f ~ 0.3 u n  using 
dill'usivity data {Massuro and Helcrson3'1)! on carbón in nickel.
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I ¡y. 5. l ypicaI Aujser spcdra in' llie  RI-'A ;il an anylc o f  incidcnce ol' 30 ' lo  llie  cryslal 
normal. I’ is tlic phase sensitive ildeeto r sensitivily. The absoluto r.m.s. curten! was 

oblained l’rom the measured impodance o f the detector.

the loss  sp cc t ra  a s so c ia le d  w i th  the e la s t ic  p e a k  are  m u ch  be t te r  reso lved, 

an d  l l ie  state G  sp e c t ru m  has h ig h e r  c a r b ó n  co ve rage  o b t a in e d  by  a 15 hr 
a nnea l  a l 7 M ) K .

F o r  c o m p a r i s o n  w i l l i  ih e  resu lts  o í  m o d e l  c a l c u la t i o n s  ( se c t io i i  4), we 

d c t e rm in c i l  l l ie  re la t ivo  m a g n i tu d e s  o f  the c a r b ó n  an d  n ic k e l  p eaks  in the 
l i n c e  states u s ing  6 sp e c t ra  f o r  s la le  G ,  10 f o r  A  a n d  15 f o r  U. Jn s ta le  H the 

a vera ge p e a k  h c ig l i t s  o f  the N i  p eaks  re la t ivo  l o  tlio.se f o r  s la le  A  were:
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N i  6 2 c V : 0.56, N i  K ) 5 c V :  0.27, N i  8 5 0 c V :  0.76. T h e  r a t io  o f  the C  2 7 0 e V  

peak  in sta te  B  to  tha t in  sta te  G  w as  0.66. T h e  se n s i t iv i t y  o f  the R F A  w as  

in su f f ic icn t  l o  d c te c l  c a r b ó n  in  state  A ;  f o r  the C M A  spec t ra  the ra t io  o f  the 

C  peak  in  state B  l o  that  in A  is ~  l()2.

3.3. L i  l i) OUSliKVA t IONS

T h e  l o w  ene rgy  e le c t ró n  d i lT r a c l io n  pa t te rn s  f r o m  the three  states were 

q u a l i t a l i v e l y  s im i la r .  T h c y  s h o w  su r fa ce  meshes c o n s i s le n t  w i th  b o lh  N i ( 111) 

and g r a p h i l e  ( 0 0 0 1 )*. T h e  v a r ia t io n s  w i th  energy  in  the pa t te rn  f r o m  state

I ig. <>. ttall niodel ol a grapliitctOOOtI layer on (lio ( I I I )  stirlaco o l N i. t l ic  Ict’t liam l 
pon ion ol' ilic  pholograplisdcpicts tlic probable aiTangomciil in state D w illi 
(<MM)I )graphitc ||( 11 I ) N i ; 111 2<)|grapliitc l¡11 Til) N i. No lc  Ihal Ihe graphile 

layer has lwo aloms per nu il mcsli.

G  s h o w  6 - fo ld  s y m m e t r y  expec ted  o f  b u lk  g r a p h i le  w h i l c  th o sc  in sta te  B 
and A  are 3 - fo ld  s y m m e t r ic .  l - 'u r lh c rm o re  the in t e n s i t y - e n e rg y  c u rv e s  f o r  the 
speeu la r  beam  f r o m  state G  a l v a r io u s  ang le s  o f  in c id e n ce  agree w e l l  w i th  
the resu lts  o f  M e  R ae  an d  C a l d w e l f 17) on  bu lk  s in g le  c r y s la l  g r a p h i le .  In tens i ty  
data* has  a ls o  been o b ta in e d  I r om  state  B an d  is s u b s la n t i a l l y  d i f ie re n !  f r o m  
that o f  b u lk  g r a p h i l e  an d  b f i lk  n icke l .

* The hexagonal lattice constan! o f llie nickel ( I I I)  plañe is 2.4<>7 A  al 30 0 'C, 2.507Á al 
501) 2.517 A al 75o ( and 2.522Á al 900 ( |W isc:Hl|. Ity comparison, llie  hexagonal 
la ilicc  conslanl o f llie  graphile basal plañe is ?.IM  1 0 .0 0 0 5  A  | M organ1"1)) over lilis  range, 
ivai hing a iiiin in iiin i ol .V liiiis  A ,ii a l’m ii sotl l . I lie laItices may be compaicd in lig. 6. 
1 I lus is prcscnlly being analy/cd and w ill he desenbed in a fiiture publication along with 
ile lails o f llie  low energy secondary speclrnni in state U.
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T h e  pa t te rn s  suggcst  tha t  in  sta tes B  and  G  l i te  c a r b ó n  is a r range t t  in 

g ra p h i t e  la y c i ( s )  w i th  the e p i t a x y  (OOOI)graph ite ||  ( 1 1 1 ) N i ;  [ I  l2 0 } g r a p h i t e | |  

[ t l O ]  N i  ( l ig .  6 )* . T h e re  is s o m e  s l ig h t  d i s o r d e r  in  State G  a b o u t  the su r face  

n o r m a l  as e v id en ced  by  the fa in t  d i fT ra c t io n  r in g  segm en ts  in  fig. 7b. D i f -  

f r a c t io n  f r o m  a m esh  o th e r  th an  N i ( l l l )  o r  g r a p h i t e (0001)  w as  ob se rv ed  

o n ly  w hen  s ig n i f i c a n t  a m o u n t s  o f  s u lp h u r  w e re  present.

5 0 6  J. C . SHELTON, H. H. PATIL ANO 3. M. ULAKEtY

l ig. 7. U . t . l )  patlcrn ol lhe graphite covcrcd N i( t  11) surlacc (slale G). (a) is at normal 
incidcnce; (b), al 22" rotation, was overexposed to show the prcscncc o f wcak difTraction 
ring segments. The strong spots are consisten! with either N i ( t i l )  or graphitetOOOl); the 

ring segments indica te some ro lational disorder o f graphite doniains.

3.4. Io n  r o m b a r o m e n t  o d s ir v a t i o n s

T o  assess the th ic k n e s s  o f  the su r fa ce  c a r b ó n  la ye rs  in  sta tes B  a n d  G  and 

to  o b t a in  som e  i n f o rm a t io n  on  the c o n c e n t r a t io n  p ro f i l e  in to  the c ry s ta l ,  
m ea su rem e n ts  o f  A u g e r  peak  he igh ts  w c re  m ade  a f te r  v a r io u s  in te rv a ls  o f  
io n  b o m b a r d m e n t  a l  r o o m  tem pe ra tu re .  T w o  sepa ra te  e xp e r im e n t s  were 

c a r r i c d  ou t  on  d i lT c rcn l  ( I I I )  c ry s ta ls ,  one  p repa red  by  q u e n c h in g  f r o m  state 

B  l l i e  o l h e r  w i th  Ihe its su r fa ce  in  sta te  G .  D u r i n g  b o m b a r d in g ,  the c rys ta l  
w as  b iased  at — 200 V  r e la l iv e  to  g r o u n d  an d  b o m b a rd e d  w i th  4 0 0 e V  a rgón  

ion s  in an  a r g ó n  p ressu re  o f  I 0 _ 4 lo r r * * .  B e tw cen  sü cc c s s iv c  b o m b a r d ­

ing  in c r c m e n t s  the c h a m b c r  w as  e va cua ted  and  the s e c o n d a ry  e le c t ró n  spcc- 
t r u m  re c o rd ed  w i th  the  U F A .  T h e  io n  c u r r c iU  d e n s i ty  to  the c ry s t a l  was 

c s l im a te d  f r o m  ih e  m easu red  c u r r c n t  f r o m  the  c ry s ta l  i o  g r o u n d  ( — I }.tA) 

and  the sp e c im en  a rca , l i t i s  p ro c cd t t re  w i l l  o v e r e s l im a le  the  in c id e n t  ion 

l l u x  s in ce  i l  n cg lc c ts  l l i e  c jc c le d  e lee t rons . H o w e v e r  r e m o v a l  ra le s  m a y  be

* Th is arrangcmenl has earliei ticen suggested by Leidheiser and tiw a lhm ey1") ami 
Spe ich") w itlu iut Ihe advanlage o f stipporling l..tT;l) palterns.
** I he background ptessure o f C I1 1 during bombardmenl was < 3  IU 'to rr.
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e s t im a tcd  u s ing  y i c ld  m ea su r cm e n t s  o f  L a e g r c id  an d  W c h n c r ,2)t s in ce  th e i r  
y ie l i l s  are  veferred a ls o  l o  m e n s u r a l  c r y s la l  cu r ren ts .

l i g .  S s h ow s  peak  h c ig h ls  ve rsus  n u m b e r  o f  in c id en !  a r g ó n  ions , f o r  b o m ­

ba rd m e n t  a l  n o rm a l  in c id e ne c  w i l h  (he c r y s la l  i n i l i a l l y  in s la le  B. W i l l i  a b o u t  

l( ) lft i o n s / c m 2 *, l l ie  N i  A u g e r  p ea k s  d e v e lo p  r a p id l y  a n d  the 270 e V  c a r b ó n  

peak sh o w s  a shape  change  w i l h  Ihe peak  m á x im u m  m o v in g  to  h igh e r

lig .  8. I’eak heights versus mimher o f hom lxird ing argón ions for ¡\ crysla l in itia lly  in 
slalo 15. The inciden! argón ion eurreni w;is  ~  l()l:lions/cm-scc. N o lc  the rap'iil mercase 
in Ihe N i Auger peaks. Ion homhardmenl was al normal incidente, electrón excitation

al 30" lo  llie normal.

energy. T h e  w id lh  is lints reduced to  a b o u t  IOcV c o m p a r e d  to  an initial valué  

o f  ~ 2 0 e V .  T h e  c a rb ó n  peak  Ihen decrea ses  w i lh  a re la x a l io n  para m eter  o f  
~  1 0 ' 7 i o n s / c m 2 and  rcachcs  an a pp a rent  s tea d y  state  va lué  o f  a b o u t  0 .1 5  o f  
ils initial hcight.

F ig .  9 is the c o r r e s p o n d in g  re su l t  f o r  sp u t t e r in g  f r o m  state  G .  In th is  case 
the N i  peaks  u n d e rg o  a ra p id  m ercase  d u r in g  l l i e  l i rs t  5 x  10' (’ i o n s / c m 2 
fo l lo w e d  by  a s lo w  a p p ro a e h  to  l l ie  a p pa re n t  s teady  s ta le  va lu é  w i th  a re laxa -  

t ion  p a ra m e te r  o f  ~  1 0 ' 8 io n s / c m 2. T h e  c a r b ó n  peak  pe rs is ls  in the  g r a p h i t i c  

shape  o v e r  Ihe c n l i r e  b o m b a rd m e n t  in d ic a le d  in the l igu re . IJ s ing  a y i c ld  o f

* They report Ihe sputtering yicld hy 400cV argón l'or carlion f n n i i  y m / i l i i t c  to he 
~  0.1 carbón aloms'inciden! ion and for nickel from Imlk nickel. ~  1.2.
* l o r  comparison, the two dimensional atom dcnsily of  Ni ( l l l )  is 0.1 li ■ I0 |,’.'cni- and 
for graphite (0001) it is 0.3X ■ IO'"/cm-.



a b o u l  0.1 c a r b ó n  ¡ i i o n i s  por in c id e n !  i o n  s h ow s  (ha l ( l ie  ave rape  th ic k n e s s  o f  

c a r b ó n  in s l a l c  ( i  is sevcra l  m o no la y e rs .
' i lie in i t ia l  r e la x a t io n  o f  ( lie spec t ra  a re  t | u a l i l a t i v c ly  c o n s i s le n l  w i th  m o n o ­

la ye r  and  m t i l l i l a y e r  in i l i a l  ( j ra ph i le  c o ve rago s  re spect ive ly .  The pe rs is ten te  

o l'  li te  c a r b ó n  A u g e r  peaks  in b o t l i  cases a l ' le r la rge  b o m b a r d m e i i l  in le r v a ls  

is p r o b a b ly  cine l o  l l i e  s n ia l l  s p u l l e r i n g  e l l i c i c n c y  o f  C  re la l iv e  lo  that o f  N i .  

C o i i c c n l r a t i o n  p ro t i le s  nea r  l l ie  su r fa ce  t a n n o l  be m ea su red  b y  l l ie se  leeh- 
n iq u e s  w hen  l l ie  s o lu le  is s p u l l e r c d  less c l l i c i e n t l y  ( l ian  ( l ie  m a l r i x  a lo m s .

3.5. C h a k a c t k r i s t i c  i;n i :rc¡y  l o s s e s  ( R F A )

M u l l i p l e  2 9 e V  losses were  ob se rved  w i th  the su r fa ce  in  sta te  G ,  a n d  a 
s in g le  2 9 e V  lo ss w i th  state B  u s in g  I 0 V  pea k  to  p e a k  m o d u la t i o n .  R e d u c in g  

the peak  to  pea k  m o d u la t i o n  a m p l i t u d e  f r o m  I 0 V  to  2 V  a l lo w e d  r e s o lu t io n  

o f  losses o f  l o w e r  energ ies. T h e  w id t l i  o f  the 2 9 e V  lo ss  pea k  w as  I 4 e V  at 

b o th  m o d u la t i o n  a m p l i t u d e s  w h i le  the e la s t ic  p e a k  w id th  w as  re du ced  f r o m  
lO e V  to  l . 9 e V .  T h e  loss  energ ies, taken  as the energ ie s  o f  the p ea k  cen te rs  

b e lo w  the c c n t c r  o f  the e la s t ic  peak ,  were

S ta te  A :  5 +  0 . 5 e V ,  l 0  +  0 . 5 c V ,  2 7 ±  l e V ;

S ta te  B :  5 ±  I c V ,  9 +  I e V ,  2 9 ±  I e V ;
S ta te  G :  5 +  0 .5 c V ,  (m ú l t ip le )  29 +  0 .5 e V .

508 J. C. S lll ) . l " N ,  II. K. PATII. AND i .  M. Nl.AKI I.Y

Number of Bombuirtiny lonr, per Unít Area, in I 0 17 i o n s / c m 2

l ig .  9. IV¡ik hoiylil versus nim iber ol' bomhariling argón ions ío r u crystnl. ¡n ilia lly  in 
sla lc G . Ion bombardment was al (>0 fi om the normal (lo mcreasc the sputtering yield) 

and electrón exeitation at 7S from normal. No le  the slow dccrcasc 
¡n llie carbón Auger peak.
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Hoth  the p e a k  ene rg ie s  a tu l  w k l t h s  w c rc  in sen s i t ivo  to  in c id e n l  be;>ni d i r e c -  
t íon  an d  en e rg y  f o r  in c id e n l  ene rg ie s  o f  280, 900  an d  1400eV .

4. Discussioii

W e  in le r p r c t  the  re su l ts  p re scn led  a h o v e  to  in d ic u te  tha t  u n d e r  e q u i l i b r i u m  

c o n d i t io n s  the  su r fa ce  in  c o n t a d  w i th  the b u lk  s o lu t i o n  d i s p la y s  o n e  o f  

several d is t in c t  states d e p e n d in g  on  te m pe ra tu re .  T h e  h ig h  te m p e ra tu re  State, 
l í ib c led  A ,  is o n e  o f  d i lu t e  c a r b ó n  c o ve ra g c :  the e x ten l  o f  se g rega t io n  is sm a l l  

w i lh  the c a r b ó n  a p p r o a c h in g  a u n i f o rm  d i s t r i b u í  ¡on w i l h  dep th .  In the 

in t e rm ed ia le  te m p e ra tu re  re g ión  a seg regated  phase  (state  B )  e x is ls ;  w e  be- 

l ievc th is  to  be a m o n o la y e r  o f  g ra p h i t e ,  e p i t a x ia l  w i th  the N i ( l  11) su r face . 
T h e  l o w  te m p e ra tu re  re g ión  is c h a r a c te r i z c d  by  a p re c ip í t a te  (state  G )  o f  

m u l t i l a y e r  g ra p h i t e  w i lh  the sam e  e p i ta x y .  In th is  se c t io n  we  p re sen t  the 

a rgu m e n ts  w h ic h  Icad l o  these c o n c lu s io n s  a n d  then use a s im p le  s ta t i s t i c a l  

t h c r m o d y n a m ic  m o d e l  l o  de sc r ib e  the s h a rp  t r a n s i t io n  be tween  sta tes A  and  
B. I - rom  th is  m o d e l  we o b t a in  an  e s t ím a te  o f  the b in d in g  ene rgy  o f  c a r b ó n  

a tom s  in the seg rega ted  phase.

4.1. iN Th lU 'R in  ATION OI: I IIII 3 KUGIONS

4.1.1. State B

A  q u a n t i t a t i v e  e s t ím a te  o f  the c a r b ó n  concen tre  m s ia te  B  can  be m ad e  
by  c o m p u l i n g  the m a g n i tu d e  o f  the  cu r r e n t  in  an  A u g e r  peak  d u e  to  a c a r b ó n  

m o n o la y e r  a n d  c o m p a r in g  w i lh  the  obse rved  va lú e s  in  the R F A .  W e  f o l l o w  
a p r o c e d u r c  s im i l a r  to  tha t o f  B i s h o p  and  R iv ie r c '13).

A s s u m in g  the X - r a y  f lu o r c s c cn c e  y ie ld  l o  be n e g l íg ib le  f o r  c a r b ó n  ( D i c k  

and  L u c a s 11)] ih e  c u r r e n t  /A o f  A u g e r  e le c t ro n s  ( K ,  V ,  V )  is g iven  by

/„ =  / 0 /f<tk A / s c c  0 . ( I )

/0 is the in c id e n l  b e am  cu r r en t ,  an d  R , a b a c k s c a l l e r in g  f a c to r  a c c o u n t in g  
fo r  K - s h c l l  ion i/ .a t ion s  b y  e le c t ron s  no t  in  the p r im a r y  beam , lu is  been 

e s l im a l c d  as 1 .1-1 .3  by  a n u m b e r  o f  w o rk e r s  [ G a l l ó n 45), S c a h 4'1), V r a k k i n g  
and  M c y e r 47)]. aK is the K - s h c l l  ío n i z a t io n  c ro s s - se c t io n  a l  the  in c id e n l  
energy , N  the n u m b e r  o f  C  a to m s  pe r un i t  a rea  a n d  0 the ang le  o f  ¡n c id cn ce  

re la t ivo  l o  the c ry s ta l  n o rm a l .  T a k i n g  / ?=  1.2, /„  =  2 . 5 n A , a K =  3.3 x  1 0 " 1 ‘' c m 2 
a l  l4 4 ( )eV  [ G lu p e  a n d  M e h l h o r n ,K), G e r l a c h  and  l ) u C h a r m e ,n), Pessa a n d  

N e w e l l5"), S t a í b 51)], 0 = 30", wc  o b t a in  f o r  state B

/a  =  4 .37 n A . (2)

The in llect ion  hcight / /  o n  (he s c c o n d  Itarmouic  s p r c im in  rnay b c c s t in v a tc d
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by  a s su n i in g  the c u r r c n t  /A to  be d i s l r i b u l c d  as a G a u s s ia n  w i th  h a l f  w id t h  a 
a tul g ives  [ T a y lo r 52)]

w he re  7’ ( ~ 0 .07 5 )  ¡s a g c o m e l r i c  f a c to r  f o r  the a n a ly s e r  a c c o u n t in g  f o r  the 

l im i t c d  a c cep tan ce  a p e r tu r c  an d  the I r a n sm is s io n  o f  the  g r id s  a n d  K mod is the 

p e a k  l o  p e a k  m o d u la t i o n  o f  th e  g r ids . T a k i n g  < x~ 10eV  ( h a l f  ih e  ob se rved  
peak  to  p e a k  w id t h  in  sta te  B) g ives  / / ~ 7 . 0 p A  ve ry  c ió se  to  l l i e  ob se rved  

va lu é  ( l ig . 5). T h e  a g r c e m e n l  is better th an  c an  be ju s t i f ie d  by  the m o d e l  ca l-  

ca l  uat io n  s in ce  the  c a r b ó n  peak  shape  i s c l e a r l y  n o t  G a u s s i a n  an d  w e c o n c lu d e  

that  to  w i t h in  a f a c to r  o f  2 o r  so  the c a r b ó n  c o ve ra ge  in  sta te  B  is one  m o n o -  

laye r.
F u r t h c r  i n f o rm a t io n  on  i h c  th ic k n e s s  o f  the c a r b ó n  c o ve ra ge  in  state  B  c an  

be o b ta in e d  f r o m  the ob se rved  a t l e n u a t io n  o f  the N i  A u g e r  p e a k s  in  the 

re ta rd in g  l ie ld  an a ly se r .  W e  c a l c ú la le  the a l t e n u a t io n  o f  an  A u g e r  pea k  f r o m  

l l i e  N i  s u b s l r a le  in a s im p le  m o d e l  an d  c o m p a r e  w i th  e xpe r im e n t .  W c c o n s i d e r  
the case o f  c o ve ra ge  by  a u n i f o r m  C  m o n o la y e r .  T h e  a s s u m p t io n s  o f  the 
m o d e l  are  (a) tha t  the sp e c t ru m  em it te d  b y  the n ic k e l  su bs t ra to  is una lTectcd 

in sh ape  a n d  s t reng th  by  the o v e r la y e r ,  an d  (h) that the a t l e n u a t io n  o f  the 

e m i l l e d  A u g e r  e le c t ro n s  by  the c a r b ó n  m o n o la y e r  c an  be de s c r ib ed  in  te rm s  

o f  in e la s t ic  m ean  free p a lh s .  T h e  c o n s t a n c y  o f  the N i  p e a k  s l ia pe s  is c o n -  
( i rm ed  by  c o m p a r i s o n  o f  the N i  spec t ra  in  sta tes B  an d  A .  T h e  a t le n u a t io n  

o f  l l i e  in c id en t  14 0 0 c V  beam  by  l l ie  o v e r la y e r  is e xpe c tcd  to  be n e g l ig ib l c  f o r  

se v c ra l  reasons . T h e  a t l e n u a t io n  is be l ieved  l o  be due  m a in ly  to  p la sm o n  an d  
p a i r  e x c i t a t io n ;  f r o m  the da ta  o f  G l u p c  and  M e h l h o n i ' 18), the m ean  free p a lh  

f o r  K - s h c l l  i o n i / a t i o n  is e s t im a ted  to be ~ 2 6 0 0  A  at 1400 e V  in  g ra p h i t c ,  

w h i le  m ean  free p a lh s  Ib r  p la sm o n  a n d  p a i r  c re a t io n  are  l y p i c a l l y  ~ 3 0 Á  at 
th is  ene rgy  (see lig. 11 be low ) .  l i v e n  i f  p la sm o n  e x c i t a t io n  in  l l ie  o v e r la y e r  
does  o c c u r  t l io  re su l t in g  chango  in ene rgy  ( ~ 2 9 e V )  an d  ang le  o f  in c idon ce  

( ~ 0 . 6 " )  s h o u ld  have  n e g l ig ib lc  e l le c t  on  l l i e  beam  in c id e n t  o n  the n ic k e l  at 

the in c idon ce  ang le  used in  these e xpe r im en ts .
T h e  d o v c lo p m e n t  o f  (he a t l e n u a t io n  f u n c t io n  is d e s c r ib ed  e ls ew he rc  [She l-  

t o n 27)]: it  is g iven  as a f u n c t io n  o f  the ang le  0 be tween the  su r fa ce  n o rm a l  

and  the an a ly se r  ax is ,  l l i e  la y e r  t h ic k n e s s  .v, an d  l l i e  e le c t ró n  m ean  freo p a lh

X by

(4)

w he re  S2 is the d i r e c l i o n  o f  o m is s io n ,  r.(í2) d e s c r ibe s  the a n g u la r  d i s i r i b u t i o n  

o f  om is s io n  f r o m  the sou rce  a n d  ii is the u n i l  v e c to r  n o r m a l  l o  the c r y s la l
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surfacc. T h e  con s tan !  A n is c h o scn  su ch  (ha( / f(0 , 0 ) = l .  T h e  a t t e n u a l io n  

fu t ie l io n  is g ivett in  l ig . 10 Cor Ihc R K A .  at 0 =  60", l o r  i s o l r o p i c

em is s ion  [i.c. /:( í2) =  c o n s la n t ]  an d  f o r  a c o s in c  e m is s io h  d i s l r i b u t i o n  [i.c. 

e ( f l )  =  c o s ( í2 - / i ) ] .  In b o th  cases there  is s ig n i í i c a n t  d e v i a l i o n  f r o m  a  s im p le  
e xpo nen t ia l  a t t e n u a l io n .

l-ig. 10. Ca lciila led thickness tlepemlencc o f Ihc ova  layer allcnnation runction A (0 , xl>.). 
th e  calcu lalions shown are for 0  30 antl are norm .ili/eil against /ero thickness at lilis

angle o f inciclcncc.

T o  c o m p a r e  the va lu c s  p red ica ted  by  eq. (4) an d  l ig . 10 w i t l i  e xp e r im e n t  

requ ires  a k n o w le d g e  o f  in e la s t ic  m ean  f i c e  pa ths , in  the c a r b ó n  la y e r  at 
ih c  energ ies  o f  the N i  A u g e r  peaks . F ig .  11 d i s p la y s  s o m e  e x p e r im e n ta l  and  
th co rc t ic a l  m ean  IVce pa th s  in  c a r b ó n  as a f u n c t io n  o f  p r im a r y  energy . I  hc 

c i ie rgv  f o r  l l i e  e x p e r im e n ta l  d a la  re fers  l o  a / e r o  at the v a c u t im  leve l w h i le  

that l o r  t he ih c o re l ie a l  re su l ls  is reta l i ve l o  an  in d e p end en !  e le c l r o n  w i lh  /.ero 

k in e t ic  e ne rgy ;  the 'e xpe r im en ta l  p o in t s  s l io u ld  t lu is  be m o ve d  to h ig h e r
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energ ies  by  lh e  a m o u n l  o f  ih e  rea l pa r!  o f  the  in n e r  p o le n t ia l  f o r  t f í re c l  c o m -  

p a r is o n  T h e  th e o re t i c a l  est¿mirtos a re  f o r  b u lk  e x c i l a t i o n  o f  a h o m o g e n c o u s  
e le c t ró n  gas; Q u m n V ,:l) a p p m x im a t i o n  is f o r  b u l k  p la sm o n  e x c i t a l i o n  and  

L u i h U i u í s iV ’ 1) iiTc ludes b o l h  p la s m o n  a n d  e le c t r ó n - h o le  p a i r  c x c i t a t i o n .  W c  

use h e r e lh e  resu lts  o f  L u m k ju i s t  e x l r a p o la le d  l o r „ =  1.5, Ihe va lu é  a p p r o p r i a l e  

to  g ra p h i te  c o n s id e re d  as a f r e e - c le c l r o n  sy s tem  w i th  4 e le c t ro n s  pe r  a lo m .

I ig. II. H leclron inelastie mean írcc pal lis in carbón, ’l he so liil curves are Ihcorclical 
estímales for the average eleelron density o f graphile.

í ' h c  re su l t in g  a l t e n u a l i o n  p r e i l i c le d  by  ei|. (4) f o r  0 — 30", a n d  a s s u m in g  the 

th ic k n e s s  .v to be tha t  a p p r o p r i a l e  to  on e  la ye r  o f  g r a p h i te  (i.e. the in ter-  
p la n a r  sp a c in g  3.35 A ) ,  is g iven  in lig. 12 f o r  the case  o f  e m is s io n  o b e y in g  a 

c o s in e  d i s t r i b u t io n .  Ind ica ted  a ls o  are Ihe e x p e r im c n t a l l y  ob se rved  a t tenua -  
l i o n s  O f  ih e  N i  peaks  f r o m  c o m p a r i s o n  o f  U F A  spec t ra  f r o m  sta tes A  an d  B  

u n d e r  the c o n d i t i o n s  g iv en  in sec t ion  2. The  a g re cm en l  is s a l i s l a c t o r y  in  the 

l i g l u  o í  the  s im p l i e i l y  o f  the m o d e l  and  the absence  o f  a d ju s tab le  p a ta m c lc r s .
T h e  m a g n i tu d e  o f  the C  pea k  f ro m  state B, the a t t c m u i l i o n  o f  the N i  peaks, 

the g r a p h i t i c  sha pe o f  i h e  c a r b ó n  A u g e r  p e a k ,  ih e  p resence  o f  (he 29c V  and 
« o n i/ a t io n  losscs  « s so c ia íe d  w ith  g rap h i te  to g e t l ie r  with tlte I .FF.O obse rva -  

t i o n s  d e s en b ed  ab o ve ,  lead  « s i  o  p o s tú la te  l l i a t  th is  state is one  o f  a n io n o -  
layer  o f  c a r b ó n  with the  g r a p h i t e  s i r u c tu r e  o n  the N i  ( í  11) su r face . T h e  sput-
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le r in g  o b s e r v a l i o n s  a re  q u a l i t a t i v e l y  con s is tc n t  w i i h  th is  p i c lu r c .  A s  sh o w n  

la ter, a s t a l i s t i c a l  ( h e rm o d y n a m ie  a n a ly s is  o l '  Ihe A - B  t r a n s i l i o n  g iv c s  a 

b in d in g  ene rgy  o f  c a r b ó n  in  sta te  B  a p p r o x im a t c l y  the  sam e  as in the basa l 

p lañe  in  a g ia p h i t e  c r y s la l .

- it1. I I hr  m 11¡11 i it: ve r l l ie | ' i r d u  led  |K’;ik h< i | ’.lil i r d i u  l i nn ;is n l u i n . l i nn  ni ener^Y hv  
me inonol . i Nc i  <>1 (ii a pin le 11 m u  e q .  ('II ir.mj',  a ens i l l e  e mi s s i u i t  it i sl i  i l n i l u m  a mi  l l ie i i ie. in 

Iree |>;i111 i n l o m i a l i o n  o l  liji. I I.

4 . 1 .2. , Slalc A

A s  sh o w n  in lig. I l l ie  c a r b ó n  p e a k - to -p e a k  h e ie l i l  in l l i i s  c o m l i l i o n  is 
~ 10 1 l im e s  t l i a l  l'or s la te  B. T a k i n g  a c c o u n t  o f  the d c c r c a s cd  w id th  oí" Ihe 
c a rb ó n  peak  in sta te  A  (i.e. 2 u ~ 8 e V )  g iv c s  th ro u g h  eqs. ( I )  an d  (3) the 
su rface  d e n s i ty  o f  c a r b ó n  a to m s  ~ 6 x l O l 2 c m ~ 2. l i l i s  c o r r c s p o n d s  to 

abou t  0 . 3 a t % *  i f  the sta te  A  s ig na l  were  due  l o  l l i e  l o p  m o n o la y e r .  T h i s  

c om p a re s  í a v o r a b l y  w i th  the  n o m in a l  b u lk  c a r b ó n  c o n ce n t ra t io n .

4.1.3. Slalc G

W e  be l ieve  tha t  in th is  s ta te  the su r fa ce  is c o v c r c d  w i th  m u l l i l a y c r  e p i t a x ia l  
g rap l i i le .  l  lie  L E E D  p a l t c r n  is th a t  c h a r a c te r i s t i c  o f  g r a p h i t c  w i th  6 - fo ld

* The iwo-ilimcnsional atom densily in Ihe graphitc (0001) plañe is iwiec tlia l in N i ( 111).



r o t m io n a í  s y n im e t r y ;  Ihe d i l l ' ra c lc c i  in ten s i t y -en e rg y  c u rv e s  a n d  m u l i t p le  lo ss 

c h a r a c t c r i s t i c s  are v e ry  s im i l a r  to  those  f r o m  a b u l k  g r a p h i t e  c ry s ta l  an d  the 
N i  A u g e r  p ea k s  a re  a t le n u a te d  by  a m o u n t s  con s is te n t  w i th .a  t h i c k  o v e r la y e r  

( o f  the o rd e r  o f  4 layers). T h e  fact tha t  l l ie  C  p e a k  re ta in s  its g r a p h i t i c  shape, 

even  a f te r  lo n g  sp u t t e r in g  in te rv a ls  f u r th e r  s u p p o r t s  o u r  c o n c lu s ió n .  We. 

a ls o  no te  th a t  l l i e  r e d u c l i o n  in  su r fa ce  c a r b ó n  c o n c e n t r a t io n  as the c ry s ta l  is 

heated  b e y o n d  sta te  G  is c v id e n c é  tha t  the  c ry s ta l  is then  u n sa tu ra ted  w ith  

respcct  to  g ra p h i te  p r e c i p i l a l i o n .

4.2. StATISTICAL THKRMODYNAM1CS OF THE A - B  TRANSITION

A s  m e n t io n e d  a b o v e  we be l ieve  that the  d a la  p re s cn led  in  lig. I c lo se ly  

a p p r o x im a te s  the c q u i l i b r i u m  s i l u a t io n  in  the re g ió n  o f  the A - B  t r a n s i l i o n  

bu l less c lo s e ly  nea r  the lo w  te m p e ra lu r e  l im i t  o f  s l a b i l i t y  o f  state B. The  
m os t  s t r i k in g  f c a tu r c  o f  the A - B  t ra n s i t io n  is its sha rpness ,  the w id t h  o f  the 
t r a n s i t io n  b e in g  less th an  I 5 K .  T o  in le rp re t  th is  sh a rp ne s s  on  a L a n g m u i r  

m od e l  f o r  seg rega t io n  f r o m  the c ry s ta l  i n t e r io r  to  n o n in le r a c t in g  su r fa ce  sites 
w o u ld  re q u i r c  an ene rgy  o f  se g rega t io n  pe r c a r b ó n  a t o m  o f  ~ 6 0 e V !  H o w e v e r  

su ch  a s l i a r p  t r a n s i l i o n  can  be c x p la in c d  by  r e c o g n iz in g  in t c r a c t io n s  a m o n g  

the c a r b ó n  a tom s .  W e  l i rs t  d edu ce  a va lu é  f o r  l l i e  b in d in g  energy  o f  C  in  the 

state  B  by  a genera l i h e r m o d y n a m ic  a r g u m e n t  and  then ¡I lústra te  Ihe o r ig in  
o f  the c o n d e n s a t io n  o f  sta te  B  w i l h  a s im p le  B r a g g - W i l l i a m s  m ode l .

4.2.1. Ilvat of segrega tion

F r o m  lig. 4 we t a k c  the t e m p e ra tu re  o f  the A - B  t r a n s i t io n ,  r A , „  to  be — 1 180 
K  w h i le  the  lo w  te m pe ra tu re  l im i t  o f  s t a b i l i t y  o f  B , 7 '„(;, is e s t im a ted  at 

1065 K .  I f  we id e n l i f y  l i l i s  l o w c r  t e m p e ra tu re  as tha t o f  p r e c i p i l a l i o n ,  i.e. 

tha t  at w h ic h  b u lk  g ra p h i te  is in  c q u i l i b r i u m  w i th  the n i c k e l - c a r b ó n  so l id  

s o lu t io n .  the hea l o f  seg rega t ion  to  state  B  c an  he f o u n d  as Ib l low s .
I lie c h e m ic a l  p o le n l i a l  / 1 o f  c a r b ó n  in  its resevo ir ,  the b u lk  s o lu t io n ,  la k -  

ing  pu rc  i ' .raphite as l l ie  re fe rénce  s la le  is g iven  in l l i e  u sua l  w ay  l o r  a d i lu te  
s o lu t io n  as

/< = ^ „ i (  / ) + k  / In (5)

w he re  /\ ,„ i(7 ’ ) is l l ie  excess p a r l i a l  a t o m ic  f rec  ene rgy  o f  s o lu t i o n  an d  ¿ the 

f r a c t io n a l  o c c u p a n c y  o f  the in te rs t i t ia l  o c ta h e d r a l  s ites in  N i  by  c a rb ó n  
a lo m s .  F r o m  D u n n  e l a l . 22), / \ . „ , ( 7 ' ) 5 r ( 0 .4 9 cV  — 0 .2 / íT ) .  I f  we a s su m c  thaf  
the s la le  B  is a h o m o g e n e o u s  c o m p le t e  m o n o la y e r  o f  c a r b ó n ,  as d iscussecl 

above ,  l l ie  c h e m ic a l  p o l e n l i a l  in th is  plia.se is the free ene rgy  pe r a to m  

/'kl /'n ¡s c q u a l  t'o the c h e m ic a l  p o te n t ia l  o f  c a r b ó n  in  s o lu t io n  so tha l

514 J .  C .  S l l l . l . l l ' N .  II .  H.  I’A I I I .  ANI >  J .  M.  I I I . AKEI . V

/'n( ! ah) — .̂ni ( /  ah) + / aii /• (6)
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S im i l a r l y  w hen  p r c c ip i t a t i o n  o c c u r s  at T ltCl ih e  f re c  en e rg y  pe r a t o m  Fc  in 

the p re c ip í t a te  phase  is e q u a l  t o  the c h em ic a t  p o te n t ia l  in  s o lu t io n  so  tha t

/ 'c ;{  ik ¡ )  — F «oí ( T | ,( ¡ )  +  k T ' m  I ’1 X - (7)

S c l l i n g  /•(; =  () as l l i e  rc fe r cn ce  s la le ,  e x p a n d in g  the  f rec  energ ie s  in t o  th e ir  
energy  ( / : )  an d  c n t r o p y  (S )  p a r í s  g ives  o n  c o m b in in g  (6) a n d  (7)

¿snl — ^Allí ŝol
I ' lie (£ .„ i  -  A- In x ) («)

I f  we neg le c l  S„, the e n l r o p y  pe r  a t o m  o f  tt ie seg rega ted  sta te  re la t iv e  to  tha t 

in b u lk  g rap h i te ,  eq. (8) g ives  on  d e í in in g  as A £ , C(¡, the ene rgy  o f

seg rega t ion  pe r  a to m
T.

’sof

AH

1 l id
(9)

and in s e r t in g  n u m e r ic a l  va lúes  

A £ , „ * -  I.

In o th e r  w o rd s  the b in d in g  o f  c a r b ó n  in  s la t c  B  is s l ig h t ly  g rea te r  ( ~ 0 . 0 5 e V )  

than in  g raph ite .  T h e  re la t iv o  p a r l i a l  a t o m ic  energ ies  o f  c a r b ó n  in  the v a r io u s  
states are  c o l le c le d  o n  the energy  leve l d ia g r a m  o f  fig. 13. T h i s  s h o w s  f o r  

c x an ip le  tha t the ene rgy  o f  a d s o r p t io n  o f  C  on  N i  in ih e  f o rm  o f  a g ra p h i te  
m o n o la y e r  is ~ 7 . 5 e V .

Isc lated  
C atom

Energy of 
Vaporizaron

C m Ni 
Solution

C m Graphife

7 5 e V

0 4 9 e V

Energy of 
Solution 

I 0

Energy of 
Adsorption

C m 
State 6

Energy of 
Segregation

- O  0 5 e V

f ig. 1.1. I’ a rlia l atomic energies o fcarbón in various slales. This should be regarded as an 
elleclive "one a lom '' energy level diagram. l lie level labeled “ C  in S la le  H" is from llie 
present sludy; ib is rcsull can lie lised (o predict Ihe energy o f adsorplion in to lilis  sla le 
from carbón vapor as indicalcd. I he vapoi i/a lion  dala for graphile are rcviewcd by 

Ueynolds'"*) and llo n ig  and Kramei"").
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4.3. B r a g g - W i l l i a m s  m o d i ;l  o f  t i i i : A - B  i r a n s i t i o n

1‘ h is is (he s im p le s t  m o d c i  w t i i c h  s h o w s  a s h a r p  I r a n s i t io n  be tw een  phases  
s ( ich  as A  a n d  B  a n d  a t fow s  an  i d e n t i l i c a l i o n  o f  the en e rg y  o f  se g rega t io n  in  

i c rm s  o f  the  b in d fn g  o f  th e  c a r b ó n  a tom s .  It h a s  been used to  de sc r ib e  

a d s o r p t io n  o f  i n l e r a c l i n g  a d s ó rb a le s  an d  to  g ive  a q u a l i t a t i v e  e x p la n a t io n  o f  

c o n d c n s a t io n  p h e n o m e n a  [ F o w le r  a n d  G u g g c n h e im 55)}. W e  c o n s id e r  the 
e c |u i l ib r ium  o f  tw o  pha se s ;  v i / ,  the N i  C  s o l id  s o lu t i o n  and  the su r fa ce  C  
la y e r  c o n s id e r c d  as a  s e p a ra lc  phase.

W i t h i n  the B r a g g - W i l l i a m s  f o rm u la t i o n  the seg regated  a t o m s  are  a ssum ed  
to  be r a n d o m ly  d i s t r ib u te d  a m o n g  e q u iv a le n l  a d s o r p t io n  ( o r  seg rega t ion )  

sites, w h ic h  m a y  be c o n s id e r c d  to be su r fa ce  sites. T h i s  í c a d s  l o  an  e xp re s s io n  

f o r  l l i e  c h e m ic a l  p o te n t ia l  o f  c a r b ó n  in  the  su r fa ce  phase  in  te rm s  o f  0, i ts  

f r a c t io n a l  c o v e ra g c  ( í¿= I f o r  a m o n o la y e r )  [C la r k ™ ) ]

(  0 I ciüO\
_ „ „ “ p * ,■ )• " ü > 

w he re  q is the p a r t i t io n  f u n c t io n  o f  a s in g le  C  a to m  in an is o la ted  su r fa ce  site, 
<■ is l l ie  c o o r d i n a r o n  n u m b e r  in l l ie  c o m p le t e  la ye r  ( ~ 3 f o r  a g ra p h i t e  laye r)  
a n d  u) is the in le r a c t i o n  ene rgy  b e lw een  p a i r s  o f  nca res t  n e ig h b o r s  (w  = 

— — 5 e V  f o r  g r a p h i te ) ;  lo n g e r  ra nge  in le r a c l i o n s  a re  igno red .  S e t l in g

k In ( I /</) =  ¿'0 — TS t),

w he re  an d  ,S'„ are  re sp e c l iv e ly  the ene rgy  an d  c n t r o p y  o f  an  iso la ted  a to m  
at a p a r t i c u la r  site, g ives

fis(T, 0) =  + ou-0 +  k T  In ^  ^  -  T S 0 . ( I I )

T h e  e q u i l i b r iu m  v a lu é  o f  0 is d e te rm in e d  by  e q u a t in g  th is  c h e m ic a l  p o te n t ia l  

l o  tha t  in l l ie  r e s e rvó n .  In o u r  case the re s e rvo ir  is the b u lk  s o l id  s o lu t io n  

w i lh  c a r b ó n  c h e m ic a l  p o te n t ia l  g iven  l iy  eq. (5). l lie  v a r i a t i o n  o f  0 w i th  ' / ' is  

then  de s c r ib ed  b y  the  e q u a t io n

Fwl \ k T  ln  /  /•;„ oten -| k T  I n ^  °  ^  -  T S „ . (12)

F o r  s u H ic i c n l l y  h igh  te m pe ra tu re  ( T> 7 \=  —u)c¡Ak, t h e c r i t i c a l  tem pe ra tu re ) ,  

eq. (12) has a s ing le  s o lu t i o n  fo r  0 f o r  e ac l i  T, an d  0 m ercases  s m o o t h l y  as 
T  decreases. F o r  T < l \ ,  0 is a n u i l t i v a lu e d  fu n c t io n  o f /»,. T h i s  is in d ic a t c d  
in  tig. 14a w he re  we have  s k e lch ed  the q u a n t i t y  1 / 7 ()) — ii^(T, l ) ]  
ve rsus  0. T h e  m ode l  c h e m ic a l  p o te n t ia l  is o i ld  a b o u t  0 — \ a n d  a H e lm h o l t z
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pqua l iirc;i t h eo rem  [ l - o w le r  u iu l  G u g g c n h e im 55)] s h ow s  ih a t  w l i c n  the 
su r la c c  phase  s e p a ra l io n  o c c u r s  ih e  c h e m ic a l  p o te n t ia l  is g iv en  by  /<s(7 ’, ] ) .  

In spe c t io n  o f l i g .  14a sh o w s  Iha t o n l y  ve ry  l o w  c o ve ra ge  o r  v e ry  h ig h  co ve rage  

phases o c e u r  a l  e q u i l i b r i u m  w i th  7 ' a p p r c c i a b l y  b e lo w  t c \ f o r  c x a m p l c  in  l l ie  

I 0 0 0 K  te m p e ra tu re  range, a v a lu é  o f  w r « l e V  is su f l i c ie n t  to  l im i t  the

(b)

I ig. 14. (a) ( hcmical potcnlia l versus coverage l'or in lc i;ic liny  segregated alon is in (he 
Hragg W illiam s model. I lie homogeneotis phase is (instable with respcel lo  phase sepata- 
lion below llic c r il ic a l tc iiip cra linc /. ( c«■/■>/>) in llie  range o f coverage indicalcd by 
dashed lines. I lie tcmpcralurc o f llie phase iransilion  hctwecn low and high coverages is 
delerniined by the chemical pu lcn lia l o f the soln lc in llie crystal. (b) Schemalic coverage 
tcmpcralurc p lo l deducod IVom ihe model lo r li\ed crystal doping. A  surface phase Iransi- 
lion ol lhe lypc indicalcd al I"  is believed lo he ttic rcason for the sliarp coverage dccrcasc

al  ~  I IXOK i 11 l ig.  I.
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po s s ib le  va lúes  o f  0  (o  (he reg in t is  0  l o  ~ (Í .O j a n d  ~ 0 . 9 ‘) to  I. T h i s  is in d i -  

c a le d  ¡tí l i te  s c h c m a l i c  co ve ra ge  versus  I c m p c r a tu r c  c u rv e  o l ' l ig .  I4b.
I f  we id e n t i f y  Ihe te m p e ra tu re  o l'  l l i e  su r fa ce  p itase t r a n s i t io n  T' w i t h  o u r  

ob se rved  te m p e ra tu re  7'A „ we  o b t a in  f r o m  (12) w i th  0 = 2

(¿o +■ l 0**') ~ I aii^o = l̂oi + k it l'1 X ■ (13)

T h i s  m a y  then  be c o m p a r c d  to  eqs. (6) a n d  (8) l o  g ive  a m ic r o s c o p io  in d en t i -  

f i c a l io n  o f  l l ie  c o n l r i b u t i o n  l o  t l ic  ene rgy  o f  seg rega t ion ,  i.e.

A ( 14)

T h e  B rag g  W i l l i a m  m o i l c l  is l o o  s im p le  to  de s c r ib e  the rea l s i lu a t io n .  O n e  
w o u ld  c xp c c t  c lu s le r in g  to  o c c u r  so  th a t  in  p ra c t ic e  the ave rage  c o ve ra ge  

w o u ld  in c rease  s m o o lh l y  o v e r  a t ange  o f  tem pe ra tu re s .  H o w e v e r  the  in t c ra c -  
t io n  energy  be tw een  p a irs  o f  n e ig l ib o r s  in  a g ra p h i t e  la ye r  is so  la rge  th a t  at 

l l i e  t e m p e ra lu r e  range  used the t r a n s i t io n  sh o u ld  s t i l i  be ve ry  sha rp .

5. S u in m a r y

W e  h a ve  s tud ied  t l i c  seg rega t ion  o f  c a r b ó n  to the ( I I I )  su r fa ce  o f  n ic k e l  

c o n t a in i n g  ~ 0 . 3 al";, c a r b ó n  in  s o ju t io i i .  D i s t in c t  s la t c s  o f  the su r fa c e  o c c u r  

as l l i e  te m pe ra tu re  is v a r ied  w i th  i r a n s i t i o n s  be tw een  t l i c  s ta les  o c c u r r in g  

o v e r  n a r r o w  te m pe ra tu re  tanges.
A l  lo w  tem pe ra tu re s  ( < 1 0 6 5 K )  the su r fa ce  is  c o v e re d  w i th  m u l t i l a y e r  

g ra p h i t e  e p i t a x ia l l y  p í c c i p i t a t c d  on  t l i c  N i  substra to .
In the in ie rm e d ia t c  i c m p c r a t u r c  range  1 0 6 5 - 1 1 8 0 K )  the su r fa c e  cove r-  

age is c o n s la n t  at a v a lú e  w h ic h  w c  be l ie ve  to  be o n e  m o n o la y c r .  T h i s  su r face  

la y e r  is id en t i f ied  as an  vquilihriinn segrega! alphose. It has the g ra p h i te  basa l 
p la ñ e  a r r a n g e m e n l  an d  is o r l c n t c d  e p i t a x ia l l y  on  the  n ic k e l  subs t ra le .

A  re ve rs ib le  s h a rp  t r a n s i t io n  o c cu r s  (at a b o u t  11 8 0 K )  be tw een  the in te r ­
m e d ía le  s ta ie  to  one  o f  l o w  c o v e r a g e ; the  su r fa ce  c a r b ó n  c o n c e n t r a t io n  in  the 

lo w  cove rage  state is o f  the sam e  o rd e r  as the b u lk  a t o m ic  f r a c l io n .

W e  be l ieve  Iha l  th is  is the l irs t  o b s e r v a i i o n  o f  a p l ia s c  t r a n s i l i o n  in seg rega­
r o n  stud ies .  B y  a n a lo g y  w ith  p h a s c  i r a n s i t i o n s  in la ye rs  p ro d u c cd .  by  ad- 

s o r p t io n  IVtim t l i c  v a p o r  we have  d e s c r ib c d  Ihe t r a n s i t io n  b y  a m o d e l  in v o lv -  

ing i n l c r a c t in g  seg rega led  a lo m s .  I n t e r p r e t a r o n  o f  l l i e  e x p e r im e n ta l  Irans i-  
t io n  le ni pera tu res s h o w s  that the b in d in g  o f  c a r b ó n  in  the seg regated  m o n o ­

la y c r  is  s l ig h t ly  g r c a le r  th an  in b u lk  g raph ite .

It is s h o w n  t l i a l  the  energy  o f  arfsorption m a y  be o b ta in e d  f r o m  these ex- 
p e r im e n ts ;  the sam e  t c c h n iq u c  m ay  be p o s s ib le  in o th e r  cases w he re  e q u i l i -  
b r iu m  w i th  l l i e  v a p o r  is n o l  feas ib le.
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W c  w o u ld  l ik e  to  a c k n o w le d g c  Ihc  c o n t r i  b u l i o n s  f r o m  i h e C c n t r a l  F a c i l i t i c s  

o f  the M a t e r i a l s  S c i c n c c  C c n t p r  at C ’o rn c l l .  In p a r t i c u la r  {he ass is tance  o f
B. I;. A d d i s  ih  c ry s ta l  g r o w in g  h; is been i n v a r i a b le .  T l i i ¡ ¡  w o r k  w as s u p p o r t c d  

b y  the N a t i o n a l  S c ic n c c  F o u n d a t i o n ,  ( i r a n t  # G H - 3 3 2 3 3 X  and  th ro u g h  

the M a t e r i a l s  S c ien ce  C e n t e r  a l  C o r n e l l  U n i v c r s i l y .
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Mcasurcmeiits o f sefircf.ation isosteres are reporled for C  ln Ni(IOO). The model indepen­
den! isosteric lieat of scfue^ation is fomuj to he in agreement with the valuc derived l'rom cov- 
era;:e versus temperature data usinj: the Lantimuir model. Results for other nickel surfaces are 
summari/ctl and compartid w ilh  pred id ions usinj; the enipirical hond cnerjiy bond order schemc.
I lie relalive succcss o fth is  schemc supports the sug(;> >lion that the carbon-stirface bomlinf! is to 
he regurded as arising Irom locali/ed intcractions.

1. ln t r o d u c t io n

The indust r ia l  im po r la n ce  o f  he tcreogencous ca la lys is  pm v ide s  m uch  o f  the 
m o l iv a l io n  lu í  curren! e xpe r im en ta l  and l l ie o re l i c a l  w o rk  on I rans i l ion  n i d a l  sur- 
taces. In l i l i s  paper wc w i l l  d iscuss c x p c i im e n la l  obse iva t io i is  o f su iT a c e  p l ia s c s l im l  
h i i id ing ene ig ies o l  ca rhon  a lom s  on single c rysta l surfaces o f  n icke l .  The  de te rm i-  
na l ion o f  b in d ing  energies prov ides inp t i l  i n lo  usel'ul en tp ir ica l  and sem i-en ip ir ica l  
t lieor ies o f  a tom  surface in tc iac i i .ons  such as the ( T S O  U l i l K )  approach  111. In 
add it ion , the presence o f  o rdered carbnnaceous depos its  is be l ieved to be un im por-  
Lint fac to r  in somc gas sy r face  in tc ra c t io n s  [2 ,3). F o r  these rcasons, ou r  obset vu- 
t ions o f  su rfacc  phases on n ic ke l  surfaces m ay  be o f  valué.

The  segregation o f  ca rhon  to single c rys ta l  n ic ke l  surfaces has been the subject o f  
prcv ious papé is .  The  results ob ta ined  on N i(  111) [4] , N i ( 1 0 0 )  15) and N i(S ) [7 (  100)  
X (T 33) | (a s tcpped surface) [6| have been pub l ished . The  purpose  o f t h i s  paper is 
to present add it io na l  e xpe r im en ta l  w o rk  on N i i  ¡ 0 0 )  w h ic h  i s e x t r c m e ly  im po r ta n !  
for the c o r r e d  unde rs la nd ing  o f  the seg regaron  o f  ca rbón  to th is  surface. In ad- 
t l i l ion  we w i l l  descr ibe a p ie l im jn a ry  s lt tdy o f  the segrega l ion o f  cathott to  tlie 
N i ( l l0 _ )  su rfacc .  l in a l ly ,  we w ij i  d iscuss the u nd c ís la n d i t ig  o f  the in tc ra c t io n s  o f  
carbón a tom s w i th  n ic ke l  sur fainos w h ich  is emerg ing.

The  e le m cn la r y  theo re t ica l  concep ts  re levan l to the segregation e xpe r in ien t  have

* Present iitldress: Ro<i;ik Kesc;ireh Laboratorios, Uochcstcr, New York 14650, USA.
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beett d isetissed 111 dotai) c ls e w lic ie  |7 |. We w is li Id rem itid  1 1te reader o l H ic tc la lio n  
bctw oen  in K i i ip l i tm  and sopeg . i l io n  e x p e r in ie n ls . In l l ie  ; 111 m > 11 > I i < > 11 cuso ll ie  cltom i- 
cal p n ie n t ia l n i (lie  ;n lsm ha le  ¡s l i\ e d  liy  lite  le t i ip o ia lu ie  .itivl v .ipo i p ic ssn ie . In 
seg ioga lion  e \p e in u c n ls  llie  chem ica l p o te n lia l n i ll ie  sog icga le  is l ix o d h y  Ihoh tt lk  
d o p in g  level am l l l ie  Ientpei;i1 1 n o . In cach  case ouo ■:;m derive an e i| i ia l io i i alía lo- 
gotts lo  l l ie  ( 'b u s il is  C la p cv ro n  equa tio n  w h ich  d e l’inos ait iso s le r ic  heat oC segrega- 
t io n  n r a d s o ip iio n . l or l l ie  seg raga lion  case l i l is  is |7|

(<') Ion I / '/ '))„ = . ( I )

wlieic  .V|, is llie bi i lk c on c e i i l t a l i o n  ol  llie .scgtegatiug cot i iponei t l  aml  lite derivativo 
is c va l ua l ed  al c o ns t a n t  sin lace covoiage  0 . We e m p h a s i / e  that  obt ai ned
I n>m ( 1)  is i n d e p e n d e n !  o í  a ny  m ode l  a s s um p l io n s .  T h e  meast i  r emen  I ol'  ad so rp l io n  
i sos tcrcs  lias proviot isly be en  nsed l o  d e l e i m i n o  l ieals o l ' a d s o r p l i o n  l or  single civs- 
lal sin lacos in a low c as es ; seo  lot e x a m p l e  tito w o r k  o l ' T t a c y  | S |  a n d  ol Chr is t ma n 
a nd  I j l l  19 j .

An ¡ mp o r l a n l  aspect  o C o u r  vvoik lias heen the  a pp l i oa t i on  oCoq.  ( I )  t o  tlio segre- 
ga l i on  ol'  c a r b ó n  lo  N¡( 100) .  This  yields  a hea t  oCsegr egat ion  wlticli is moilel  i nde­
p e n de n!  and próvidos  a sensi t ivo tosí o í  tlio va l idi ly o í  s ta t i s t ical  inocí ianical  model s  
o í  iho segi cga t i on  sys lotn.  l l ie s imples!  m o d e l  is tlio L ang mui r  modo!  involving 
l oca l i / ed .  i ion - i nl ei ac l ing  a t o m s  i cs t i i c l ed  lo a n i o n o la y e r  *. This  m o d e l  p i edic ls  
llial llie l i ae i i on al  sin Cace covet age  0 Vatios willi  l o m p e i a l n i o  so thaI

U* " , , ,
 ̂ i o  t . r  a  ■

whe re  A.Ysr | , is the  par t ial  m o la r  oxcess  c n l r o p y  oCsegr egat ion  | 7 | .  IC lilis i s i n  lacl 
a roasonable  m o d el  Cor Ilio segregat ion  ilion llio e n l l ia i py  oC segregat ion  ob l a i nod  
via (2)  sh ou l d  oc|ual llie vahío o b t a i n e d  l ' rom ( I ) .

tsrll, J.M. Ilhikcly / Scxi-guiioii isostcrcs fo t  ( ' a l (1001 surface o f  X'i

2. E xp e r im e n ta l

h x p e i i m c n l s  wcro por l 'omi cd in a s t a n d a r d  Var i an  U H V  L l i HD / Au ge r  sys tcm.  
Auger  s p c c t r o s c o p y  was  p o r f o r m e ü  using the  4-grid Ll i l iD o pt i c s  as a r e t a r d i ng  field 
a n a l y / c r .  Dolai lod dc sc r i p t i o ns  >í the  e x p e r i m e n t a l  appuraUis  m a y  be  Cound in reís.  
{ 4 1 a nd  11. ' | .  Typic al  sys lom pressure  aCter b a k c o u l  was  —2 X 10 Tor r .

O ite n le d  singlo e iy s la l n ic ke l san ip los dopod w i l l i  various a in o iu ils  oC e a ib o ii 
w e ic  p ic p a ic d  l io m  h igh p in  ity  n ic ke l c ry s la ls  g row n  f rom  (i pass /ono  reCinod

^ S l i í i i l y  spoakíni:  Itic i i i o n o la y e r  m o d e l  c a n  s¿itisly t lie ( i ib l r ’s A d s o r p t i o n  t s o l l i e r m  o n t y  in 
(lio idea l s o l u t i o n  li iiu l | l ( l |  so  (liat tlio c o m p o s i l i o n  w i l l  reac li il s  tm lk va lu é  in a n y  real s y s t c m  

o n lv  a l l c r  a m i m ’iei o l  a l o m i c  p la n es .  H o w e v e r ,  (t ieso c o m p o s i l i o n  p r o l i l c s  are n o t  ponorally  

c .x p c r im n H a l l y  ao o cs s i l i lc .  o s p c o ia l ly  in ll ie  n i c k e l -  c a r b ó n  s y s t e m .  T l i o r c t o r c ,  w e  a p p e a l  l o  
m o d e l  e a l c i i la l in i i s  | I I | am l e x p e r i m e n t a l  m c a s u r c m e n t s  ol' p r o f i l e s  | I 2 1 l o  j u s l i ly  o u r  trcal-  

in en l  o t  souiofM ltoi i as bciilj-' rostí iolct l l o  t h e  o u l e r  i n o n o la y e r .



nickel. Sam p le  (I¡Dit-iisiim is  weie  typ ic a l ly  I .5 i m  X  0.3 cm  X  O.IKi cm . The  11 y.slals 
wc ic  oxk t i/ .c i l  b y  bea t ing  in air and e a r b m im l  b y  heat ing  to  1100 K  tu r  pe r io i ls  o f  
about I h at i atm  C O .  O x id i z in g  the sni laces o f  the  samples appa ren t ly  p roduced  
a more im i fo r n i  ca rbón  uptake . bu t c o n t ro l  o f  t l ie  ca rbón  dop jng  level to  better 
thau a tac to r o f  2 was no t  a ch icvcd . I lo m o g e n i/a t io n  was acb icved  by  encapsu la t ing  
the samples in (| i ia r l/  and heat ing to abou t  1473 K  fo r  a p p ro x im a te ly  100 h. The  
samples were su l ise t¡uent ly  spark -cu l iu ha l l  resu lt ing in f ina l d im ons ions  o f  1.5 c in  
X 0 . 3 c m  X  0 .03  cm. One  o f  the halves was ana lyzed  lo r  ca rbón  con ten t  ( L e d o u x  
Inc.. us ing Ihe 1 , 1 ( 0  conane rc ia l  lechn i i| i ie ) .  The  o t l ie r  h a l f  was m echan ic a l ly  and 

c l iem ica l ly  po l is l ied  to  lem ove  the o x id i / e d  p o r l i o n  and lo  ob ta in  a sm oo tb  sur- 
lace.

I  (' .  h e t t . J M  l U i i k r h -  /  S i x i i y . t i i i i i i i  h n x t f n ' s  J u r  ( ' t i l  i I t l O )  u h / i h i ' •>/ V/ t'l'l

I ip. I. S n M ’ütly tlatii lo r cailum  in n k k il.  Dala shown are (•) Natosan a mi Kassner |I4 |: 
(•) A U m k  and Slavi'itpotilKs 14 4  |; f>) D u n n  et al. 14 5 |; ( v) t.amter el al. | l5 f ;  (A) Waila 
el al. |4(ij. Itic line rcprosenls itio vaiues used in this slm ly, as cxplaincd in llur le.xl.
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IIh' apphcal ion o f  i’(|. ( I )  roquiros a c a n a l o  measuremeii ls  ni' llie bulk caibun 
<.< >iicvii 11 ;i 11< m .Vj,. In (I ioso i* \  po« ¡ m n-n I s . 111 o caihoii  Intlk doping was dctei miricd in 
silu by ohserving (lie t empera ture  al which prccipi lal ion occurred and using avail- 
able soltibiliiy dala.  The cuive which we liave used to represent the solubility 
depciuloWe 011 tempera ture  sl iowu in fig. I. It represents ¡111 absoluto valúe ol' 
carbón solubil i ly al Ihe high lompeial i i ie  end as given by Nalesan and Kassner | N |  
and a lieat of  solut ion given by the aveiage of  the lesull of Natesan and Kassner 
and o f  Lamler et al. [ I 5 1, i .e.. 10 .0  kcal /mole.

l’iecipi lal ion tempera111 res were oblained from a eombina l i on  ol' I l í l. l) and 
Auger measuieinenls .  U T L )  in loimai ion  011 piecipi la l ion was prüvided from llie 
appearauce o f  “ rings",  characlerist ic o f  graphi te,  in the di l fract ion pat tern.  Auger 
spectra showed a change in carbón Auger peak si /e and shape when graphite pre- 
cipi taled on the surface.  The uncer lainty in the precipi tat ion tempera ture  obtained 
in this mannci  is aboul  25 K, due in parí to liysleresis in the phase Iransit ion and in 
part lo Iho inaccuiacy o f  the (chromel  alnmel)  therniocouple  l empeia ture  mea- 
suromonts with respecl lo an absoluto scale. This rosolis in appniximaloly  a 25','í- un - 
cortainty in deteimii i ing lite absoluto carbón doping level, and about  a I0%uneer-  
tuinty in relativo doping levels.

The ¡jnalysis we have used to interpret  the segregation data is dependent  upon 
the assumplion that the bulk crystal provides a carbón resevoir vvliich is essentially 
unper turbed by Ihe segregation to. t l ie  nickel so 1 l a ce . In tahle I we indícale lliat 
this assumplion is reasónably woll juslil'íod even for the samplc wilh the lowest bulk 
doping (45 ppm) .  The tablc shows by liow mueh the bulk level is per turbed by the 
segiegalion o f  various amotinls o f  carbón to the surface.

Caibon aloms will also segiogate lo o lher  defecls in Iho bulk,  sucli as imptirilies 
01 dislocal ions and this e lTed will lower llie fice carbón a tom concent ra t i on.  Typ i­
cal dislocal ion donsitios ( I()K cm/Vm-1) would be oxpocled lo Irap aboul  I ppm 
carbón wliilo (1 ansíIion molal impuri l ies in llie original nickel s tock are l ound al llie 
I 10 ppm concent ra t i on  levels [ 16 | .  However ,  in the analysis o f o u r  exper imental  
results the carbón concenl raf ion determined in silu by prccipi lal ion measureinonts 
has been used and since lilis molhod mensures the fice carbón doping level in the 
crystal ,  we may ignore segregalion lo o lher  defeets.

In labio 2 we list the carbón doping levels o f  the crystals studied with (100)

‘M IO  / . ( ¡sen.  J.M. l i l i l k  i ' t !' / .Si i / > i ’/ íi '// /xu.v/r/r.v f u ?  ( < i  í (1 ( l l l j  M i r f i i i ' i ’ n ¡  S i

1 a h í  1 1

A 11 1 0 1 1 1 1I i>(l oarhon from  so lt ilin»  ri‘ i|tiiri'il lo  produce various surface strtic ltires

S iru c lu rj '' Am oun t o f  carbón from  so lu tion  (wppm)

(¡rap liit <monul;iyer> 
p(2 X .1) (I earbon/4 n icke l) 
c(2 X .’. ) ( !  earbon/2 n icke l)

(1.75
0.075
0.15
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fsi t f .J .M .  Htákviy / Scgrcgalitm Í M i i r á  f o r  C a l  (ÍOO) su r jm v  <>f N i  401

1 A til I 2

Carbón coiilL'nt ni st.ds stiulicd

Crysl’.il C;tiUim

I 1 ( 0  ;in.ilyMs In siln

Ñu. I H K  45
Ni). 2 2<,<< 75
No. .1 51(1 MIO
No. 4 12.1S l .tOO

surfiifc oricMiIa(iot i . Crystal No.  3 w;is iii¡li;illy o f  (I  10) or icntat ion bul  iccrystnl- 
lizcil (o ( IDO) ;is dolc imincd by bolli I . IT I )  and X-ray observat ions.  Preliminar) '  ob- 
seivalious o f  (lio segregalion ol carbón lo Ni( 110) were nimio on this crystal.  Sam- 
ple No. 4 was proccssed t l i r < s e v e r a l  di l ferent  doping levéis in sito by sput ter ing 
with 400  cV aigon ious al t empci al i ncs  which resulted in graphi le piecipi lat ion *. 
Dala poinls al doping levéis o f  1050 wppm carbón and 850  wppm carbón wcre o b ­
tained by this tcclinicjtic. All llie dala presen(cd below were obta ined on surfaces 
containing,  acconl ing lo Augei spect ra.  less (lian 0 .5% o f  a monotayei  o f  sulfur or 
phosphorus,  and are bclioved lo be chaiact. jrisí ic o f  clean surfaces.

Auge r spe c t ro scopy  was used in these e xpe r in ie i i t s  ti) m o n i t o r  h o w  the sur lace  
carbón c on cen t ra t io n  varied w ith  lem pe ra lu re .  C on ve n t io n a l  m easu rcm cn ts  f rom  
Auger spectra use l l ie  peak- lo -peak  he ight o f  l l ie  ap p rop r ia lc  signal in the der ivat ivo  
spectrum. I lo w e v e i . as discussed by  a nun ibe r  o f  a t i lho rs  118 | , for i V V  type  transi- 
tions, the l ine s l iape is dependen! upon t l ic  chem ica l  b on d in g  e n v i r o n m e i i l  o f  !he 
adsórbate. T lm s ,  changos in (he l ino sha pe w i t l i  coverage m ay com p l íc a te  measurc- 
menls o f  su r lace  coverage.

S o lu t io n s  lo  these p rob lem s have been dc sc r ib cd  by  l l o u s to n  and Park |19|  and 
by l lo u s to n  |20|  w ho  show  iha t  arcas under Auge r  peaks (//V(/-.')d/-.) p róv ido  a bet- 
ter measure o f  adsórbate c o n c e n l r a l io n  and are und is to r ted  by  p o te n l ia l  modt i la- 
t ion in l l ie  d o te c l io n  sys lom . These concep ts  have been im p lom en tod  b y  Cirdnt, 
Haas and l lo u s to n  |21 |. and b y  S ta ih  and K i r s c h n c r  |22| .  T h e  analogue lec lm i(|ues 
w h ich  we have em p lo yed  to  c o m p u te  arcas under A uge r  peaks l iavc  been descTibed 
¡n a  receñ í paper |23| .

A n  im p o r la n l  aspoct o f  ou r w o rk  is the (¡nunt itut ivc c a l ib ra t io n  o f  t l ic  inte- 
grated Auge r signal fo r  ca rbón .  T h is  is based on the c qua t io n  [ 2 3 ,2 4 1

,/<>m = (« C )2 (d /;/d /)2  4  %  0(/;p ) (  ‘ ■■ w V P CSC *P í l N r - (3 )

* I lir \|'titli'i no' \n lils i >1 nn kcl ,itul u iilm n  ;il this cm if ’.y ;iu- in Ihr i.ilh» IH : I f I 71, so (ImI 
spuIterina limes hcm inc «nnic
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lloro is (lie ioni /a l ion cross-seetion o f  dio appropr íatc  a tomic lovol at /:‘|V (lie 
prúuaiy electrón energy;  / is llie cunen !  in llie p i i nuny  electrón beam;  ( I o;) is 
llie piobabi l i ly (lia! an Auger pioocss oectirs; 0 p is (lie angle between (lie priiiuuy 
beam and llie civslal  s in la iv;  Í2 is llie í iacl iou o f  solid splieie eenleieil  on llie ciys- 
(al which is subt ended by (be de tec tor ; / '  is (lie backscat te i ing l'aelor, N (lie miniber 
o f  a toms in (lie surface monolayer ,  <•„ (lie potenlal  modulal i on  ampl i t ude;  (A’C) is 
(lie inlegrator  (ime cons t an! ,  d/:' /d/ Ihe analyzer voltage swccp r alo, /?  tito detceior 
impedancc .  T  (lie Iransmission o f  tlie grids, and £  Ihc gain o f  tlic lock-in amplifici.

We liave used (lie fol lowing procedurc  to  normalizo our  Auger measurcmenls  of 
carbón eoueent ra l i on.  In the initial slages of  stmlying Ni(100)  i loped at about  1300 
wppin carbón (sample No. I) il was possible lo precipí tate large a imumls  ol'grapli- 
ile on llie surlace.  F rom measiirenieiits ol' (he adenua t i on  ol' (lio nickel Auger peaks 
at dif ieren! energies and (lie use o f  overlayer a l t onual i on funet ions and inclastic 
mean tiee patlis de termined by Shellon |25,2<)|  lor jclliuni,  with i\. -  1.5 Coi grapli- 
ito, it was possible to est ímate llie thickness o f  the graphi te layer and tlic fraction 
ol' tlie surlace covered.  Tlii.s procedurc was fol lowed for two different  amoun ts  of 
graphite and intcgralcd Auger sígnal * measuremcnls  made in eacll caso. In our 
otl ier exper iments .  Ihe intcgraled carbón Auger signal sl rengths correspoiul ing to 
satuiated c(2 X 2) and p(2 X 2) st ructurcs  on Ni(IOO) were est imated from data on 
llie dcpcndcncc  o f  coverage on tei l ipeiature ext rapola t cd lo salurat ion and from 
I.FI-I) pal leí ns. The backscaltcri i ig factor was determined expcr imenlal ly  using the 
teclmiqiie o f í i e i l a c h  and Duchaime (2 7 j ; r =  1.25 was obtained.

Fq.  (3) may be wri t ten in tlic lo mi

Foll( = K /Vo( ¡:v ). (4)

where all the known paranrelers are lumped in tlic constan!  K.  Fo r  tlic p(2 X 2) and 
c(2 X 2) structurcs-;V is ássumed to corrcspond to  onc quar t er  and onc half  mono­
layer respeciively. To inlorpret  the (liick graphite case we use the exper imental  
results o í  Shel lon et al. 14 j . Tliey observed that  the ratio o f  the carbón Auger signal 
from one monolayer  ol" giaphi te on N i ( l l l )  lo thal f rom tliick graphi te precipi- 
tated on Ni( I I 1) was I : 1.52. Tliis ratio accounts  bo th  lor tlic a t t enuat ed  con- 
t i ibut ions from llie bulk cryslal and llie cluinges in hackscal tcr ing factor Irom 
nickel lo graphite.  Thus in eacli case we could obtain an exper iment al  est ímate of 
<j. The results are lisled in lable 3.

* In gcneial. as im 'i i l ly  disuisscd t>y Jlouston 1291. Aniicr features on A'(/:’) spectra. w ilh  (lie 
secondary electrón backgroiuid removed, appear as step like ícalures w illt tuttw.cro vatues of 
A'(/-. l extending lo towet oiiergies. l ilis.is a llr ib tilcd  lo inelaslic scuttcring oT Auger electrons, 
dtie lo r example, tu plasmon excitation. In our measuremcnls ol' //V(/f)d/: from graphite cov­
ered surfaces, we adjuslcd (fie h.ickgmumi coinpeiisalion so lliat A' (230 cV ) = A' (290 eV) = 0. 
A rough ealetil.ilion indícales l lu M h e  área measured ¡n lilis  way is w ilh in  '1 0 '/  ol' the (rué 
Au^er curren! with no inclastic in lenu lions. NU-) curves measured Ircre lo r tlic carbón Auger 
peak w ilh  llie caihidc lorm show no low energy (ail, suggesting that in these cases the system is 
described rcasopably well by a iiumolayer model.

402 C  h c il, J.M. fítakvty J Si'itiva.ilion ¡insieres fo r  C al (100) surface o f  N i



t..C, ís i i i ,  J.Sl. Hkkvty / Svnn‘xatf()n toisfvrn Ai r C  at {100) surface o f  NI 4(M

k síirlí imii/aliofr rrms srtñnií luí ciubon. ;il A. j,//' j 4.N

Su iicturt-

|m’ >: 2)
Crcipliilc I - 0.74 
Cr;iphitc / II.KK 
(Juasi-cÜ  x 2)
A  vor;i ge

3.3<)
3.40
3.3‘>
3.2H
3.36

I = Iraction of the surface covcrcd witli graphile as deterniined by inethod described in text.

The valúes we obtain ;tic ¡n good agieenient  with (lie results of o ther  workers 
| 22 ,24 ,27,281. It should also be noted  l'rom table 3 that  tile valúes obtained under  
dil lcrcnt.  teasonably well del ined eondi t ions are in good agreement .

3. Results

J.¡. Ni(IüO)

l’reliminary results obtained'  on Ni( 100)  have been. the subjeet  o f  an earlier publi- 
cation 15 1. To  oblain isoslciie heats ol segregation through applicat ion o f  ecj. ( I )  
wc liavc obtained dala al 5 different carbón doping levcls. In fig. 2 wc present 
isosteres for Ihree dif ieren! valúes o f  carbón covcragc.  The carbón coveragc was 
i lctcimnn' il l i om integialcd Anj’.t’i signáis using e»|. (3) with valúes of the param- 
eters detci inined as desenhed aliove. The valúes of l iact ional  covcrage,  0,  ate based 
on the coi ivention tlial 0 = I for a p(2 X 2) sl ructure (1 carbón per 4 nickel a toms).

I ' ioni lig. 2 llie isoslciie lieat o f  segregation is 10.8 kcal/ tnole at 0 — 0.70.  ’í hc 
valúes of  the isostcric lieat o f  segregation at Ihc other  two  coveragcs (A / / SC), = 12.0 
kcal/niole al 0 = 0 . 5‘> and A / / se(, = -  10.4 kcal /molc at 0 = 0 . 7 8 ) ,  suggesl that  
A / /Sl>(, (leefeasi's witli incrcasing 0 , but  the differences are smaller than the expectcd 
expei imenlal  uneei t a i n ly . l lie LTI I) pat tern fot all Ihe data o f  fig. 2 was p( 1 X I ).

From fig. 2. it is seen lliat a wide rango ol sur laee coveragcs can be obta ined at 
icaxonable tenipeia l ines  ouly witli a cryslal possessing a ralher low doping level. 
sucli as the crystal designalcd No.  I . I hc residís for (lie varialion with (enipcratuie 
of  the carbón covcragc on this sample surface have been described previously [ 5 1. 
As repor ted ,  wc lind that  an analysis o f  the covcrage t empera lure  data using cq. 
(2) (i.e., Ihc Langmuir model )  can describe the data for coveragcs Icss than I ca r ­
bón per 4 nickel a toms witli A / / SC(, = 10.8 kcal /mole K, in rcmarkably good 
agreement  witli ílie isoslciie valué: the excess en l ropy  o f  segregation is found lo 
be 3.4 cal /mole K. At 7 '= 652  K and 0 ~  0 . 86 (based oii I carbón per 4 nickel 
a toms)  a phase transit ion was ol)served resuíling in a Ll£I¿0 pat tern which wc have
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404 /,. C. /s e n . ./ Al. M akcly  / Scutegaliim isosteres fo r  C at (100) surfacc o f  Ni

I ir. .'1. Isusli-us ol i-iiihon on Ni(KMI) lor surtan- n ivelares ol' (I.7K, ( l./ll, 0.59; these are 
based on 0 = I lo r p(2 X 2).

previouslv callcd a quasi-c(2 X 2). Willi decreasing t empeia lurc  tho carhon Auger 
signal slowly mcrcascs and s almales  at i carbón per 2 nickel atoms.  in fig. 3 we 
present a Langmuir  plot  * (log 0/(1 — 0)  versus 1/7)  for the data from sample 
No.  1.

To obtain the hcat o f  segregation in the quasi-c(2 X 2) phase wc have used 
t l iermodynamic arguments  [5 =J. At 652  K, the phase transit ion tempera ture ,  two 
pilases are in equil ibr ium: the disordered phase and the ordered quasi-c(2 X 2) 
phase.  At 615 K, the precipi tat ión temperature ,  graphi te and the quas i -c (2X2)  
phase are in equil ibr ium. Equat ing chemical potent ials  o f  the surfacc carbón at the 
two tempera tures  to the valúes in the bulk solut ion and using the hcat  o f  solution 
o f  carbón in nickel one finds A / / SUí,(quasi-c(2 X 2)) =  -4 .6  kcal /mole [5],

* A delailcd discussion ol' kiniMic evidente to subslanliate our elaim that all data are ei|uilibr¡- 
uni data isavailahle elsevvhere | 1 3 1.
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I i)!. 3. I.angmuir p lo l u f dala from a nickel sample eonlaining ~45 ppm by wcighl; the dala 
are nomali/ed lo 0 = I al p(2 X 2). The slope ¡ndicaled lor llie high teniporature región eor- 
rcspomls lo a lieat o f segregalion o f 10.8 kcal/mole. is llie temperature al which precipi­
tation was observed.

3.2. N i ( H Ü )

I h e  s a m p l e  <ott1 ;iiiiini; "( iDO p p m  b y  w c  i j*li I o l  c a r b ó n  w a s  i n i l i a l ly  o f  ( 1 10)  

o r i e n l a l i o n ,  Ini l  p a r l i a l l y  r ec r ys t a l l i / . ed  t o  e x p u s e  h; i l f  ( 1 0 0 )  a n d  lui l f  ( I  10)  sur -  

Imccs. ;is v er í f i ed  b y  X- rav  b a c k  r e l l c d i o n  n i c a s u r c m c t i l s  a n d  l .KKI ) .  Wc  l iave b r i cf -  

ly s t u d i e d  scií icjí ;i 1 i tm t u  N t ( l l ü )  u n  t l i i s c i v s t a i .  Wc  f o u n d  n o  c a r b ó n  u n  l lie s u r ­

lacc .  wi t i i i i i  «tur s igna l  l u  i mi sc  l i m i t a t i o u s ,  c x c c p t  w l i cn  g r a p h i t e  w a s  p r c c i p i t a t e d  

o n  t l ic s u r l a c c  as  (lie t e m p e r a t u r e  w a s  l o w e r e d  a n d  (lie s o l u b i l i t y  l i mi t  e x c e e d e d .  

l i t i s  c o u l d  b e  i n t e r p r e l c d  as  i m p l y i n g  lha< l l ie l i ea t  o l ' s e g r e g a t i o n  l u  t h i s  s u r f a c e  is 

pos i t i vo ,  i .c. ,  l l ia l  c a i b o n  is m o r e  s t r o n g l y  b o t m d  in I he  h u l k  ( l ian o n  N i ( l  10) .  I l o w -  

ever .  wc  w c i e  n e v e r  a h l e  I n  o b t a i n  a s h a r p  ( I  10)  l . l ' . l i l )  p a t l e i n  l i o m  lil is s i i t f ace ,  
aiul  t h e r e  l o r o  w e  s u s p e c t  t h a t  s o m e  u n k n o w n  s l r u c t u r a l  d e l e c l s  m a y  b e  p r e s e n t .  

T h e  L l i l i O  p a t t e r n  f r o m  ll ie ( 1 0 0 )  l i a l f  o f  t h e  s a m p l e  w a s  o f  e x c e l l e n t  c | i i a l i ty .  T h e  

c a r b ó n  Ni ( I  IU)  s y s t e m  t h e r e f o r c  r e q u i r e s  s u m e  a d i l i t i o na l  s t u d y  t o  t e s t  o u r  pre-  

l i m i n a i y  o b s e r v a t i o n  t h a t  n o  s i gn i f i c a n t  s u r f a c e  s e g r e g a t i o n  o c c u r s .

3.3 . Ni(S)/ 7{100) X  ( l 33)1

O u r  u b s e r v a t i o n s  o f  s e g r e g a l i o n  o f  c a r b ó n  t o  a s t e p p e d  n i c k e l  s u r f a c e  h a v e  al so  

b e e n  d i s c u s s e d  p r e v i o u s l y  | 6 | , a n d  s o m e  s p e c u l a t i v e  a t t c m p t s  al  i n t e r p r e t a t i o n  w e r e



p r e s e n t e d .  l l o r e  w e  w ü l  r ev i e w o n l y  l l ie m u s !  i m p o r t a n t  r e s u l t s  o f  l i l is w o r k .  On 

l i l is s in  l a c e ,  as  c o n t r a s t e i l  w i t h  N¡( 1 0 0 ) ,  a d e p e n d c n c e  o f  A u g e r  p e a k  s l i apc  o n  cov- 

c r ag e  w a s  o b s e r v e d .  We  n o l c i l  t h a t  t h i s  a p p e a r s  l o  r e q u i r e  a c o v e r a g c  d e p e n d e n t  

b i n d i n g  e n e r g y  a n d  t h a t  t h e  b i n d i n g  e n e r g y  d e c r c a s e s  w i t h  i n c r e a s i n g  0.  F u r t h e r  wc 

t o i n u t  t h a t  t h e  s e g r e g a t i o n  t o  t h i s  su r  Tace c o u l d  n o t  h e  wel l  d e s c r i b e d  b y  a s i m p l e  

L a n g m u i r  m o d e l .  l ' i n a l l y  t h e  q u a s i - c ( 2  X 2)  s t r u c t u r e  d i d  n o t  f o r m  o n  tl i is sur lacc ,  

a n d  t h e  c a r b ó n  c o v e r a g c  a p p e a r e d  l o  s a t ú r a t e  at  l l ie c o v e r a g c  o f  a p ( 2  X 2)  struc- 

t u r e .  Wc w e r e ,  in l a c l .  a b l c  l o  l o r m  p ( 2 X 2 )  l . l i l . l j  p a l t c r n s  o n  l l ie s t e p p e d  sur lacc 

in c o n t r a s !  t o  Ni(  1 0 0 )  w h e r e  Ibi s  s t r u c t u r c  w a s  n o t  o b s e r v e d .

4 .  D i s c us s io n

Wc have  d e m o n s t  c a l ed  t ha t  l l ie s e g i e g a l i o n  o f  caí  b o u  t o  Ni(  I 0 0 )  c a n  b e  wel l  de- 

s c n b e d  b y  a l . a n g m u i i  m o d e l ;  i .c. .  o l  n o n - i i i i e i a c l m g  local i / . ed  s e g r e g a t e d  c a r bón  

a t o m s .  S a t m a l i o n  o f  t h e  s u r l a c c  p h a s e  d e s c r i b e d  b y  t h e  L a n g m u i r  m o d e l  o c c u r s u t  

I c a r b ó n  p e r  4  n i ck e l  a t o m s .  Tl i i s  r esul t  is i n t e r e s t i n g  fo r  scvcra l  r c a s o n s .  T h e  Lang- 

m u i r  i l e p e u d e n c e  is o b s e r v e d  l o  h i gh  c o v e i a g e s  (0  ~ 0 . 8 6 ) ,  so  t h a t  t h e  i n l e r a c t i on s  

b e l w e e n  c a i b o u  a t o m s  m u s í  be  v e t y  w e a k .  I ' m l l i e i m o i e ,  a u  o r d e t e d  s t m e t m e  coi- 
r o s p o n d i n g  l o  1 c a i b o n  pe r  4 n i c k e l  a l o m s  w a s  n e vec  o b s e r v e d  o n  N¡( I 0 0 ) ,  wli icl i  is 

aga i n  c o n s j s l c n t  w i l h  w e a k  caí  b o u  - c a r b ón  a 11 rae  t i ve i n l e r a c t i o n s .  S a t u r a l i o n  at  I 

c a r b ó n  p e r  4  n i ck e l  a l o m s  m a y  h e  d u e  l o  s t r o n g  n c a r e s t  n e i g h b o r  a n d  n e x t  n e i g hb o r  
r e p u l s i o n s .  All  I hese  o b s e r v a t i o n s  a i e  c o n s i s t e n t  w i t h  a n i ck e l  c a r b ó n  b o n d i n g  in- 
t c i a c t i o n  w h i c h  is l i igl ily l oca l .  T h e  r e a d e r  is r e m i n d e d  t h a t  n l l h o u g h  t i l e  l ieat  ol ' sc-  

g r c g a t i o n  l o  ( 1 0 0 )  is - 10 .8  k c a l / m o l c  ± .1.8 k c a l / m o l e  l l ie t o t a l  b i n d i n g  e n e r g y  of  
a c a r b ó n  a t o m  at  t hi s  s u r f a c e  is — 1 7 0  k c a l / m o l e ,  a n d  ( b u s  t h e  v a r i a t i o n  o f  tliis 

b i n d i n g  e n e r g y  w i t h  c o v e r a g c  fo r  0 . 3  <  0  <  0 . 6 8  is less ( h a n  ~ 2 % .  T h e  Ni  ( '  s ys t em  

s l i ou l d  t h e r e f o r e  be  a goo i l  c a n d i d a t c  fo r  l l i c o re t i c a l  s l u d i e s  o f  c h e m i s o r p t i o n  in the 

s u r f a c e  m o l e e u l e  l i ini t  | 3 0 | .

T h e  f o r i n a t i o n  o n  N i ( S) ( 7 (  1 0 0 )  X ( Í 3 3 ) )  o f  p ( 2 X 2 )  s l r u c l u r c s  as s h o w n  by

l . l i lvl) su gg e s l s  IhaI  l l ie sin f ace  s l e p s  m a y  p r o v i d e  s i l es  f o r  e as y  n u c l e a l i o n  o f  lilis 
o r d e r e d  p i l ase .  Hvcn in t h i s  ca s e ,  h o w e v e r ,  o r d e r e d  s t r u c t u r e s  d i d  n o t  l o r m  un t i l  a 

c o v e r a g c  0 ~ 0 . 9  w a s  r e a c h e d ,  so  t h a t  t he  i n l l u e n c e  o f  ll ie s t e p p e d  s u r l a c c  is r a l he r  

s m a l l .  T h e  p r e s e n c c  o f  s u r f a c e  s l e p s  d o e s  i n c r e as c  t he  l i eat  o f  s e g r e g a t i o n  at  l ow 
c o v e r a g e s  t o  ■ 1 8 . 9  k c a l / m o l c  ( a n d  p r e v e n í s  t h e  f o r m a t i o n  o f  l l ie q u a s i - c ( 2 X 2 )  

p h a s e  | 6 ¡ )  a g a i n  s u g g e s l i n g  I ha l  local  i n l e r a c t i o n s  a r e  t h e  m o s t  i m p o r t a n t .

CI-'SO liEHO calciilíitions

S i n c e  t h e  n i ck e l  c a r b ó n  i n t e i a c t i o n  is b e l i ev e d  t o  b e  p r i m a r i l y  d u e  t o  l ocal  ínter-  
a c t i o n s ,  w i l h  c a r b ó n  c a r b ó n  i n l e r a c l i c m s  o n  ( 1 0 0 )  b e i n g  ncg l ig i bl e  f o r  I hc  o b s e r v e d  

s t r u c t u r e s  e v e n  at  v e r y  h i gh  c o v e r a g e s ,  a l l i c o re t i c a l  t r e a l m e n t  e o i p h a s i / i n g  l oca l  in- 

t e r a c l i o n s  m a y  b e  s uc c c s s f u l .  We  h a v e  a p p l i e d  t h e  c r u d e s t  s u c h  t h e o r y  w b i c b  lias

4 0 ( i I..C . ís e t t ,  J .M . f í ta k c ly  / S e n rru a tio n  iso x tercs  f o r  C a l  (1 0 0 ) su r fa c e  o f  AV



h r l l ,  J.M. H l/ikily / Sr/;rcf:ation ististrrcs fo r  C  a t (100) siir fa ic  o f  N i 407

ií i ve n rcaso i iab lc  res id ís  in o lh o r  s i l i i ; i l io i is .  the ( T S O  - B l í B O  (C ry s la l  F ie ld  Surface  
Oí hila) B o m l  l ine r j iy  B o nd  O r i le r )  in e lh od  deve loped by  W e iube rg  and M e r r i l l  111.

The B l i B O  concep t  is hased «pon Ihe obse rva t ion  that the b ond ing  energy  gen- 
crally may be descr ibed by  the re la t ion

/■=/:,»/* (5)

lor hom onuc lea r  bonds  between e lements in t l ic  f irst row  o f  the pe r iod ie  tab lc. 
llore n is the so-cai led botu l o rde r .  /-.s t l ic  energy o f  the s ingle  o rde r ho iu l ,  and p  an 
empírica! constan ! t isua l ly  near un i ty .  l o  ap p ly  the B 'L iBO con cep t .  one requires Ihe 
valúe o f  /;’s for all bonds  be ing fo rm ed  and b roken  and a re la t ion  deser ib ing  h o w  
tlic var ious bond  orders vary  [ 3 1 1.

Cons ide r ,  lo r  e xam p lc ,  (he case o f  hyd rogen  ehem iso rp t io n  on n ic ke l ,  i l lu s t ia ted  
in lig. 4. The  hydrogen  m o lecu le  can in le ra c t  w ith  l l ie  dang l ing su r lace  o rb i ta l ,  
furin ing a n icke l  hydrogen  bond . A s  the n i c k e l - h y d r o g e n  bond  o rde r increases, 
flie hydrogen -h yd ro ge n  bond  o rde r must dec iease, so that

" N i-  II + " l l  l l  = 1

Fu r the rm o rc ,  t l ic  bond  o rde r between the surface n ic ke l  a tom  and t l ic  rest o f  the 

solid , n', can rcm a in  cons lun t  o n ly  i f  » n ¡  n  «loes no t  exceed some valué »N¡aX||- 
When this valué is c x cecded .  the bond  o rde r between the surface n ic ke l  a tom  and 
llie r e s t -o f  the so l id ,  //', must decrease. T h is  is the s i tua t ion  referred lo  as spin 
unpairinf; b y  We inberg  and M e r r i l l  111 and requ i ies  the w eaken ing  o f  N i - N i  bonds.

Weinberg and M e r r i l l  [ 11 proposed that the su r lace  o rb ita ls  in  the ehem iso rp t ion  
bond be de te rm ined  by  c rys ta l  f ie ld  s y m m e t ry ,  f o l lo w in g  t l ic  w o rk  o f  B ond  [32] 
(1966). The  c lc c t ro n ic  c o n f ig u r a r o n  o f  n ic ke l  in the b u lk ,  as given by  B rew er [33] ,  
is ( 3 d ) 7(4 s p 2), so t h a t , f o l lo w in g  rcf . [ 11 ], 0 .6  d l ió le s  are ava i lab le  per d -o rb i ta l  fo r  
bond ing  and 0 .67  p-o lectrons are ava i lab le per p -o rb ita l  fo r  bond ing .  These w ou ld  
be the valúes o f  Hn¡,,:<|| o f  l l ie  p rev ious disct iss ion. The  o rb ita ls  are d iv ided  in to  
the ep( d , 2 . d v2 . v 2 ) and d3,2, d .*)  types.

In the diseuss ion tlu it  fo l low s ,  a depa r lu re  is made Ironi (lie p ro cedu re  descr ibed 
by W c inberg .and M e r r i l l  [ 1 1. Wc w i l l  ncg lc c t  the p-e lectron c o n l r ib u t io n  to  b ind ing .

n c;..rfn f p n nNi-w n 
Melol <-------- > +  H? ------- )  Melo l « = = *  Ni ------H

Melol <í Ni

n
Ni —

l ie. •). Schematir representalion ol' tIn.- homlinj; o l divsociated hydrogen atoms to surlace 
nickel aimns. n ‘ is tlic boml order associated w illi llu ’ l)omlin¡' ol Iho surl'acc nickel lo tlic 
rest ol llie metal, aml / ; ¡ ||, «n  u the bond orders ol' Ihe nickel hydrogen and hydrogcn- 
Iiydrofxn bonds respectively.
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Tlii.s s i mp l i l ' i c a l i on  is c o i i s i s l e n t  vviíli l i te w o r k  o f  l ) o y e n  a n d  l í r t l  | 3 4 ] in w h i c h  llie 

A n J o i s u i i  m o d e l  w a s  s i i ccess l t i l l y  c m p l o y c d  t u  c a l c ú l a l o  C O  a d s o r p t i o n  011 nickel .  

Tl icV w o i k e d  o i d y  w i t h  d - o r b i t a l s ,  a m l  d e s e r i b e d  llio d e n s i t y  o l ' s t a t e s  in n i ck e l  by  a 

d e l t a  f u n c t i o n  at  Ihe  1 c r tn i  leve! .  T h u s  w e  leo) l l ta t  d - o r h i t a l  c o n l r i b u t i o n s  ma y  

d o m í n a t e  in t he  ca s es  l o  b e  d i s c u s s e d  l i e i e .  In p a r t i c u l a r ,  so  l o n g  as i he  valué of  

/■.¡ytj (■ s is d e l c i m i n e i l  in a m a n n e i  c o n s i s t e n )  w i t h  t ho  n u m b e r  ol '  ( N i )  e l ec t ro n s  

a va i l ab l c  t 'oi b o n d i n g .  t h e  r e s u l t s  wi l l  d o p e n d  o n l y  v e r y  w e a k l y  011 Ihe  n u m b e r  o f  Ni 

h n n d i n g  e l e c l i o n s  a s s u m c d .

To apply lhe UliHO formalism,  we require a valuó o f  the nickel- carbón single 
oidor  bond (/:'Nj s) and the nickel -nickel  spin unpair ing energy (/:'N¡ . Ni s). The 
lat ler quanl.i ly was determined froin dala o f  ref. [ 3 3 1 (seo appendix) ,  to be 34 
kcal /mole.  Addil ional  input  to our  calculation may be obtained from observations 
o f  bond lengths. I;rom studies o f  Ni(CO)4, tho nickel -carbón bond order ,  cal- 
eulated from IR data ,  was found to be 1.33 j 3 5 1 and the Ni C dis tance,  R,  in this 
compound  is known to be 1.82 A | 3 6 | .  Using llie l’auling iclalion (37) ,

A’ = /\’s ().2(> In n ,  (6)

where A’s is tho single Ni C bond distance,  one finds A’ s = 1,8‘) A.
The most  impor t ant  quant i ly  in our  analysis is the nickel-  carbón single bond 

order bond energy (/-.'N¡ s). We have oblained this quant i ly  from several empírica! 
approaehes and Ihe resuífs ate lisled in table 4. Wo adopt  an average v a l t i e o f ~5 6  
kcal /mole.  Details o f  these calculations are described in the appendix.

The exper imental  heat o f  segregation o f  carbón to Ni( lüO) ( 10.8 kcal/mole) 
may be useU lo obtain the enlhalpy o f  bonding o f  carbón 011 Ni(IOO). Using the 
rolation between Ihe hcat o f  solut ion,  the heat o f  segregation,  aml lite hcat of 
adsorpl ion [ 7 1, i.e..

sol '/sqiH'iiatioM + '/adsorption ^siihlimation ~ ^

and available dala for Ihe heat o f  solut ion o f  carbón in nickel,  10.0 kcal /mole.  and' 
Ihe heat o f  subl imation o f  graphi te,  kcal /mole [ 3 8 1, the binding cnthalpy of
ca ibon 011 Ni(K)O) is found to be 170.7 kcal /mole.  To  obtain a thcorctical  valué 
wilh which lo compare lilis quan ti ly  wo have negleclcd the dil lorence between

408 I..C. Isctt.J.M. Illakclf / Segrega/ion ¡sotueres fo t C  a l (100) surfacc o f  N i

Table 4

Nickel carbón single order bond bindinp energies

/. ĵ j ( s (kcal/ntol) Melliod

55 Mixint; rule without clcetroiicpativity temí
55.7 M ixiitp rulo with screened ionic (eleetronejiativity) temí in bulk
56.4 59.2 M ixitig rule with sereened ionic term at surface
55.3 Iteal o f solution data
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I..C. Isclt, I.M. Illtikcly ¡S tu li'K iiliiiii ¡sosten -\ Jor t al (100 ) su r ja n • o  f N i 40 ')

cti lha lpy aml ene igy . (S ince  we are dea l ing  w ith  c u l l i a lp y  d i l le ren ce s ,  l l ie  d is l in c -  
Uon hetwecu on tha lp y  am l ene igy  w i l l  he p a i i i a l i y  cance l lcd .)  T he  H l í lH )  fo rm a l i s ta  
yields lo r  l l ie  b in d ing  enei gy A . 'o f  a .ca rbón a lo m  (o N i(1 0 0 )

/•; = 4" N i C , ( l ) /:N i- 

+ /,Ni C .(2 )/;Ni

C',s -, 4 , " n í  c i d  

 ̂ s k ca l/m o le .

0 .6)4

(8 )

where * the bon i l  types I am l 2 are shown in fig. 5. We have assumcd that the c a r ­
bón a lo m  sits in l l ie  cen tc red  site on N i( IOO). A l  the surface. wc  assunie n ic ke l  lo  
liave a cova len t rad ius o l  1.15 A .  and carbón  to  have a cova tcn l rad ios o f  0 .77  A  
(37 j . T h is  f ixes the a d so rp l io n  geom e lry  and us ing l l ie  Pau l ing  r c la l io n  |37 |  (cq. 
((>)) fot In i iu l lenuths, une í in d s  n ¡  = 0 .X1) and /i i  = 0 .2 . F ro m  eq. (X) we Ihen ob- 
lain I 71.4 kca l/ tno le  w h ich  is c e i la in ly  in reasouable agreement will» l l ie  e xp e r ­
imental valué.

In l l ie l í l  l íO m o d e l .  c a i h o n  caí  b o u  i n l e i a e l i o n s  a l i se  l i o m  llie d e p l e t i o n  ol  

nickel  sui  l 'ace oí  h i l á i s  in Ihe  n e i g h b o i l i o o d  o l  l l ie c a r b ó n  a l o m .  F o i  ne a r e s l  neigl i -  

Imis o n  Ni ( l l )O ) ,  l l ie l ep i i l s i on  e n e i g y  w o u l d  he  g i ven  b v  {U.S‘>) ( J ) ( /  n j  n¡  u ‘"  

(>0.5 k c a l / m o l e  s í n c e ,  l o r  n e a r e s l  n c i g h b o r s .  1 lie 0 .X 1) b o n d  o r d e r  m u s t  be  s u p p l i e d  

lo t w o  o r b i l a l s  b v  b r c a k i u g  Ni  Ni  h o n d s .  F o r  l l ie case  o f  n e x l  n e a r e s l  n e i g l i b o r s ,  

llie r e p u l s i ó n  w o u l d  b e  . ' 0 . 2  k c a l / m o l e .  T h i s  s i m p l e  c a l c u l a t i o n  t l i e r e f o i e  gives  an  

e x p l a n a l i o n  o f  wl iy  in s e g i e g a t i o n  o f  c a r b ó n  t o  N i ( Ü ) 0 ) .  t h e  c o v e r a g e  s a t u r a  tes  al 

I c a i b o n  p e r  4 n i c k e l  a t o m s .

In a s im i la r  m am ie i  we have ca lcu la ted  b in d ing  energies o f  single carbón  a tom s 
to Ni( I 10) and N i(  I I I ). The site geometr ies eous idered are shown in fig. 6 and the 
b ind ing  energies at Ihese sites listed in table 5. O u r  res id ís are cons is tent w ith  the

N i(100) %] A-A SECTION

I i*1 S. Av 'tum M  .i tm n 1 'imhnj’. t«> .it ttu* iT iiU 'iri l si te  ;is t 1 i * s c i t n  iho U 'U.
Hond l y j v s  I .iml 2. .iu' mdu ' .ih ' il .

* I lu* s i t o i h I  im n  is i lie spín mip;iim ij' conlriluH inn, ;insiur from líu* Incakmn u f N i N i h u m l s  
;is i u u i ' i l  lo  .illnw  ̂• lo lA t i'i'd O.fi.
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I i¡!. 6. I’ossihlc bim lini: iH-ometries tur cartmn al N i( l 10) and N i( l 1 I). On Ni(I 10) llicre are 
two sites A añil H w itli nearly tlie same bim linjí cnergy, as cxplained in tlic text. On N i ( l l l )  
tliorc are lwo ilistinct sites e„ and The next plañe o f nickel atoms would occupy the 
12g sites.

e xpe r im en ta l  obse rva t ion  that single a tom  segregation o f  ca rbón  does n o t  o c cu r  on 
N i ( l  10) and N i ( l  11). It is in te rest ing  to  no te  that l l ie  d i f fe rences  in the calcu lated 
b ind ing  energies o f  ca rbón  to these surfaces is p r im a r i ly  due to  co -o rd i t ia t ion  ef- 
lects: on (100 )  a batel spherc ca rbyn  a lo m  m ay con tac t  4 n icke l  a tom s, vvhile this 
tum ilte r is reduced (o 3 un N¡( 11 I) and 2 ou Ni(  I 10).

T he  inc ieased b in d ing  cncrgy  for small ca rbón  covcragc on  N i ( S ) | ( l 0 0 )  X  (T 3 3 ) | 
m ay  also bu c xp la in ed  by  the H l i lH )  mode l.  A  hard spherc in ode l  o f  l i l i s  surface is 
shown in fig. 7. We cons ide r  segregation o f  ca rbón  lo  sites o f  l l ie  l y p e  A  and ü  at 
the slvps. A l  site A ,  the Iv iokc i i  N i  N i born í prov ides au a d d i l io n a l  0 .15  d -e le c l ion  
b c lo re  sp in  u u p a im ig ,  t l ius it icreas ing t l ic  b ind ing  etiergy b y  ~ 5 . l  k ca l/m o le .  A t  site

laWe 5 '

Hindint; enerpy ol' C on varioiis Ni surfaces

Site niiu ling eiu’ ii'.y (kcal/m olcl

Calculated l.xpcrinient

Ni( 100) 171.4 169.5
0 1 carl'oii/4 nickels
Ni (S) (7(100) X (133)) 1X1 178.8
(rt '■ 1/3 p( 2 X 2)
Ni( 1 1 1) 1 T , 1 23.0 A// may

- f .
iV 1 <•?..') -  159.9

Ni( 110) A MIO.7
it 90.7



m

helt.J.M . Illakely / Scxrcutilion isostcrcs Jbr C a t ( ¡00) surface o) N i 411

1 i>;. 7. A verane atomic arran;:cmc»t al i lie sloppeil surlacc N i(S)|7(l()0) X (133)1- I ° r carbón 
atoms al sites A and B tlic nearest iicifihbor N i atonis have some o f their nearest nciphbors 
inissinji.

15, l l ie  c o n h ib u t io n  is l in e o  l im os  as great i.o., ~  15.3 kca l/m o le .  A ssum ing  that no  
o idor ox is ls ,  so that tlie 2 lypes  o l  s ilo luivo equa l o c cupa t io n ,  Iho average increase 
wou ld  be ~ I 0  kca l/n io lo ,  g iv ing l l ie  low  coveragc b ind ing  energy on l l ie  stopped 
surface as ~ I X I  k ca l/m o le .  T l io  agreenient w i t l i  tho e xpe r im en ta l  result ( show n in 
labio 5), is again reasonahle.

5. Con c lu s io n s

The  agreoment between Iho isos tcr ic  lieat o f  segregal ion o f  ca rbón  to N i ( 1 0 0 )  
lor 0 .56  <  0 <  0 .78  (0 = I al 1 carbón  per 4 n icke l  a lom s )  w i lh  tho lieat o f  segrega­
tion ob ta ined  us ing tho L angm u ir  m ode l fot data in the rango 0 .3  < 0  < 0 . 8 6  p r o ­
vides strong suppo r t  for tho L ang m u ir  m odc l .  It is p a r t ic u la r ly  in te rest ing  that nor- 
niali /.a lion lo  0 = I at I ca rbón  por 4  n icke l  a tom s is requ íred , as no  o rdered s iruc-  
tures c o r re spond ing  to this covoragc are observed on N i( IOO). T h is  add i t io na l  obscr- 
vat ion suppo r ts  ou r p ic tu ro  o f  woak carbón  carbón  a l t r a c t iv c  in tc ra c t io n s  and 
strong nearest ne ighbo r repuls ive in tc ra c t io n s  0 11 NiT 100). Wc l iavc app l icd  the 
Uond l íno rgy  Ho iu l O id o r  fo rm a l ism  lo  tho bond ing  o f  ca rbón  on l i i c k c l  surfaces. 
The  succoss o f  th is  s im p le  approac l i  fu t th e r  suggests that the n ic ke l  ca rbón  bond  
involvos m a in ly  loca l in tc ra c t ion s ,  w ith  the b ind ing  energy de te rm ined  la rgo ly by 
c o -o rd ina l ion  e ffec ls .

The  dilTcre i iees observed between tho n icke l  surfaces oxam inod  is p a r l i c u la r ly  in- 
toresting. O 11 N i ( l  I 1), where Ihcrc  is an c x ce l le n t  t i l  be twcon the basal plano o f  
graphite and N i ( l  1 1), the carbón  ca rbón  in tc ra c t ion s  appcar to  d o m ín a le ,  and a 
s lablo sogrogalod m u i io la y e r  phase o f  ca rbón  011 N i(  I I I ) has been observed |4|. 
Ten ta t ivo  le s n l t s o n  Ni( I 1(1) show  no d c lo c lah le  su i la co  scgn/gal ion o f  carbón.
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lt  is i t is t ru c l iv c  l o  inqu ire  as tu  t l ic  poss ib le  rc leva i icc  o f  íhese stud ies l o  tlic 
p rob lem s o l ca ta ly s is  on t ra i is i t ion  meta l su r laces. T he  í i r s l  co tn m en l  is lli;it the 
pa r t icu la r  states and s t ructu res w h ich  wc have observed are p robab ly  not d irect ly  
invo lved  ¡n anv  surface react ion  since the b in d ing  energies ( ~ l  70  k ca l)  are so largo. 
H oweve r,  l l ie  im p ó r t a m e  o f  ca rbonaceous depos its  has been discussetf b y  Somorja i 
and co -w orke rs  12).  The  we ll de f ined  s tructures wh ich  we lia ve stud ied  o f lor cx- 
ce l lent  sys toms for Ihe i j iw in l i la t ivo  stvidy o f  the effect o l  ca rbón  la yé is  on reaction 
ratos; these are c u r r e n l l y  be ing pursued using m o lecu la r  beam technit jues.

A c k m m le d g m e n t s

T h is  w o rk  was suppo r tcd  by  the N a t io na l  Sc ience  K o ü n d a l io n  and by  A R P A  
t ln o i ig h  the Mate r ia ls  Sc ience  ( ’enter o l  C o rn e l l  U n ive rs i ty .  The  nuthors  are g iatefu l 
to  U . l ; . A d d is  for c rysta l p iepa ra t ion  and to W .N . U ne r t l  fot u s c lu l  d iscussions.

A p p e t id ix

T h e  m ethods  used to de te rm ine  s are descr ibed here. i ' l i c  reader is re-
m inded  that 13liLÍO is an emp ír ica ! t l\eory  and t l ia l  wc have a t tem p ted  to  determ ine  
the necessary parámeters in as sc lf -cons istent a m anner as poss ib le. I

Pau l ing  [39] p roposed  a series o f  emp ír ica ! i t i ix in g  ru les fo r  the de ie rn i in á t io n  o f  
bond  energies. One  o f  the fo rm s w h ich  he proposed is

¿A  l!,s = W a  -A. s^ ' h-  li.s ) l/2 + * ,3)2,  (6.1)

where l:A A s and A'u„-l«,s are t l ic  e xpe r im en ta l  single b ond  energies ava i lab le  from  
hcats o f  su b l im a t iqn  or energies o f  d issoc ia t ion . X A and are t lie s tandard elcc- 
tro-negat iv i i ies; t l ic  second term represents the io n ic  c o h l r i b u t io n  to  the b ind ing  
energy. In a m e ta l l ic  so l id ,  o r at its surface, the io n ic  t c r in  w i l l  be sma ll due  to 
sc recu ing  by  Ihe f ree-c lectron gas. W e inberg  ( 4 0 j  d ropped  the second te rm  com- 
p le te ly  in lus w o rk .  A n  a ite rnat ive  in tu i t ivo  approach  is to  w r i le

!■A - B.s 86 ( ¿ A  a / - | (  - i».,)112 + 3 0 ( ^ „ ) 2  c x p ( - r A u / \ ) ,  (6 .2 )

where r A)t is the A  1J bond  d is tancc and X the screen ing length. P o r  n icke l ,  we have 
de tc im in e d  X f rom  l l ie  T i lo m a s  F e n m  fo rm u la  using a lo ca l  i le n s i ly  o f  free cloc- 
t rons , n, o f  0 .5 4 /a to m  | 4 I  | in the bu lk .  A t  the su rfacc,  th is  dens ity  changos, and 
we llave used l l i e c o n i p u t a t i o n s o f L a n g  [ 4 2 1 1o o b la in  the loca! f rec -c !cc t ron  den s i ty  
at the surface. We kave csVimated X ( «  n 1̂ )  a l  t l ic  site o f  the ca rbón  a tom  at a d is ­
tan te  o f  0 .7 6  A  f ro m  the t e n l c i s  o f  t l ic  last plano o f  N i.  T h is  p o s i l io n  was ob ta ined  
b y  lo ca t ing  l l ie  ca rbón  atom  in the fou r- fo ld  centercd site (fig. 5)  and de te rm in ing  
its p o s i l i o n  f rom  the Pau l ing  cova lcn t  rad i i  for c a r lum  and n icke l .  T h e  resu lt ing 
valúes o f  s f ro m  cq.-{6.2) are given in table 4. N o te  t l ia l  t l ic  screen ing is very
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cffec i ive, cvcn  at Uto sin Tace ¡iticl l i e n  l l ie  e lec t ronega t iv i ty  i c n n  m ay  rca sonab ly  he 
iicglected a l logcthe r .

The s o l t ib i l i i y  o l '  ca rbón  in n ic ke l  lias been s tud ied  b y  a num be r  o f  w o rke rs ,  as 
noted ear lier . Us ing  an e xpe r im en ta l  heat o f  so lu t io n  o f  10.0 k ca l /m o le  fsee fin. I ) 
.mil Uto Iu m i  o f  s t ib l tm a tum  o f  g iaph iU ' ,  170  k ca l /m o lc  13 K ,4.í J , Ihe e xp o i im e n ta l  
li i iu l ing energy in  so lu t io n  /:M)( is l ó ü  k ca l/m o le .  In Ihe b o n d  energy b o n d  o rde r 
formalism we muy w r i t c

^sol = (,,,N i C .s^ N i C,s W< <(>■

where h' is the strain energy invo lved . T o  ca lcú la te  /:'N ¡_ c  s f rom  the measured 
b ind ing energy  in so lu t io n  /;'so| we assume s = 0 .6  t l ic  m á x im u m  ava i lab lc
at th co c tahed ra l  in te rs t i l ia l  site w i th o u t  sp in  unpa ir in g  and that W can be ca lcu la ted  
from the is o t rop ic  e la s t ic i ty  fo rm u la ;  W = \ i i(AV /V)áV ,  where  n is the shear 
n iodu lus  o f  n ic ke l ,  V t l ic  vo lum e  o f  the und is to rted  in te rs t i t ia l  ho le ,  and k V  the 
exccss vo lum e  o f  the a tom  ocfcupying the hole. T he  rad ius o f  the und is to r ted  ho le  is 
0.52 A  and i f  we assume t l ic  rad ius o f  ca rbón  to  be 0 .77  A  we ob ta in  39  k ca l/  
mole. We then ob ta in  /:'N ¡ 55 .3  k ca l /m o le  in  reasonable  agreement w i th  the 
valué f ro m  the s im p le  m ix in g  ru le.

The  valué o f  /:’n í .„n ¡ s was ob ta ined  using the w o rk  o f  B rew er (33)  w h o  pro- 
poses that N i  bonds  in t l ic  schcme ( (3 d )7(4 s p 2)), i.e., 3 e lec t rón  pa irs are invo lved  
in t lic b ind in g  o f  eac l i  N i  a tom . U s ing  the e xpe r im en ta l  valué o f  lite su b l im a t ion  
energy o f  n ic ke l ,  102 k ca l/m o le  143], tire valué o f  t l ic  bond in g  energy  per e lec t rón  
pair is there fore  34  k ca l/m o le .
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S e c t i o n  3 

TASK 1 . 0  METALLUKGICAL STUDIES

GENERAL OBJECTIVE

Many o f  t h e  f a i l u r e s  w h i c h  h a v e  b e e n  o b s e r v e d  i n  s t r e s s  c o r r o s i o n  c r a c k i n g ,  

c o r r o s i o n  f a t i g u e ,  a n d  i n t e r g r a n u l a r  c o r r o s i o n  a r e  d i r e c t l y  r o l a t e d  t o  : ; p e c i a l  

but- n o t  a: ;  y e t .  f u l l y  i i ndu rs t - . ood c o m p o r . i t  ¡ o n a l  f e a t u r e s  o f  g r a i n  b o u n d . t r  i o í ;.

The  g e n e r a l  o b j o c t i v c  o l  t h i s ;  t a s k  i s  t o  d e v e l o ) )  a c o m p r e h e n s j  ve  u i i d e r s t  a n d i  n<j 

o f  s o l u t e  s e g r e g a t i o n  a t  g r a i n  b o u n d a r i e s  i n  F e - N i - C r  a l l o y s .  T h i s  i . i . d > : i  s t  « n d  i n g  

c o u p l e d  w i t h  a  r a t i o n a l i z a t i o n  o f  t h e  e l e c t r o c h e m i c a l  a c t i v i t y  o f  g r a i n  b o u n d a r y  

r e g i o n s  c a n  u l t i m a t e l y  r e d u c e  i n t e r g r a n u l a r  a t t a c k  i n  s t r e s s  c o r r o s i o n  a n d  

c o r r o s i o n  f a t i g u e  t h r o u g h  c o n t r o l  o f  c o m p o s i t i o n a l  o r  P r o c e s s i n g  v a r i a b l e s .

CURRENT GOALS

The  f o u r  m a j o r  g o a l s  u n d e r  T a s k  1 o f  t h i s  r e p o r t i n g  p e r i o d  w e r e  a s  f o l l o w s :

o  To c o m p l e t e  t h e  w o r k  o n  t h e  s u r f a c e  s e g r e g a t i o n  o f  s u l f u r  i n  n i c k e l  
s i n g l e  c r y s t a l s .  T h i s  wo rk  o n  s u r f a c e  s e g r e g a t i o n  p r o v i d e s  i n s i g h t  
t o  t h e  m o r e  d i f f i c u l t  e x p e r i m e n t a l  t a s k  o f  e v a l u a t i n g  s e g r e g a t i o n  
t o  g r a i n  b o u n d a r i e s .

o  To c o n d u c t  a  l i m i t e d  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  s u l f u r  s e g r e g a t i o n  
o n  t h e  e l e c t r o c h e m i c a l  k i n e t i c s  o f  n i c k e l  s u r f a c e s .

o  To l i o g i n  <m i n v e s t i g a t i o n  o f  g r a i n  b o u n d a r y  s o l u t e  s e g r e g a t i o n  i n
p o l y c r y u t a l l i n o  n i c k e l  a l o n g  w i t h  I n c o n e l  6 0 0  a n d  304 s t a i n l e s s  s t e e l  

v i a  A u g e r  s p o c t r o s c o p y  o f  i ^  s i t u  i n t e r g r a n u l a r  f r a c t u r e s .

o  To ¡ i t a r t  s t u d y i n g  l l i c  u a e  o l  a l l o y  i ng o l e w o n t »  t o  p r o v o n t  t h e  
s e g r e g a t i o n  o f  nn .no r  i m p u r i t i e s  s u c h  a s  s u l f u r ,  d i l u t e  b i n a r y  
n i c k e l  a l l o y s  w i l l  be  s t u d i e d .

S u b s e q u e n t  s e c t i o n s  d e s c r i b e  t h e  w o rk  p e r f o r m e d  t o w a r d  t h e  a t t a i n m e n t  o f  t h e s e  

g o a l s .

PREVIOUS WORK

I ' r e v i o u s  w o r k  u s i n g  A u g e r  a n a l y s i s  h a s  shown  t h a t  v a c u u m  h e a t i n g  o f  s i n g l e  

c r y s t a l s  a n d  p o l y c r y s t a l s  o í  n i c k e l  c a n  c a u s e  m i n o r  c o n s t i t u e n t s  t o  d i f f u s e  

t o  t h e  s u r f a c e  p r o d u c i n q  l a y e r s  r i c h  i n  i m p u r i t i e s .  E a r l i e r  e x p e r i m e n t a l  

r e s u l t s  s u g g e s t  t h a t  t h e  i m p u r i t y  s e g r e g a t i o n  t o  t h e  s u r f a c e  a r i s e s  o n l y  f r o m  

t h e  a l l o y  a n d  n o t  f r o m  t h e  e x p e r i m e n t a l  c h a m b e r s .  D e p t h - c o m p o s i t i o n  p r o f i l e s
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a f l u í  i n e r t  i o n  s p u t t e r  i  ikj (Ar  ) a s  a  f u n c t i o n  o i  l i m e .  The  s e g r e g a t e d  

l a y e r  h a s  b e e n  e s t i m a t e d  t o  be  l o c a l i z e d  t o  a  m o n o l a y e r .

Vacuum h e a t i n g  o f  304 s t a i n l e s s  s t e e l s  a n d  I n c o n e l  a l l o y  6 0 0  a l s o  h a s  b e e n  f o u n d

t o  p r o d u c e  s u r f a c e  l a y c - r s  r l c h  i n  s u l f u r  a n d  p h o s p h o r u s . Kach  o f  t h e s e  i m p u r i t y  

e l e m e n t s  may a f f e c t  t h e  r a t o  a n d  e x t e n t  o f  s o g r e q , i l i o n  o f  t h e  o l l i e r .

CURRENT PROGRESS

C u r r e n t  p r o g r e s s  u n d e r  TasK 1 . 0  i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  The 

s e c t i o n s  a r e  o r g a n i z e d  a c c o r d i n g  t o  t h e  p r e v i o u s  d e s c r i p t i o n  o f  g o a l s  f o r  t h i s  

r e p o r t i n g  p e r i o d .  T h a t  i s :

o  S u r f a c e  s e g r e g a t i o n  o f  s u l f u r  i n  n i c k e l *

o E l e c t r o c h e m i c a l  b e h a v i o r  o f  s u l f u r  s e g r e g a t e d  n i c k e l ,

o  G r a i n  b o u n d a r y  s é g r e g a t i o n .

o  A l l o y i n g  e f f e e t s  o n  s o l u t e  s e g r e g a t i o n .

S u r f a c e  S e g r e g a t i o n  o f  S u l f u r  o n  N i c k e l

The  f o l l o w i n g  p a r a g r a p h s  p r e s e n t  e x p e r i m e n t a l  a n d  a n a l y t i c a l  r e s u l t s  o í  t h e  s u i - 

f a c e  s e g r e g a t i o n  o n  s u l f u r  o n  n i c k e l  s i n g l e  c r y s l a l  s u r f a c e s .  T h i s  

w ork  p r o v i d e s  a  f u n d a m e n t a l  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  s u l f u r  s e g r e g a t i o n  

o n  n i c k e l  a n d  a l l o w s  i n s i g h t s  t o  t h e  p h e n o m e n a  o f  s o l u t e  s e g r e g a t i o n  i n  com-  

m e r c i a l  a l l o y s .  The  s t u d y  o f  s e g r e g a t i o n  t o  t h e  e a s i l y  a c c e s s i b l e  m e t a l  s u r f a c e  

w i l l  s e r v e  a s  a  g u i d e  i n  s t u d y i n g  t h e  m o r e  d i f f i c u l t  p r o b l e m  o f  g r a i n  b o u n d a r y  

s e g r e g a t i o n .  Much o f  t h e  work  o n  s u l f u r  s e g r e g a t i o n  o n  n i c k e l  s i n g l e  c r y s t a l s  

h a s  b e e n  a l r e a d y  r e p o r t e d .  T h i s  r e p o r t  p r o v i d e s  a n  a n a l y s i s  o f  e a r l i e r  

r e s u l t s .

E x p e r i m e n t a l  D e t a i l s . The  d e t a i l s  o f  s p e c i m e n  p r e p a r a t i o n  a n d  t h e  A u g e r  e l e c ­

t r ó n  s p e c t r o s c o p y  t e c h n i q u e  h a v e  b e e n  r e p o r t e d  e a r l i e r .  The  o n l y  p e r t i n e n t  

m o d i f i c a t i o n s  t o  e a r l i e r  t e c h n i q u e s  a n d  f a c i l i t i e s  i s  t h e  a d d i t i o n  o f  a  s c a n n i n g  

a t t a c h m e n t  t o  t h e  A u g e r  u n i t  a l o n g  w i t h  a d e v i c e  t o  p e r m i t  f r a c t u r i n g  o f  

s p c c i m e n s  i n  s i l u .



I T T

K t ' f e c t s  o f  T c m p e r a t u r e . A p l o t  o f  t h e  n o r m a l i z e d  A u g e r  p e a k  h e i y h t a  o f  

s e g r e g a t e d  s u l f u r  o n  a  c l e a n e d  n i c k e l  ( 0 0 1 ) s u r f a c e  v e r s u s  t e m p e r a t u r e  i s  

shown i n  F i g u r e  3 . 1 .

T he  A u g e r  a n a l y s e s  w e r e  c a r r i e d  o u t  a f t e r  t h e  s p e c i m e n s  h a d  c o m p l e t e l y  c o o l e d  

t o  r oo m t e m p e r a t u r e .  T h e y  h a d  b e e n  h e a t e d  p r e v i o u s l y  f o r  30  m i n u t e s  a t  

n e l e c t e d  t e m p e r a t u r e ^ . The  A u g e r  n o r m a l i z a d  p e a k  h e i g h t s  r e f l e c t  t h e  r e l a t i v o  

q u a n t i t i e s  o f  t h e  s e g r e g a t e d - s u l f u r  o n  t h e  s u r f a c e .  A s u l f u r - i n d u c e d  

s t r u c t u r e  o n  t h e  n i c k e l  ( 0 01 )  s u r f a c e  s e e m e d  t o  i n i t i a t e  b e l o w  4 5 0 ° C .  The 

s i g n a l  o f  t h e  s u l f u r  p e a k ,  h o w e v e r ,  wa s  t o o  s m a l J  t o  b e  d e t e c t e d .  The  

a m o u n t  o f  s e g r e g a t e d - s u l f u r  a c c u m u l a t e d  s l o w l y  f o r  t e m p e r a t u r e s  b e l o w  6 0 0 ° C .  

I l o wt ' v e r ,  t h e  s e g r e g a t e d  s u l f u r  b u i l t  u p  q u i c k l y  i n t h e  t e m p e r a t u r e  r a n g e  o f  

6 00 °C  a n d  7 0 0 ° C .  As t e m p e r a t u r e  r o s e  t o  0 5 0 ° C ,  t h e  A u g e r  n o r m a l i z e d  p e a k  

h e i g h t  o f  S ( 1 5 0 ) / N i (61 )  a p p r o a c h e d  a  v a l u é  o f  0 . 6 6  i  0 . 0 5 .  Two o t h e r  i s o c h r o n * -  

o u s  s e g r e g a t i o n  c u r v e s ,  2 h r  a n d  1 0  h r  o f  h e a t i n g ,  a r e  a l s o  p l o t t e d  i n  

F i g u r e  3 . 1 .  F o r  t e m p e r a t u r e s  b e l o w  5 5 0 ° C ,  i t - w a s  d i f f i c u l t  t o  r e a c h  t h e  

s a t u r a t e d  v a l u é  e v e n  f o r  t i m e s  l o n g e r  t h a n  10  h o u r s .  T h i s  w a s  d u e  t o  c a r b ó n  

s e g r e g a t i o n  b e l o w  5 5 0 CC.  The s i t e - c o m p e t i t i o n  b e t w e e n  s u l f u r  a n d  c a r b ó n  made 

i n t e r p r e t a t i o n  o f  t h e  s e g r e g a t i o n  m or e  c o m p l e x .  H o w e v e r ,  r e h e a t i n g  o r  s t e p -  

c o o l i n g  s p e c i m e n s  w i t h  a  s a t u r a t e d  s u l f u r  s u r f a c e  b u i l t  u p  a t  h i g h e r  t e m p e r a t u r e s  

d i d  n o t  c h a n g e  t h e  s u r f a c e  c o m p o s i t i o n .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d e g r e e  o f  s e g r e g a t i o n  d e c r e a s e d  a f t e r  t h e  

s p e c i m e n  h a d  b e e n  h e a t e d  a n d  s p u t t e r e d .  F i g u r e  3 . 2  sh o w s  a  v a r i a t i o n  o f  t h e  

a m o u n t  o f  s e g r e g a t i o n  a s  a  f u n c t i o n  o f  h e a t i n g  a n d  s p u t t e r i n g  f o r  a  n i c k e l  

s i n g l e  c r y s t a l  w i t h  a  ( 0 01 )  f a c e  a t  8 5 0 ° C .  The  r e s u l t s  shown  i n  t h i s  f i g u r e  

w e r e  o b t a i n e d  by  a  s e r i e s  o f  1 0  m i n u t e  p e r i o d s  o f  h e a t i n g  a n d  s u b s e q u e n t  i o n  

s p u t t e r i n g .  A c l e a n  s p e c i m e n  wa s  f i r s t  h e a t e d  t o  85 0°C  f o r  10  m i n u t e s  a n d  

t h e n  f o l l o w e d  by  a  10  m i n u t e  s p u t t e r i n g  t o  r e m o v e  t h e  s e g r e g a t e d  s u l f u r .  The 

i d e n t i c a l  p r o c e d u r e  wa s  s e r i a l l y  r e p e a t e d .  The S ( 1 5 0 ) / N i  (61)  v a l u é  w as  n e a r l y  

0 . 6 6  ! 0 . 0 5  a t  t h e  f i r s t  h e a t i n g ,  a n d  d e c r e a r . e d  t o  a b o u t  0 . 1 8  by  t h e  f i f t h  

h e a t i n g .  Th e  d e c r e a t ; o  o f  s e g r e g a t i o n  a m o u n t  c o u l d  b e  e x p l a i n e d  by  t h e  d e p l e t i o n  

o f  s u l f u r  n e a r  t h e  s u r f a c e .  S u b s e q u e n L l y , whon t h e  s p e c i m e n  wa s  h e a t e d  

f o r  30 m i n u t e s ,  t h e  S ( 1 5 0 ) / n i (61 )  v a l u é  i n c r e a u o d  t o  0 . 3 .  The s e g r e g a t e d -  

: ; u l l m  w h i c h  .K'cumu I a  l r d  o n  t h e  s u r l a c u  l a l n  i n  ( In* e x p e r  imon t  d i f f u i i o d  f r o m  

t h e  d e e p e r  b u l k  m a t e r i a l .



N
or

m
at

iz
ed

 
Au

ge
r 

Pe
ak

 
H

ei
gh

t 
S(

15
0)

/N
í(

61
)

( f 6

Temperature <°C)

F i g u r o  3 . 1  Th e  i s o - c h r o n o u s  s u r f a c e  s e g r e g a t i o n  c u r v e s  f o r  s u l f u r  t o  
t h e  ( 0 0 1 ) f a c c  tvf a  n i c k e l  s i n g l e  c r y s t a l .
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Dyna mic  S e g r e g a t e d  H e a s u r c m e n t s . A b e t t e r  a p p r o a c h  i n  s t u d y i n g  t h e  s e g r e g a t i o n  

p r o c e s s  i s  t h e  p l o t t i n g  o f  i s o t h e r m a l  s e g r e g a t i o n  c u r v e s .  T h i s  a p p r o a c h  wa s  

u u e d  a f t e r  s i m u l t a n e o u í j  i o n  b o m b a r d m e n t  a n d  p r e - h e a t i n g ,  h e n e e  t h e  t e r m  d y n a m i c .  

Ai t»’i t h e  s e l e c t e d  t e m p e r a t u r a  s t a b i  l i z e d ,  i o n  b o m b a r d m e n t  wa:; s t o p p e d ,  a n d  

t h e  A u g e r  a n a l y s i s  w u k  c a i r i e d  o u t  a s  a  f u n c t i o n  o i  t i m e .  I o n  b o m b a r d m e n t  

d u r i n g  p r e - h e a t i n g  s p u t t o r e d  away  s e g r e g a t e d  s u l f u r  w h i c h  f o r m e d  d u r i n g  t h e  

c o u r s e  o f  p r e - h e a t i n g .  T h u s ,  t h e  A u g e r  a n a l y s i s  wa s  s t a r t e d  f r o m  a  

s u l f u r - f r e e  s u r f a c e  a t  t h e  s e l e c t e d  t e m p e r a t u r e .

T h i s  i ¡5 d e m o n s t r a t e d  f o r  ( 00 1 )  n i c k e l  i n  F i g u r e  3 . 3 .  I i a ch  c u r v e  o f  t h i s  f i g u r e  

r e p r e s e n t s  t h e  d a t a  f o r  a  s e l e c t e d  t e m p e r a t u r e  a n d  sh o w s  t h e  a m o u n t  o f  s e g r e ­

g a t i o n  a s  a  f u n c t i o n  o f  t i m e .  As  c a n  b e  s e e n  f r o m  t h i s  f i g u r e ,  s u l f u r  d i f f u s e d  

o n t o  t h e  s u r f a c e  a t  a  c o n s t a n t  r a t e  d u r i n g  t h e  e a r l y  s t a g e s  a t  a l l  t e m p e r a t u r e s .  

The  A u g e r  s u l f u r  p e a k  w as  t o o  s m a l l  t o  b e  d e t e r m i n e d  f o r  5 X 10^  s e c o n d s  a t  

t e m p e r a t u r e s  o f  l e s s  t h a n  6 5 0 ° C .  H o w e v e r ,  s e g r e g a t e d  s u l f u r  s l o w l y  s a t u r a t e d  

when t h e  s p e c i m e n s  w e r e  h e a t e d  f o r  l o n g  p e r i o d s  o f  t i m e .  F i g u r e  3 . 4  i l l u s t r a t e s  

t h i s  b e h a v i o r .  N o r m a l i z e d  A u g e r  p e a k  h e i g h t s ,  S ( 1 5 0 ) / N i ( 6 1 ) ,  a r e  p l o t t e d  a s  a  

f u n c t i o n  o f  l o g a r i t h m  o f  t i m e .  I t  i s  e v i d e n t  t h a t  t h e  S ( 1 5 0 ) / N i  ( 61)  s a t u r a t i o n  

v a l ú e s  w e r e  i n d e p e n d e n t  o f  t e m p e r a t u r e .  F o r  l o w e r  t e m p e r a t u r e s  s a t u r a t i o n  o f  

s e g r e g a t e d  s u l f u r  m i g h t  w e l l  o c c u r  f o r  l o n g e r  t i m e s .  I t  s h o u l d  b e  n o t e d  t h a t  

t h e  A u g e r  a n a l y s e s  d u r i n g  h e a t i n g  w e r e  c a l i b r a t e d  t o  o f f s e t  t e m p e r a t u r e  a n d  

m a g n e t i c  f i e l d  e f f e c t s .

T h i c k n e s s  o f  t h e  S u r f a c e  S e g r e g a t i o n  Z o n e . B o m b a rd m e n t  by  a r g ó n  i o n s  f o r  l e s s  

t h a n  two  o r  t h r e e  m i n u t e s  a l m o s t  c o m p l e t e l y  r e m o v e d  t h e  s e g r e g a t e d - s u l f u r  w h i c h  

h a d  b u i l t  u p  d u r i n g  h e a t i n g .  F i g u r e  3 . 5  sh o w s  a  d e p t h - c o m p o s i t i o n  p r o f i l e  o f  

a  t y p i c a l  r e g i ó n  o f  t h e  s u l f u r - s e g r e g a t e d  s u r f a c e .  T h e s e  a r e  p l o t s  o f  t h e  

n o r m a l i z e d  A u g e r  p e a k  h e i g h t s  o f  t h e  s e l e c t e d  p e a k  S ( 1 5 0 ) / N i  (61)  a s  a  f u n c t i o n
O

o f  s p u t t e r i n g  t i m e .  S i n c e  t h e  s p u t t e r i n g  r a t e  w as  a p p r o x i m a t e l y  1 t o  2 A / m i n ,
O

i t  s e e m s  t h a t  t h e  s e g r e g a t e d - s u l f u r  i s  l o c a l i z e d  w i t h i n  5 A o f  t h e  s u r f a c e .

E f f e c t  o f  S u l f u r  C o n t e n t . A s e t  o f  n i c k e l  s i n g l e  c r y s t a l s  ( 00 1 )  f a c e s  h a v i n g  

d i f f e r e n t  r su lCur  l e v é i s  i n  t h e  r a n g o  o f  5 ppm w as  e x a m i n e d .  The  s a t u r a c i ó n  

o f  s u l l ' u r  r;c«jr c y a t i o n  a u  a l’u n c t i o n  o f  s u l f u r  c o n t e n t .  i s  shown  i n F i g u r o  3 . 6 .  

S a t u r a t e d  s e g r e g a t e d - s u l f u r  wa s  b u i l t  u p  a t  8 5 0 ° C .  The  A u g e r  a n a l y s e s  w e r e  

c a r r i e d  o u t  a t  r oom t e m p e r a t u r e .  The  r e s u l t s  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e  

i n  t h e  a m o u n t  o f  s e g r e g a t e d - s u l f u r  a f t e r  h e a t - t r e a t m e n t .  The d e v i a t i o n  o f
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a Ni (001) 850 °C ¡ 

b Ni (011) 8 5 0 °C  

c Ni (001) 650 °C  i 

d Ni (001.) 550 0 C !

Base Pressure for _4 
Ion Bombardment 2x10 mmHg

Sputtering Time (min.)

30 min. 

30 min. 

30 min* 

30 min.

F i g u r e  3 . 5  D e p t h - c o m p o s i t i o n  p r o f i l e s  o f  v a r i o u s  s y s t c m s .
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a Ni (001) 850 °C 

b Ni (011) 850 °C  

c Ni (001) 6 5 0 °C  

d Ni (001) 550 ° C

Base Pressure for _4 
Ion Boiul)ardtnent 2x10 tnmHg

Sputtering Time (min.)

t ' i q u r e  3 . 5  D c p t h - c o m p o s i t i o n  p r o f i l e s  c f  v a r i c u s

; 30 min. 

; 30 min. 

; 30 min. 

; 30 min.

s y s t c m s .
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A u g e r  m e a s u r e m e n t s  w as  ± 0 . 0 5  o f  NAPH f o r  S ( 1 5 0 ) / N i  (61)  w h i c h  w as  d u e  t o  t h e  

i n s t r u m e n t  c o n d i t i o n s ,  o p e r a t i o n  e r r o r s ,  s p e c i m e n  r o u g h n e s s ,  a n d  o t h e r  s o u r c e s  

o f  u n c e r t a i n t y .  H o w e v e r ,  t h e  s a t u r a t i o n  o f  s e g r e g a t e d  s u l f u r  w a s  0 . 6 6  ± 0 . 0 5 .

. ' ¡ t r u c t u r e  o f  S e g r e g a t e d  . S u l f u r . I n  t h i s  e x p e r i m e n t ,  t h e  f i n e  s t r u c t u r e s  o f  

A u g e r  p e a k s  w e r e  e x a m i n e d  w i t h  a n  e x p a n d e d  e n e r g y  s c a l e .  A u g e r  s p e c t r a  t a k e n  

a f t e r  h e a t i n g  n i c k e l  w i t h  a n  (001 )  f a c e  t o  8 50° C  a r e  shown  i n  F i g u r e  3 . 7 .  T h i s  

f i g u r e  c o n t a i n s  two A u g e r  s p e c t r a .  One i s  t h e  r e g u l a r  A u g e r  s p e c t r u m  a n d  o t h e r  

o n e  r .hows t h e  l o w c r  e n e r g y  A u g e r  p e a k s  o f  n i c k e l  a n d  ; ; ul  f u r  w i t h  a n  e x p a n d e d  

e n e r g y  . s c a l e .  The  c e n t e r  o f  t h e  s p e c t r u m  was  s e t  a t  100  eV o n  a  f u l l  s c a l e  

o f  200  eV.  Upon s e g r e g a t i o n ,  two  A u g e r  p e a k s  o f  s u l f u r  w e r e  o b s e r v e d .  T h e s e  

d i s s o c i a t e d  p e a k s  a r e  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  c h e m i s o r b e d  s u l f u r .

I n  o r d e r  t o  v e r i f y  t h e  c h e m i c a l  s h i f t  o f  s u l f u r  o n  a  s e g r e g a t e d  s u r f a c e ,  t h e  

A u g e r  s p e c t r a  o f  p u r é  s u l f u r  a n d  s t a n d a r d  n i c k e l  s u l f i d e s  ( N i^ S ^  a n d  N iS )  

w e r e  e x a m i n e d .  The  r e p r e s e n t a t i v e  AES-  e x p a n d e d  s t r u c t u r e s  f o r  S ,  an(^

NiS a r e  shown i n  F i g u r e  3 . 8 .  As  c a n  b e  s c e n  f r o m  t h i s  f i g u r e ,  t h e  A E S - e x p a n d e d  

s t r u c t u r e  o f  n i c k e l  s u l f i d e  a l s o  h a s  tw o  d i s s o c i a t e d  p e a k s .

Di : - ;cu: ;n ion

P r i v i n g  F o r c é  o f  S u l f u r  S e g r e g a t i o n . T h e r m o d y n a m i c  c o n s i d e r a t i o n s  ( 3 - 1 ,  3 - 2 ,  

3 - 3 )  p r e d i c t  t h a t  e q u i l i b r i u m  s e g r e g a t i o n  o f  i m p u r i t i c s  t o  t h e  s u r f a c e  ( o r  

o t h e r  l a t t i c e  i m p e r f e c t i o n s ) s h o u l d  be  a : ; : » o c i a t o d  w i t h  a  r o d u c t i o n  i n  f r e e  

e n e r g y .  The  C i b b s  a d s o r p t i o n  i s o t h e r m  ( 3 - 1 ,  3 - 2 )  p r e d i e t s  t h a t  t h e  s o l u t e  

e l e m e n t s  ( o r  i m p u r i t i e s )  w h i c h  d e c r e a s e  t h e  s u r f a c e  t e n s i ó n  w i l l  c o n c é n t r a t e  

a t  t h e  s u r f a c e ,  a n d  t h o s e  w h i c h  i n c r e a s e  t h e  s u r f a c e  t e n s i ó n  w i l l  d e p l e t e .  

d e p l e t i o n .  U n f o r t u n a t e l y , t h e  d e p e n d e n c e  oí: s u l f u r  c o n c e n t r a t i o n  o n  t h e  

s u r f a c e  t e n s i ó n  o f  n i c k e l  h a s  n o t  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e .  As m e n t i o n -  

ed  by  Mcl .e an  ( 3 - 3 )  t h e  ’e l a i s t i c  s t r a i n  e n e r g y  may he t h e  d r i v i n y  f o r c é  f o r  t h e  

e q u i l i b r i u m  s e g r e g a t i o n  p r o c e s s — t h e  s e g r e g a t i o n  o f  i m p u r i t y  ( o r  s o l u t e )  a t o m s  

i s  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  e x t e r n a l  s u r f a c e  ( o r  o t h e r  l a t t i c e  i i n p e r f e c t -  

i o n s )  w h n  «> t h e  :;t m i n e d  a t o n i s  b r í s t  f i  t : . Din ¡n<j h e a t i n g ,  t h e  « t r a i n e d  i m p u r i t y  

. i t om s  :;.i L u a t o d  u n d e r  t . h e  s u r f a c e  jurop o n t o  t h e  s u r f a c e  w l i e n  t l i e y  r e e e i v e  t h e  

i i f c o s s a r y  t h e r m a  1 e n e r g y  L o  o v e r c o m e  t . h r  a<: t i va  t i  o n  U i r r i e r .  C o n s o c j u e n L l y , 

t h e  f r e e  e n e r g y  o f  t h e  s y s t e m  i s  r e d u c e d .  S u l f u r  s i t s  o n  a  s u b s t i t u t i o n a l  

s i t e  i n  t h e  n i c k e l  m a t r i x .  Th e  m i s f i t  o f  a s u l f u r  a t o m  i n  t h e  r e g u l a r  n i c k e l
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l a t t i c e  i s  a b o u t  - 0 . 4 0  A. T h e r e f o r e ,  s u l f u r  w o u l d  t e n d  t o  s e g r e g a t e  o n t o  t h e  

n i c k e l  s u r f a c e  i n  o r d c r  t o  l o w e r  t h e  s t r a i n  e n e r g y .

: : u l l u r  S c y i  o»j.i i i m i  l s u LIh ' i ni:;. ü u l l u i  !¡»:yi c i j d t i o n  cul i  be t l i o u y l i t  o f  a¡> a  

c h e m i s o r p t i o n  p r o c e s s .  I t  may b e  e x p r e s s e d  a s

K1
, , ,  . d i. 1:f u : ; i o n  S --------------------- ^  s

( b u l k )  ___________ v ( u n d e r  s u r l a c e )  , ____________  _  ( s e g r u y a t e d  o n
'  ^  t h e  s u r f a c e )

w h e r e  i s  t h e  r a t e  c o n s t a n t  f o r  s u l f u r  i n s i d e  t h e  n i c k e l  b u l k  j u m p i n g  t o  t h e  

c h e m i s o r b e d  s i t e  o n  t h e  n i c k e l  s u r f a c e ;  i s  t h e  r a t e  c o n s t a n t  f o r  d e s o r p t i o n  

o f  c h e m i s o r b e d  s u l f u r  b a c k  t o  t h e  b u l k .

T h u s ,  t h e  r a t e  e q u a t i o n s  c a n  b e  d e s c r i b e d  a s

dCs  K M (1 -  0)  Cs  (1)
d t  1  s

dCS = K M e . ( 2 )
d t  2 s

Where

Cs i s  t h e  c o n c e n t r a t i o n  o f  s u l f u r  a t  l a y e r  j u s t  u n d e r  s u r f a c e ;

Cs  i s  t h e  c o n c e n t r a t i o n  o f  s e g r e g a t e d - s u l f u r  o n  t h e  s u r f a c e ;
M

0 i s  t h e  c o v e r a g e  o f  s e g r e g a t e d - s u l f u r ,  í . e . ;  ------ ;
Ms

M i s  t h e  n u m b er  o f  s i t e s  w h i c h  h a v e  b e e n  ó c c u p i e d  by  t h e  s e g r e g a t e d  

s u l f u r ;  a n d

Ms i s  t h e  n u m b e r  o f  a v a i l a b l e  s i t e s  f o r  s u l f u r  s e g r e g a t i o n .

A t  e q u i l i b r i u m ,

dCS d C 5  (3)
d t  d t

H en ee

K M  (1 -  0)  C = K M 0
1  s  t; 2

o r

(4)
M 1 S

J - II K.,

U s i n g  t h e  e q u i l i b r i u m  c r i t e r i o n ,  t h e  t h e r m o d y n a m i c  e q u i l i b r i u m  c o n s t a n t ,  K i s  
K



w h e r e  AF° i s  d e f i n e d  a s  t h e  sum o f  t h e  r e l a x a t i o n  e n e r g y  f o r  t h e  s t r a i n e d  

s u l f u r  a t o m s  t o  jump  t o  t h e  s u r f a c e  a n d  t h e  f r e e  e n e r g y  o f  c h e m i s o r p t i o n  a n d  

AF° i s  a f u n e t i o n  o f  t e m p e r a t u r e  o n l y .

E q u a t i o n  ( 6 ) c a n  b e  r e a r r a n g e d  a s

&F°
C e x p  ( -  RT )

0 = ---- -̂-------------
i x  ^  , A F° * (<5)
1 + c s exp (-

T h i n  : ; c y r c y a t i o n  . i ü o t h c r m  s h o w s  L a n g m u i r - t y p e  b e h a v i o r  a n d  l ia »  t h e  same í o r m  

o f  M c L e a n ' s  e q u a t i o n  (3)  w h i c h  wa s  d e r i v e d  f r o m  a  s t a t i s t i c a l  t h e r m o d y n a m i c s  

a p p r o a c h .

U n C o r t u n a t e l y , t h e  v a l u é  o f  AF° f o r  s u l f u r  s e g r e g a t i o n  o n  a  n i c k e l  s u r f a c e  i s  

n o t  known a t  t h i s  t i m e .  l l o w e v e r ,  n i c k e l  w h i c h  c o n t a i n s  a  v e r y  s m a l l  a m o u n t  

o f  s u l f u r  (< 1 0  ppm i n  t h i s  s t u d y )  s e g r e g a t e s  a  c o n s i d e r a b l e  a m o u n t  o f  s u l f u r  

o n  t h e  s u r f a c e ;  a  h i g h  v a l u é  o f  AF° i s  l i k e l y  t o  e x i s t  i n  s u c h  a  c a s e .  F o r  

i n s t a n c e ,  a  s a t u r a t e d  v a l u é  o f  s u l f u r  s e g r e g a t i o n  a t  6 5 0 ° C ,  7 5 0 ° C ,  a n d  85 0°C  

w i l l  be  r e a c h e d  when  AF° i s  a b o u t  - 2 7 5 0 0  c a l / m o l e ,  - 3 0 0 0 0  c a l / m o l e ,  a n d  - 3 5 , 0 0 0  

c a l / m o l e  r e s p e c t i v e l y  ( a s  S < 10 p p m ) .  The r e s u l t s  shown  i n  F i g u r e  3 . 6  i n d í c a t e  

t h a t  s u l f u r  . s e g r e g a t i o n  d o e s  n o t  f o l l o w  t h e  i s o t h e r m .  1 1  may be  t h a t  t h e  

c o n c e n t r a t i o n  o f  s u l f u r  i n  t h e  n i c k e l  s p e c i m e n s  i s  h i g h e r  t h a n  t h e  c r i t i c a l  

v a l u é  t o  o b t a i n  a n  i s o t h e r m .  T h i s  i m p l i e s  t h a t  i f  o n e  c a n  p u r i f y  n i c k e l  

t o  a  v e r y  l o w ' c o n t e n t  o f  s u l f u r  ( e . g .  much  l e s a  t h a n  ppm r a n g e )  t h a t  s u l f u r  

s e g r e g a t i o n  i s o t h e r m  may be  f o l l o w e d .

E x t e n t  o f  S u l f u r  S e g r e g a t i o n . The  e x t e n t  o f  s u l f u r  s e g r e g a t i o n  i n  t h e  e x ­

p e r i m e n t a l  r e s u l t s  i s  e x p r e s s e d  by t h e  " n o r m a l i  z e d  A u g e r  p e a k  h e i g h t "  w h i c h  

p r o v i d e s  o n l y  a  r e l a t i v o  m o a s u r e m e n t . The  m a j o r  d r a w b a c k  o f  AKS i s  t h e  f a c t  

t h a t  t h e  h e i y h t s  o í  t h e  A u y c r  p e a k s ,  m ra su i . i ' d  a s  t.lic l i r s t  d e r  ¡ . v a t e s  o f  t h e  

e n e r g y  d i s t r i b u t i o n , c a n n o t  b e  c o r r e l a t e d  d i r e c t l y  w i t h  a  s u r f a c e  c o v e r a g e .

In l.lic p i c M - n l  i |U,ml i I .i I i vi • : . tm ly  a t lu-i >t r  1 11 '.i I 1 * • i mu I . i ili'.si.'i i liecl by H i s h o p  

iUkI k i v i c r i '  ( l - ' l )  h a s  U-i-n u : . od  a s  f o  1 ;. Tin'  n u m b r r , » ,  oL A u y o r  e l e e t r o n s  

i.iii i t I c d  } m • i i n c i d e n t  i - 1 i ’i' t i ons.  i s  11 i vi ■ n by

n = Nr CSC i¡< (1 — uj) 4, (u) (7)

Wl ii • i < ■ N i s  I h i 1 i ii mil 'i • i 111 . 11 i un:, ¡n t IH * . 11 ■ I i t -! < ■ ■ I vi i I i mu •, i i :; I 11< ■ i < 11 l < 'i ■ I i «'li 

f o r  a d d i t i o n a l  i o n i z a t i o n  b y  b a c k - s c a t t e r e d  e l e e t r o n s ,  i}> i s  t h e  a n y l e  Of

31
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i n c i d e n c e  o f  t h e  p r i m a r y  b ea m ,  u  i s  t h e  p r o b a b i l i t y  o f  p h o t o n  e m i s s i o n ,  a n d  

(U) i s  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  o f  a n  a t o m  b y  e l e c t r o n s  ( 3 - 4 ) .

As t h e  A u g e r  c u r r e n t  i s  r o u g h l y  p r o p o r t i o n a l  t o  n ,  o n e  c a n  d e t e r m i n e  t h e  

nu m b er  o f  a t o m s  i n  t h e  d e t e c t e d  v o l u m e  f r o m  t h e  A u g e r  c u r r e n t  ( 3 - 5 ) .  T h a t  

i s  t h e  c o n c e n t r a t i o n  r a t i o  o f  s u l f u r  t o  n i c k e l  o n  t h e  s u r f a c e  i s  t a k e n  a s  

I s  r  . CSC<j)Ni (1 -  u)  Ni<|> (U)NiN S Ni
Xs/ N i  = Ñ ~ , = i ' r  CSCifiS ( 1  -  w)S(j>(U)S <8)

Ni Ni  s

The  v a l ú e  o f  r  . c a n  bo a s s u m e d  t o  bu e q u a l  t o  i  a c c o r d i n q  t o  t h o  h i g h e r  
Ni  s

i n c i d e n t  e l e a t r o n  e n e r g y  ( 3 - 4 ) ,  a n d  $ ^ i s  e q u a l  t o  <f>g . ( 1 - u ^ )  N i  i s

a p p r o x i m a t e l y  e q u a l  t o  0 . 6  ( 3 - 6 )  a n d  (1 -  w)S i s  a b o u t  1 ( 3 - 6 ) .  an t*

by t h e  a i d  o f  t h e  e q u a t i o n s  i n  R e f e r e n c e  1 4 ,  a r e  1 3 . 5  a n d  4 . 6 6  r e s p e c t i v e l y .

I s / I N i  ( i . e .  S ( 1 5 0 ) / N i (61 )  f o r  s a t u r a t e d  s u l f u r  s e g r e g a t i o n  i s  0 . 6 6  ± 0 . 0 5 .

T h e r e f o r e ,  X = 1 . 1 7 .  T h i s  v a l u é  i s  a b o u t  t w i c e  a s  h i g h  a s  t h e  v a l u é  
s / N i

o b t a i n e d  f r o m  a  s t a n d a r d  c a l i b r a t i o n  w h i c h  i s  d e s c r i b e d  a s  f o l l o w s .

A s i m p l e  p r o c e d u r e  may b e  u s e d  f o r  c a l i b r a t i n g  A u g e r  s i g n á i s  t o  o b t a i n  a  

q u a n t i t a t i v e  a n a l y s i s ;  t h e  a c c u r a c y  i s  o n  t h e  o r d e r  o f  t h e  a c h i e v e d  i n  e l e c t r ó n  

m i c r o p r o b e  a n a l y s i s  ( 3 - 7 ) .  Th e  e x t e n t  o f  s u l f u r  s e g r e g a t i o n  i n  t h i g  s t u d y  

h a s  b e e n  c a l i b r a t e d  by t h e  n o r m a l i z e d  Aucjer  s i g n a l  f r o m  t h o  s a m p l e  w i t h  

r e s p e c t  t o  a  s t a n d a r d  c o n c e n t r a t i o n  o f  I n  t h i s  a p p r o x i m a t i o n ,  t h e

a t o m i c  c o n c e n t r a t i o n  o f  s u l f u r  o n  t h e  s e g r e g a t e d  s u r f a c e  i s :

C s ,  N i  = - ------  X C s ,  N i  S (9)
l i s ,  N i  S  3  2

v ;hc ro  II . .  a n d  II . . a r o  t h e  n o r m a l i z e d  A u g e r  p e a k  h e i g h t s  o l  t h e  s a m p l e  
s , N i  s ,  N i 3 S 2

a n d  t h e  s t a n d a r d ,  r e s p e c t i v e l y .  C . . „ i s  t h e  a t o m i c  c o n c e n t r a t i o n  o f
s ,  N i . }5 2

s u l f u r  i n  t h e  N i ^ ! ^  s t a n d a r d .

The  n o r m a l i z e d  A u g e r  p e a k  h e i g h t  o f  S ( 1 5 0 ) / N i  (61)  i n  N i 3S 2 s t a n c ^ar<^ 0 . 8  ± 

0 . 0 5 .  T h e r e f o r e ,  t h e  a t o m i c  c o n c e n t r a t i o n  o f  s e g r e g a t e d  s u l f u r  o n  t h e  n i c k e l  

s u r f a c e  ( i . e .  0 . 6 6  ± 0 . 0 5 )  i s  a p p r o x i m a t e l y  33 a t  .% X 0 . 4  = 0 . 3 3 ,  w h e r e

0 . 4  i s  t h e  s t o i c h i o m e t r i c  f a c t o r  o f  S i n  N i^ i ’ ^) . T h i s  v a l u é  i s  a b o u t  h a l f  o f  

t h a t  e s t i m a t e d  f r o m  B i s h o p  a n d  R i v i e r e ' s  f o r m u l a  ( 3 - 4 ) .  I n  v i e w  o f  t h e  

c o m p l e x i t i e s  i n v o l v e d  i n  t h o  A u g e r  p r o c e s s  a n d  s p e c i m e n  s u r f a c e  c o n d i t i o n s  

( s u r f a c e  r o u g h n e s s  a n d  s u r f a c e  d e f e e t s ) , n o  c o n f i d e n c e  h a s  b e e n  p l a c e d  o n  t h e  

a c c u r a c y  o f  t h e s e  two  v a l ú e s .  H o w e v e r ,  o n e  c a n  r e a l i z e  t h a t  t h e  c o n c e n t r a t i o n
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o l  « u l l u r  h a s  b c c n  c n h a n c e d  í e l a t i v e  t u  Che nía t i  i x  c u n c u n l i  « i l i o n  .»L ícm:.L b y
3 4

a factor 1 0  to 10 .

Lance the o r i g i n a l  c o n c e n t r a t i o n  ol: aull.ur in the z o n c - r c f i n o d  n i c k e l  is less

t h a n  1 0  ppm,  t h e  c o n c e n t r a t i o n  on  t h e  s u r f a c e  may be  e n h a n c e d  r e l a t i v e  t o  t h e
3 4

m a t r i x  c o n c e n t r a t i o n  b y  a  f a c t o r  o f  10  t o  3 X 10 d e p e n d i n g  o n  t h e  a n n e a l i n g  

t e m p e r a t u r e  a n d  t i m e  ( b a s e d  o n  s t a n d a r d  c a l i b r a t i o n )  a s  shown  i n  F i g u r e  9.

The  d i f f e r e n c e  i n  t h e  a m o u n t  o f  s e g r e g a t e d  s u l f u r  o n  t h e  t h r e e  m o s t  c i ó s e  p a c k e d

f a c e s  o f  n i c k e l  ( a s  shown  i n  F i g u r e  9)  may b e  a t t r i b u t e d  t o  t h e  d i f f e r e n t

s u r f a c e  a t o m  d e n u i t i e s .  W i t h  r e g a r d  t o  t h e  c r y s t a l l o g r a p h i c  g e o m e t r y ,  t h e
2

s u r f a c e  a t o m  d e n s i t i e s  ( n um ber  o f  s u r f a c e  a t o m s / c m  ) o f  t h e  t h r e e  m o s t  p a c k e d
15

f a c e s  o f  FCC s t r u c t u r e ,  t h e  ( 1 1 1 ) ,  t h e  ( 0 0 1 ) ,  a n d  t h e  ( 0 1 1 )  a r e  1 . 8  X 10  ,
15 151 . 6  X 10  a n d  1 . 1  X 10  , r e s p e c t i v e l y . A toms  o n  t h e s e  s u r f a c e s  h a v e  9 ,  8 , 

a n d  7 n e a r e s t  n e i g h b o r s  r e s p e c t i v e l y ,  i n s t e a d  o f  12 f o r  a t o m s  i n  t h e  b u l k  

l a t t i c e  o f  a  FCC m a t e r i a l .  C o n s e q u e n t l y , t h e  (111)  f a c e  h a s  m o r e  a v a i l a b l e  

s i t e s  f o r  s u l f u r  t o  s e g r e g a t e ,  w h e r e a s  t h e  ( 0 1 1 ) h a s  t h e  l e a s t  n u m b e r  o f  s i t e s .

T h i c k n e s s  o f  t h e  E q u i l i b r i u m  S u l f u r  S e g r e g a t i o n  2on e  . The  d e p t h - c o m p o s i t i o n  

p r o f i l e s  o f  t h e  s e g r e g a t e d  s u r f a c e  r e g i ó n  a s  shown  i n  F i g u r e  3 . 5  d e m ó n s t r a t e
O

t h a t  t h e  s u l f u r  s e g r e g a t i o n  l a y e r  i s  l o c a l i z c d  w i t h i n  5 A o f  t h e  s u r f a c e
O

( a c c o r d i n g  t o  a  s p u t t e r i n g  r a t e  o f  1 -  2 A / m i n ) . I t  i s  r e a s o n a b l e  t o  a s s u m e  

t h a t  s e g r e g a t d d - s u l f u r  i s  l o c a l i z c d  w i t h i n  a  m o n o l a y e r .  T h i s  l o c a l i z a t i o n  t o  

a  m o n o l a y e r  c o u l d  b e  e x p l a i n e d  by  t h e  c o n o e p t  o f  c h e m i s o r p t i o n  p r o p o s e d  b y  

L a n g m u i r  ( 3 - 8 ) .  H o w e v e r ,  i t  h a s  b e e n  r e p o r t e d  r e c e n t l y  ( 3 - 6 )  t h a t  s t r o n g  

e x o t h e r m i c  s u r f a c e  r e a c t i o n s  ( s u c h  a s  o x y g e n  o n  n i c k e l )  c a n  r e a r r a n g e  t h e  s u b -  

s t r a t e  s t r u c t u r e  t o  f o r m  s o - c a l l e d  r e c o n s t r u c t e d  s u r f a c e  s t r u c t u r e s .  T h i s  

r e c o n s t r u c t i o n  may be  f o l l o w e d  b y  f u r t h e r  c h c m i c a l  r e a c t i o n s  a s  t h e  s u r f a c e  

s p c c i t i s  d i  i Cuso i n t o  ch e  b u l k .  F o r t u n a l « l y ,  t h e  p o s s i b i ] i t y  o f  f o r m i n g  a 

t h r c e - d i m e n s i o r i a l  s t r u c t u r e  n e e d  n o t  b e  c o n s i d e r e d  i n  o u r  c a s e .

I t  ha : ;  b e e n  a s s u m e d  t h a t  s u l f u r  s e g r e g a t i o n  c x h . i b i . t s  t h e  b e h a v i o r  o l  c h e m i ­

s o r p t i o n  r a t h ü i :  t h a n  p h y r . i c a l  a d s o r p t i o n .  fn i . u p p o r t  o f  t h i s  v i e w  t h e  f o l l o w i n g  

d i  ' / U i m . ' i i t . : ,  v i t o  I i i . k I i '.-

( a )  I t  i s  w e l l  known  t h a t  t h e  f o r c e s  o f  i n t e r a c t i o n  b e t w e e n  a d s o r b e n t  a n d  

a d s ó r b a t e  a r e  p r e d o m i n a n t l y  v a n  d e r  W a l l s  t o r e e s  i n  p h y s i c a l  a d s o r p t i o n  a n d
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valone*.- torcos in c h e misorption. This i m plies that c h e m i s o r p t i o n  invol v e s  a 

t r a nsfer of electrons. In this work, the fine stru c t u r e s  a s s o c i a t e d  w i t h  the 

.sulfur Au q e r  p e a k  on the nickel s u rface w i t h  an e x p a n d e d  e n e r g y  scale have 

been ex amined. Ai tur heating, a d d i t i o n a l  p e a k s  in the Auger d e r i v a t i v o  

sp e c t r u m  of sulfur w ere observed, as shown in F i g u r e  3 . 7  and 3 . 8 .  C o a d  a n d  

Ri v i e r e  ( 3 - 9 )  have use d  the ion s c a t t e r i n g  r e s u l t s  of Becker a n d  H a g s t r u m  

( 3 - 1 0 )  on s u l f u r - a n d - o x y g e n - c o v e r e d  l o w - i n d e x  faces of n ic k e l  to i d e ntify 

the a d d i t i o n a l  sulfur A u g e r  peak. T h e y  ( 3 - 9 )  c o n c l u d e d  that this a d d i t i o n a l  

sulfur pea k  (high en e r g y  side) arises fro m  the s u rface m o l e c u l a r  o r b i t a l s  

f o r m e d  by  olectron.s in ehemi r;oi pti on l x m d s  b e lween  sulfur and the o u t c r m o n t  

ni c k e l  atoms.

The  c h e m i s o r b e d  s u l f u r  i s  n o t  n e c e s s a r i l y  a  s t o i c h i o m e t r i c r i c  s u l f i d e .  The 

c o n c l u s i o n s  c o n c e r n i n g  t h e  s o g r e g a t e d - r . u l t u r  ( c h e m i s o r b e d  s u l f u r )  s t r u c t u r e  

p r e s e n t e d  i n  t h e  l i t e r a t u r e  ( 3 - 1 1 )  l e a d  o n e  t o  e x p e c t  t h a t  t h e  d e t e r m i n a t i o n  

o f  t h e  d e t a i l e d  s t r u c t u r c  o f  s e g r e g a t e d - s u l f u r ' m a y  be  c o m p l i c a t e d  b y  t h e  

o c c u r r e n c e  o f  s u r f a c e  l a t t i c e  d i s t o r t i o n s ,  e l e c t r ó n  s t r u c t u r e s ,  a n d  t h e  

i m p o s s i b i l i t y  o f  c o n s i d e r i n g  a l l  c o n c e i v a b l e  s t r u c t u r e s .  D em ut h ,  e t .  a l .  

( 3 - 1 1 )  f o u n d  t h a t  N i - S  b o n d  l e n g t h  i n  t h e  s u r f a c e - s u l f u r  s t r u c t u r e  wa s  2 . 8  ±
O

0 . 0 6  A w h i c h  wa s  s l i g h t l y  s m a l l e r  t h a n  t h e  b u l k  com p ou nd  b o n d  l e n g t h  o f  2 . 2 8 ,
O

2 . 3 8 ,  a n d  2 . 3 4  A, r e s p e c t i v e l y  f o r  N i ^ S ^ ,  N iS  a n d  N i S ^ .

(b) Gene r a l l y ,  p h y s i c a l  a d s o r p t i o h  tends to occ u r  b e l o w  the b o i l i n g  p o i n t

o i’ the a d sórbate, wheroar. c h e m i s o r p t i o n  takes p l a c e  at h i g h  temperature.

S e g r e g a t e d - s u l f u r  has been found to be st a b l e  a t  v e r y  h i g h  t e m p e r a t u r e  (e.g.

8 5 0 ° C ) . T h e r e  i s  n o  t h e r m o d y n a m i c  r e a s o n  why p h y s i c a l l y  a d s o r b e d  s u l f u r

( w i t h  a  b o i l i n g  p o i n t  a t  44 5° C )  i s  s t a b l e  o n  t h e  n i c k e l  s u r f a c e  a r o u n d  8 5 0 ° C .
- 9The p o s s i b i l i t y  o f  e v a p o r a t i o n  o f  s e g r e g a t e d - s u l f u r  m  a  v a c u u m  o f  2 X 10 

mm Hg h a s  b e e n  c h e c k e d .  T h i s  wa s  d o n e  b y  a  r e s i d u a l  g a s  a n a l y s i s  (RGA) u s i n g  

a  q u a d r u p o l e  s y s t e m  i n  a  3M m a s s  s p e c t r o m e t e r  u n i t .  No s u l f u r  o r  s u l f u r  

corr.pour.d v a p o r  was  d e t e c t e d  d u r i n g  h e a t i n g  (3 50 °  ~ 8 5 0 °C )  o r  a f t e r  h e a t i n g  

i n  RGA e x p e r i m e n t s .

(c) The a d s o r p t i o n  i s o t h e r m  in c h e m i s o r p t i o n  i n d i c a t e s  m o n o l a y e r  adsorption; 

p h y s i c a l  a d s o r p t i o n  m a y  be m o n o l a y e r  or mult i l a y e r .  The w i d t h  of the 

s e g r e g a t e d - s u l f u r  zone has been s t udied by A r + ion bombardment. It has been 

shown t hat s e g r e g a t e d - s u l f u r  seems to l o c a l i z e  w i t h i n  a m o nolayer.
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F i g u r e  3 . y Tlu; o l  ¡;ullur :.o<uoq,it ú>» eool'ficiont as a fu n ctio n
o f  t é m p o r a t u r e  a n d  cryutal orientation.



T h e r e f o r e ,  i t  i s  r e a s c n a b l e  t o  p r o p o s e  t h a t  u c g r e y a t e d - s u l f u r  i s  c h e m i s o r b e d  

on  t h e  n i c k e l  s u r f a c e .

R o l e  o f  S u l f u r  D i f f u s i o n . I t  h a s  a l r e a d y  b e e n  r o c o g n i z e d  t h a t  t h e  s t r a i n  

o n o r q y  mi i t  . s o l u t o  . i t om» a . - . s o c i a t e d  w i t h  t h e  s o l v c n t  l a t t i c e  c a n  be 

rt; ] i i . 'vrd by  L)h- t i (m p r o c e s s .  A l i i q h  i :< > nt :< -i 11. r . 11. i < >i i o l  i;ci|  r e y . i l c d

: ,j ■ i 11 •:. w i l l  :ail .m •' 111< n I I y I ■! i i I <1 u|  i on  t I k • m u  l . i r i '  i I , i im • t . 1 1 i Ih \ i  1 <<1 t o  . i 

t <mu| n ' r . i t  m  o . 11 w h i c h  d i t l u s i o n  c a n  o c c u t  ; o l l n t w i s c  s u g r o q u l i o n  w i l l  c e a : ; e  

b o c a u s e  ol: d c p l c t i o n  o l  «!<j.ited .spec j e s  u m l r i  t lu; m j j I . i c c .  'I'Imi:., i t .  i : ,

a l s o  r e c o g n i z e d  t h a t  d i f f u s i o n  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  s e g r e g a t i o n  

p r o c e s s .

F i g u r e  3 . 5  sh o w s  t h a t  t h e  a m o u n t  o f  s u l f u r  o n  t h e  s u r f a c e  o f  a  n i c k e l  s i n g l e  

c r y s t a l  i n c r e a s e s  l i n e r a r l y  w i t h  t i m e  i n  t h e  i n i t i a l  s t a g e  o f  t h e  s e g r e g a t i o n  

p r o c e s s ;  t h i s  i m p l i e s  t h a t  s ú l f u r  d i f f u : ; e s  f r o m  t h e  b u l k  o f  n i c k e l  a t  a  

c o n s t a n t  r a t e .  The  d i f f u s i v i t y  o f  s u l f u r  i n v o l v e d  i n  t h e  s e g r e g a t i o n  p r o c e s s  

lu.iy lu? cr . t  im. i t i ' d  by  a  ¡ ¡ imp lo  d i f f u s i o n  m o d o l .

An o n e - d i m e n s i o n a l  m o d e l  was  u s e d  w i t h  t h e  f o l l o w i n g  c o n d i t i o n s  i m p o s e d :

(a )  a  s p e c i f i e d  i n i t i a l  h o m o g e n o u s  b u l k  c o n c e n t r a t i o n  o f  s u l f u r  i n  n i c k e l ,

C °  (b) s u l f u r  i s  a s s u m e d  t o  d i f f u s e  o u t  o f  b o t h  s i d e s  o f  a  s l a b  ( f o r(s )
s u p p l y i n c j  t h e  f u r t h e r  s e g r e g a t i o n  p r o c e s s )  w i t h  a  t h i c k n e s s  o f  h  ( 0 . 3  cm i n  

t h i s  s t u d y ) , a n d  (c)  t h e  c o n c e n t r a t i o n  o f  s u l f u r  h a s  b u i l t  u p  w i t h i n  t h e  

b u l k  c r y s t a l  d u r i n g  s e g r e g a t i o n  ( a s  shown i n  f ' i y u r e  3 . 1 0 )  a n d  h a s  a  z e r o  

c o n c e n t r a t i o n  a t  t h e  l a y e r  (x = 0 a n d  x = h)  j u s t  u n d e r  t h e  s u r f a c e  f r o m  

t h e r e  s u l f u r  w i l l  j ump  t o  t h e  s u r f a c e .  T h e r e f o r e ,  t h e  i n i t i a l  a n d  b o u n d a r y  

c o n d i t i o n s  h a v e  b e e n  a s s u m e d  t o  b e :

0
f o r  O X x' '  hC (;0 C a t  t  = 0 ,

C 0 f o r  X = 0  a n d  X -  h  a t  t  > O

^ ■ r d e  ( x ,  t )  The  r . o l u t i o n  o f  t h e  —----- -—-■ ~ ■ l l t  
s ur . unu t ion  ( 3 - 1 2 )  :

d 2 c ( x , t )  

d x "
i s  q i v e n  b y  t h e  w e l l - k n o w n  F o u r i e r

c ( x , t )  =■■
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A m o m e r i t ' s  s t u d y  o f  t h i s  e q u a t i o n  sh o w s  t h a t  e a c h  s u c c e s s i v e  t e r m  i s  s m a l l e r  

t h a n  t h e  p r e c e d i n g  o n e .  T h u s ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  o f  s u l f u r  a t o m s  

a c r o s s  t h e  s l a b  i s  a p p r o x m a t e l y
a o® n4C 2

C .  , (X, t )  =  -------- —  S i n  ^  e x p  ( -  • M p -  ) ( 11 )
( s )  u n

The  A u g e r  p e a k  h e i g h t  c a n  b e  u s e d  t o  r e p r e s e n t  t h e  a m o u n t  o f  s e g r e g a t e d  s p e c i e s  

w h i c h  h a s  d i f f u s e d  o u t  t o  t h e  s u r f a c e ,  a n d  h e n e e  i s  c o n s i d e r e d  t o  b e  p r o -  

p o r t i o n a l  t o  t h e  f l u x  o f  s u l f u r  a t o m s  p a s s e d  t h r o u g h  t h e  l a y e r  a d j a c e n t  t o  t h e  

s u r f a c e .

3X d t  ( 1 2 )

X=0

a n d  t h e  t o t a l  a m o u n t  o f  s e g r e g a t e d - s u l f u r  a t  t h e  s u r f a c e  d u r i n g  t h e  p e r i o d  t ,

C ( l ) , i : ;

4C° ( s ) h í ,  , j f D t  ,
( t )  2  I 1  -  e x p  ( )

ir 1 h
(13)

C ( t )  c a n  b e  o b t a i n e d  b y  t h e  A u g e r  a n a l y s i s  ( a s  shown  i n  F i g u r e  3 . 3 ) .  The  

d i f f u s i o n  c o e f f i c i e n t  o f  s u l f u r  i n  t h e  n i c k e l  c r y s t a l  a r e  p l o t t e d  i n  

F i g u r e  3 . 1 1  ( a s  shown  i n  c u r v e  C ) . The  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  

d i f f u s i o n  c o e f f i c i e n t  D i s  a s  f o l l o w s :

D = 3 . 5  X 1 0 " 2 e x p  ( 3 0 , 5 0 0 0 /R T )

H o w e v e r ,  P f e i f f e r  ( 3 - 1 3 )  i n v e s t i g a e d  t h e  d i f f u s i o n  o f  S^"* i n t o  p u r é  n i c k e l  

a n d  u s e d  a u t o r a d i o g r a p h i c  e x p e r i m e n t s  t o  d e t e r m i n e  t h e  d i f f u s i o n  c o e f f i c i e n t s  

o v e r  a  t e m p e r a t u r e  r a n g e  o f  1 0 0 0 °C  a n d  1 2 0 0 °C  . He r e p o r t e d  t h e  t e m p e r a t u r e  

d e p e n d e n c e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  t o  b e  a s  f o l l o w s :

D = 2 . 3  X 1 0 6 e x p  ( - 9 0 , 0 0 0 / R T )

P f e i f f e r  s u g g e s t e d  t h a t  t h e  h i g h  a c t i v a t i o n  e n e r g y  r e p r e s e n t e d  a  l a t t i c e  o r

v o l u m e  p r o c e s s .  L a t e r ,  Wang a n d  G r a b k e  ( 3 - 1 4 )  h a v e  d e t e r m i n e d  t h e  d i f f u s i o n

c o e f f i c i e n t s  o f  s u l f u r  i n  n i c k e l  u s i n g  t h e  s u l f u r i z a t i o n  a n d  d e s u l f u r i z a t i o n

o f  m e t a l  f o i l s  b y  t h e  r e a c t i o n  H „ S , , =  H_ ,  , +S ( d i s s o l v e d )  a t  t e m p e r a t u r e s
2 (g)  2 ( g )

b e t w e e n  70 0° C  a n d  1 00 0° C  b y  m o a s u r i n g  t h o  c h a n q e s  o f  o l e c t r i c a l  r e s i s t a n c e .  

T h e y ,  h o w e v e r ,  r e p o r t e d  t h e  t e m p e r a t u r e  d c p c n d c n c c  o f  t h e  d i f f u s i o n  c o e f f i c i e n t

38
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t o  b e  a s  f o l l o w s :

Wany  a n d  G r a b k e  s u c j y e s t e d  t h a t  s u l f u r  d i s s o l v e d  a s  a  s u b s t i t u t i o n a l  c l c m e n t

a n d  d i f f u ü o d  v í a  a  v a c a n c y  m e c h a n i s m .  H o t z l e r  a n d  C a s t l e m a n  ( 3 - 1 5 )  h a v e
3 5

s t u d i e d  t h e  d i f f u s i ó n  of.  S '  i n t o  t h o r i a t c d  n i c k e l  ( w i t h  2 . 4  V o l .  p c t  o f  ThO )

b y  m e a n s  o f  a  s u r f a c e  i n t e n s i t y  d e c r e a s e  t e c h n i q u e .  T h e y  f o u n d  t h e  a c t i v a t i o n

e n e r g y  o f  a b o u t  3 8 , 0 0 0  c a l / m o l e  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  9 2 5 ° C  t o  1 1 5 0 ° C

a n d  l e s s  t h a n  2 0 , 0 0 0  c a l / m o l e  a t  t e m p e r a t u r e s  l e s s  t h a n  9 2 5 ° C .  T h e y  s u g g e s t e d
35

t h a t  t h e  d i f f u s i ó n  o f  tí ‘ i n  t h o r i a t e d  n i c k e l  o c c u r s  b y  m o r e  t h a n  o n e  m e c h a n i s m .

T h e y  e x p e c t e d  t h a t  l a t t i c e  d i f f u s i o n  w i l l .  p r e d o m í n a t e  a t  h i g h  t e m p e r a t u r e s  i n

p u r é  n i c k e l .  S o m e  s i n g l e - p o i n t  e x p e r i m e n t s  o f  t h e  d i f f u s i o n  o f  s u l f u r  i n
_ q 2

n i c k e l  h a v e  r e p o r t e d  t h e  v a l ú e s  1 . 5  X 1 0  cm / s e c  a t  7 0 0 ° C  ( s u g g e s t e d  s u l f u r
-8  2

d i f f u s i o n  v i a  d i s l o c a t i o n  f o r e s t s )  ( 3 - 1 6 ) ,  a n d  4 . 4  X 1 0  cm / s e c  a t  7 0 0 ° C  

( s u g g e s t e d  s u l f u r  d i f f u s i o n  v i a  g r a i n  b o u n d a r i e s )  ( 3 - 1 7 ) .

I n  v i e w  o f  t h e  c o m p l e x i t i e s  i n v o l v e d  i n  t h e  d i f f u s i o n  p r o c e s s ,  i t  i s  d i f f i c u l t  

t o  c o m p a r e  t h e s e  e x p e r i m e n t a l  v a l ú e s .  T h e  a p p a r e n t  a c t i v a t i o n  e n e r g y ,  3 0 5 0 0  

c a l / m o l e  o f  s u l f u r  d i f f u s i o n  i n  n i c k e l  s i n g l e  c r y s t a l s  i n  t h i s  s t u d y  i s  l e s s  

t h a n  t h a t  o b t a i n e d  b y  P f c i f f e r  ( 3 - 1 3 ) ,  9 0 , 0 0 0  c a l / m o l e  a n d  t h a t  o b t a . i n e d  b y  

Wa ng  a n d  G r a b k e  ( 3 - 1 4 ) ,  4 6 0 0 0  c a l / m o l e .  I n  t h i s  s t u d y ,  i t  i s  s u g g e s t e d  t h a t  

t h e  l o w  a c t i v a t i o n  e n e r g y  o f  s u l f u r  d i f f u s i o n  n e a r  t h e  s u r f a c e  m a y  b e  d u e  t o  

t h e  e x t r a  d i s l o c a t i o n s  ( g e n e r a t e d  b y  t h e  s u r f a c e  p r e p a r a t i o n )  a n d  h i g h e r  c o n -  

c e n t r a t i o n  o f  v a c a n t  l a t t i c e  s i t e s  t h a n  t h a t . i n  t h e  f a r  i n t e r i o r .

G e n e r a l l y ,  t h e  e m p i r i c a l  a c t i v a t i o n  e n e r g y  a n d  f r e q u e n e y  f a c t o r  m a y  b e  o b t a i n e d  

f r o m  t h e  A r r h e n i u s  e q u a t i o n  i n  a  n u m b e r  o f  w a y s .  T h e  " t i m e  t o  a  g i v e n  f r a c t i o n  

m e t h o d "  ( 3 - 1 8 )  w i l l  b e  c h o s e n  a s  a  t o o l  t o  e x a m i n e  t h e  k i n e t i c s  o f  s u l f u r  

s e g r e g a t i o n .

T h e  l o g a r i t h m i c  f o r m  o f  t h e  A r r h e n i u s  e q u a t i o n  f o r  t  , t i m e  f o r  t h e  c h o s e n  

v a l ú e  o f  y  m e a s u r e d  a t  e a c h  t e m p e r a t u r e ,  i s

D -  0 . 2  o x p  ( -4C, , 0 0 0 / R T )

l o g  t  = C o n s t .  -  l o g  A a  + E a / ( 2 . 3 0 3  RT)  ( 1 4 )
y



I f  Ea  ( a c t i v a t i o n  e n e r g y )  á n d  Aa ' { f r e q u e n c y  f a c t o r )  a r e  c o n s t a i i t  a  g r a p h  o f  

l o g  t  a g a i n s t  1 / T  i s  l i n e a r .  The  s í o p c  o f  t h i s  g r a p h  i r ;  K a / ( 2 . 1 0 3  l<) . • T h i s  

i s  d e m o n s t r a t e d  i n  F i g u r e  3 . 1 2 .  The  p r o c e d u r e  h a s  b e e n  r e p e a t e d  f o r  v a r i o u s  

v a l ú e s  o f  y ,  0 . 1  a n d  0 . 2  o f  NAPH S ( l í > 0 ) / N i  ( 61 )  f r o m  F i g u r e  3 . 3 ,  t o  r e v e a l  t h e  

v a r i a t i o n  o f  Ea w i t h  y .  I t  c a n  b e  s é e n  t h a t  Ea i s  i n d e p e n d e n t  o f  y  a n d  h a s  a 

v a l u é  o f  a b o u t  2 8 , 3 0 0  c a l / m o l e .  T h i s  v a l u é  i s  c i ó s e  t o  t h a t  

e n e r g y  f o r  s u l f u r  d i f f u s i o n ,  3 0 , 5 0 0  c a l / m o l e  w h i c h  w a s  o b t a i n e d  f r o m  F i g u r e  

3 . 1 4 .  T h i s  may i m p l y  t h a t  t h e  i n i t i a l  s t a g e  o f  s u l f u r  s e g r e g a t i o n  i s  d i f f u s i o n  

c o n t r o l l e d .

E l e c t r o c h e m i c a l  B e h a v i o r  o f  S u l f u r  S e g r e g a t e d  N i c k e l . The  r a t i o n a l e  f o r  t h e  

e f f e c t  o f  g r a i n  b o u n d a r y  s e g r e g a t i o n  o n  i n t e r g r a n u l a r  s t r e s s  c o r r o s i o n  a n d  

c o r r o s i o n  f a t i g u e  i m p l i e s  t h a t  t h e  g r a i n  b o u n d a r y  c o m p o s i t i o n  c a n  b e  m a r k e d l y  

d i f f e r e n t  f r o m  t h a t  o f  t h e  m a t r i x .  H e n e e ,  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  o f  t h e  

g r a i n  b o u n d a r y  may b e  e x p e c t e d  t o  b e  q u i t e  d i f f e r e n t  f r o m  t h a t  o f  t h e  b u l k  

m a t e r i a l .  F o r  e x a m p l e ,  f o r  a  g i v e n  s e t  o f  e n v i r o n m e n t a l  e o n d i t i o n s  t h e  g r a i n  

b o u n d a r y  r e g i ó n  may b e  s u b j e c t  t o  r a p i d  d i s s o l M t i o n  w h i l e  t h e  b u l k  m a t e r i a l  

i s  i n  t h e  p a s s i v e  r a n g e .  T h i s  w o u l d  n a t u r a l l y  l e a d  t o  i n t e r g r a n u l a r  a t t a c k .

The  e l e c t r o c h e m i c a l  b e h a v i o r  o f  s u l f u r  s e g r e g a t e d  s i n g l e  a n d  p o l y c r y s t a l s  o f  

n i c k e l  w a s  i n v e s t i g a t e d  i n  a  s u l f u r i c  a c i d  s o l u t i o n .  Th e  f o l l o w i n g  p a r a g r a p h s  

d e s c r i b e  t h e  e f f e c t  o f  s u l f u r  s e g r e g a t i o n  on  t h e  p o l a r i z a t i o n  c u r v e s  o f  s i n g l e  

c r y s t a l  a n d  p o í y c r y s t a l l i n e  n i c k e l .

E x p e r i m e n t a l  D e t a i l . B o t h  n i c k e l  s i n g l e  c r y s t a l s  a n d  p o l y c r y s t a l s  w e r e  u s e d  

i n  t h i s  s t u d y .  The  s p e c i m e n  p r e p a r a t i o n  w a s  i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  

a n  e a r l i e r  r e p o r t .

S p e c i m e n s  w e r e  h e a t e d  i n  t h e  A u g e r  c h a m b e r  a t  a  s e l e c t e d  t e m p e r a t u r e  t o  a l l o w  

a  b u i l d  u p  o f  s o g r e g a t o d - s u l f u r  o n  t h e  s u r f a c e .  T h e y  w e r e  t h e n  a n a l y z e d .  

S u b s e q u e n t l y , a  p o t e n t i o s t a t i c  p o l a r i z a t i o n  t e s t  w as  c a r r i e d  o u t  a f t e r  t h e  

s p e i c m e n r .  w e r e  r e m o v e d  f r o m  t h e  A u g e r  c h a m b e r .

A f t e r  A u g o r  a n a l y s i u ,  t h e  ¡ ¿ u l f u r - s e g r o g a t e d  s p e c i m e n s  w e r e  s p o t - w e l d e d  t o  a  

c o n d u c t i o n  w i r e .  O n l y  t h e  s p e c i m e n  f a c e  o f  i n t e r e s t  w as  e x p o s e d  t o  t h e  

s o l u t i o n ,  a s  t h e  r e m a i n d e r  o f  t h e  s p e c i m e n  wa s  c o v e r e d  w i t h  a  p r o t e c t i v e  r e s i n .
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T h e  t e s t  c e l l  w as  a n  a i r - t i g h t  c o n t a i n e r  o f  p y r e x  g l a s s  w i t h  a  c a p a c i t y  o f  

a b o u t  500  m i .  I t  h a d  two  c o m p a r t m e n t s ,  o n e  f o r  t h e  s p e c i m e n  a n d  o n e  f o r  

a n  a u x i l l i a r y  p l a t i n u m  e l e c t r o d e .  A s i n t e r e d  g l a s s  f i l t é r  w as  p r o v i d e d  t o  

c o n n e c t  t h e s e  tw o  c o m p a r t m e n t s  i n  o r d e r  t o  a v o i d  d i f f u s i o n  o f  h y d r o g e n  g a s  

f r o m  t h e  p l a t i n u m  c a t h o d e  t o  t h e  s u r f a c e  o f  t h e  s p e c i m e n .  A s a t u r a t e d  

c a l o m e l  r e f e r e n c e  e l e c t r o d e  (SCE) w as  u s e d .  T h i s  e l e c t r o d e  w a s  c o n n e c t e d  

t o  t h e  t e s t  c e l l  b y  a  s a l t e d  b r i d g e  w h i c h  wa s  t e r m i n a t e d  i n  a L u g g i n  

c a p i l l a r y .  M o s t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  r o om  t e m p e r a t u r e .  A o n e  

m o l a r  H2 S ° 4  e l e c t r o l y t e  w as  p r e p a r e d  f r o m  d o u b l e  d i s t i l l e d  w a t e r  a n d  r e a g e n t  

g r a d e  s u l f u r i c  a c i d .  Th e  e l e c t r o l y t e  w as  d e - a r e a t e d  w i t h  p r e p u r i f i e d  a r g ó n  

f o r  a t  l e a s t  24 h o u r s  p r i o r  t o  a n y  e x p e r i m e n t s .  P o l a r i z a t i o n  c u r v e s  w e r e  

d e t e r m i n e d  p o t e n t i o d y n a m i c a l l y  a t  a  s e a n  r a t e  2 0 0  m i l l i v o l t  p e r  m i n u t e  u n l e s s  

o t h e r w i s e  s p e c i f i e d .

R e s u l t s  o f  P o l a r i z a t i o n  s c a n s . The  p o l a r i z a t i o n  m e a s u r e m e n t s  o f  n i c k e l  i n  1M 

H^SO^ s o l u t i o n  w e r e  d e t e r m i n e d  a s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  a t  w h i c h  

s u l f u r  s e g r e g a t i o n  wa s  a c h i e v e d .

F i g u r e  3 . 1 3  sh o w s  t h e  p o l a r i z a t i o n  b e h a v i o r  o f  t h e  n i c k e l  s i n g l e  c r y s t a l  ( 00 1 )  

f a c e  i n  a  1M s o l u t i o n  b e f o r e  a n d  a f t e r  s u l f u r  s e g r e g a t i o n  a t  6 5 0 ° C  a n d

8 50 °C  wa s  a b o u t  10  a n d  30 a t  % r e s p e c t i v e l y .  N o t e  t h e  c r i t i c a l  c u r r e n t  

d e n s i t y  o n  t h e  s u l f u r - s e g r e g a t e d  s u r f a c e  ( a f t e r  h e a t i n g  30 m i n .  a t  8 5 0 ° C )  

w as  a b o u t  a n  o r d e r  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  o n  a n  u n - 6e g r e g a t e d  s u r f a c e .

I n  a d d i t i o n ,  Epp s h i f t e d  t o  t h e  m or e  n o b l e  d i r e c t i o n  a s  t h e  a m o u n t  o f  s u l f u r  

i n c r e a s e d .  I n  t h e  a c t i v e  t o  p a s s i v e  t r a n s i t i o n  r e g i ó n  o f  t h e  p o l a r i z a t i o n  

c u r v e s ,  a  p s e u d o p a s s i v a t i o n  was  o b s e r v e d  f o r  t h e  c l e a n e d  n i c k e l .  S u r p r i s i n g l y ,  

t h e  p a s s i v e  c u r r e n t  d e n s i t y  wa s  r e d u c e d  a s  t h e  a m o u n t  o f  s u l f u r  i n c r e a s e d .

F i g u r e  3 . 1 4  sh o w s  t h e  p o l a r i z a t i o n  b e h a v i o r  o f  n i c k e l  p o l y c r y s t a l s  i n  1M

b e f o r e  a n d  a f t e r  s u l f u r  s e g r é g a t i o n  a t  5 5 0 ° C ,  6 5 0 ° C ,  a n d  8 5 0 ° C  f o r  30 

m i n u t e s .  F o r  t h e  c a s e  o f  p o l y c r y s t a l s ,  t h e  c r i t i c a l  c u r r e n t  d e n s i t y  o n  t h e  

s u l f u r - s e g r e g a t e d  s u r f a c e  ( a f t e r  h e a t i n g  30 m i n .  a t  8 5 0 ° C )  w a s  a l m o s t  tw o  

o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  o n  u n - s e g r e g a t e d  s u r f a c e .  S i m i l a r l y ,  Epp  

s h i f t e d  i n  t h e  m o r e  n o b l e  d i r e c t i o n  a s  t h e  a m o u n t  o f  s u l f u r  i n c r e a s e d .  A g a i n ,  

no  p s e u d o p a s s i v a t i o n  wa s  o b s e r v e d  f o r  s u l L u r - s e y r o g a t e d  s u r f a c e  e x c e p t  c l e a n e d  

n i c k e l .  Th e  r e s u l t i n g  p a s s i v e  c u r r e n t  d e n s i t y  b e h a v e d  i r r e g u l a r l y .
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The  m or e  p r o n o u n c e d  e f f e c t  o n  a n o d i c  c u r í e n t  d e n s i t y  i n  t h e  p o l y c r y s t a l  

a r i s e s  f r o m  g r a i n  b o u n d a r y  c o n t r i b u t i o n s .  T h i s  c a n  b e  s e e n  f r o m  t h e  f o l l o w i n g  

r e s u l t s .  A s p e c i m e n  p r e p a r e d  b y  z o n e - r e f i n i n g  h a d  a  l a r g e  c r y s t a l  w i t h  some 

s m a l l e r  c r y s t a l s  a r o u n d  t h e  e d g e  o f  s p e c i m e n ,  a s  shown  i n  F i g u r e  3 . 1 5 .  The  

s p e c i m e ”  v a s  4N n i c k e l  h e a t e d  1 0  h o u r s  a t  1 1 5 0 ° C  f o l l o w e d  by  f u r n a n c e  c o o l i n g  

t o  6 5 0 ° C  f o r  24 h o u r s .  Th e  p o l a r i z a t i o n  b e h a v i o r  o f  t h i s  s p e c i m e n  i s  shown  

a s  t h e  c u r v e  <a) i n  F i g u r e  3 . 1 5 .  A f t e r  r u n n i n g  t h e  p o l a r i z a t i o n  c u r v e ,  t h e  

s p e c i m e n  w a s  p o l i s h e d  t o  a  m i r r o r - l i k e  f i n i s h  w i t h  g r a d e  000  e m e r y  p a p e r  a n d  

t h e n  d i a m o n d  p a s t e  t l iu : ;  r e i n o v i n y  t h e  ¡ i e g r e g a t e d  s u l f u r  l a y e r .  The  a f e a  b ,  

c o n t a i n i n g  s m a l l  g r a i n s ,  w a s  c o v e r e d  b y  a  p r o t e c t i v e  r e s i n  ( e . g .  m i c r o s t o p )  

a n d  t h e  r e m a i n d e r  o f  s p e c i m e n ,  á r e a  A,  wa s  e x p o s e d  d u r i n g  a  p o l a r i z a t i o n  r u n .  

R e s u l t s  a r e  shown  i n  c u r v e  (C) o f  F i g u r e  3 . 1 5 .  I n  a  s i m i l a r  f a s h i o n  c u r v e  (b)  

s h o w s  t h e  p o l a r i z a t i o n  b e h a v i o r  o f  a r e a  B.

T h u s , a  c o m p a r i s o n  o f  c u r v e s  ( a ) ,  (b )  a n d  ( c )  o f  F i g u r e  3 . 1 5  c l e a r l y  s h o w s  t h e  

m a r k e d  e f f e c t  o f  g r a i n  b o u n d a r y  s e g r e g a t i o n  o f  s u l f u r  o n  t h é  r a t e  o f  d i s s o l u t i o n  

o f  t h e  g r a i n  b o u n d a r i e s  i n  t h e  a c t i v e  p e a k  r e g i ó n .  The  s p e c i f i c i t y  o f  t h e  

e f f e c t  o n  s e g r e g a t e d  s u l f u r  o n  e l e c t r o c h e m i c a l  k i n e t i c s  i s  i l l u s t r a t e d  b y  t h e  

f a c t  t h a t  s i m i l a r  e x p e r i m e n t s  w i t h  a  n i t r i c  a c i d  e l e c t r o l y t i c  d i d  n o t  p r o d u c e  

a n y  s i m i l a r  b e h a v i o r .

D i « c u s « i o n . l ' r om t h e  alx>ve r e s u l t s  i t  c a n  b e  c o n c l u d e d  t h a t  s e g r e g a t e d - s u l f u r  

p l a y : ;  a n  i r n p o j ? t a n t  r o l o  i n  t h e  c o r r o s i o n  b e h a v i o r  o f  n i c k e l .  Th e  e f f e c t  o f  

s u l f u r  i n  n i c k e l  u p o n  i t : u  c o r r o s i o n  p r o p e r t i e s  i n  s u l f u r i c  a c i d  h a s  r e c e i v e d  

a t t e n t i o n  i n  i c l a t i o n  t o  t h e  d e t e r i o r a t i o n  o f  e l e c t r o p l a t o d  n i c k e l  c o a t i n g  

,m<l <¡ i ; ; : ; o l u t j  on  o í  n i c k e l  á n o d o s  d u r i n g  e l e c t r o p l a t i n g  a n d  r o f i n i n g .

To d e f i n e  t h e s e  r e s u l t s ,  a  r e a c t i o n  s c h e m e  ( 3 - 1 9 ,  3 - 2 0 )  c o u l d  b e  u s e d  a s  

f o l l o w s :

— + —
S a d s  ( s e g r e g a t e d - s u l f u r )  +e +H -*■ Sil

511 r e n i a i n s  t o  s t a y  a t  t h e  m e t a l  s u r f a c e  t o  t a k e  p a r t  i n  t h e  p r o g r e s s  

o t  d  i s s o l u t . i o n  a:;  a  c d t a l y s L ,

Ni  + Sil -*• NiSH a d s  +e~

NiSH a d s  -*■ N i3H+ + e ”
+ *►+ —

Ni s u  Ni +;;ii
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A c c o r d i n g  t o  t h e  a b o v e  s c h e m e  s e g r e g a t e d  s u l f u r  i n  t h e  n i c k e l  d í s s o c i a t e s  i n t o  

SH w h i c h  a d s o r b s  o n  t h e  n i c k e l  s u r f a c e  a s  a  c a t a l y s t  l e a d i n g  t o  t h e  a c c e l e r a -  

t i o n  o f  n i c k e l  d i s s o l u t i o n .

A n o t h o r  e x p l a n a t i o n  may b e  b a s c d  o n  t h e  v a r i a t i o n  i n  a c t i v a t i o n  e n e r g y  o f  

d i s s o l u t i o n  w i t h  s u J l u r  o n  t h o  n i c k e l  s u r f a c e .  'Mi i s  r o a s o n a b l c  . i . s s u m p t io n  

r e s u l t s  f r o m  t h e  p o s s i b i l i t y  t h a t  s e g r e g a t e d - s u l f u r  may  a c t  a s  a  l o w  e n e r g y  

s i t e  l ' o r  c a t h o d i c  hydroqt ,*» d i s c h a r y c .  l l o w e v o r ,  i n  p r a c t i c o  i t  i s  p r o b a b l e  

t h a t  t h e  m e c h a n i s m  o f  d i s s o l u t i o n  i s  c o m p l e x  a n d  t h a t  o t h e r  f a c t o r s  i n  a d d i t i o n  

t o  t h o s e  m e n t i o n e d  a b o v e  c o n t r i b u t e  t o  t h e  e f f e c t  o f  s e g r e g a t e d - s u l f u r  u p o n  t h e  

d i s s o l u t i o n  o f  n i c k e l .

G r a i n  B o u n d a r y  S e g r e g a t i o n . W i t h  t h e  a d v e n t  o f  A u g e r  a n a l y s i s ,  i t  i s  now 

p o s s i b l e  t o  m e a s u r e  c o m p o s i t i o n a l  p r o f i l e s  i f  t h e  g r a i n  b o u n d a r i e s  c a n  be  

s u i t a b l y  e x p o s e d ,  f o r  e x a m p l e ,  by  i n t e r g r a n u l a r  f r a c t u r e .  The  p r e s e n t  r e s e a r c h  

w as  u n d e r t a k e n  w i t h  t h e  f o l l o w i n g  o b j e c t i v e s :

o To d e v e l o p e  t e c h n i q u e s  o f  e x p o s i n g  g r a i n  b o u n d a r i e s  o f  n i c k e l  2 0 0 ,  
I n c o n e l  a l l o y  6 0 0 ,  a n d  304  A u s t e n i t i c  s t a i n l e s s  S t e e l .

o  To e s t a b l i s h  t h e  i d e n t i t y  a n d  a m o u n t s  o f  a n y  s p e c i e s  s e g r e g a t i n g  t o  
t h e  g r a i n  b o u n d a r i e s .

o  To m e a s u r e  t h e  c o m p o s i t i o n a l  p r o l i l e s  o f  a n y  s p e c i e s  s e g r e g a t i n g  
t o  t h e  g r a i n  b o u n d a r i e s .

E x p e r i m e n t a l  D e t a i l s . The  m a t e r i a l s ,  n i c k e l  2 0 0 ,  I n c o n e l  a l l o y  6 0 0 ,  a n d  

304 A u s t e n i t i c  s t a i n l e s s  S t e e l ,  u s e d  i n  t h i s  i n v e s t i g a t i o n  h a d  t h e  f o l l o w i n g  

c h e m i c a l  c o m p o s i t i o n  i n  w t .  p c t . :

A l l o y Ni Fe C r xL C Cu S i  Mn

Ni 200 9 9 . 4 0 . 1 5 0 . 0 0 5 0 . 1 0 . 1 0 . 0 5  0 . 2

I n c o n e l  6 0 0 7 6 . 0 8 . 0 1 6 . 0 0 . 0 0 5 0 . 0 8 0 . 2

304 SS H.O 1 2 . 2 ] 8 . 0 0 . 0 0 (. 0 .  OH 1 . 0

S a m p l e s  f o r  A u g e r  e l e c t r ó n  s p e c t r o s c o p y  w e r e  c u t  i n t o  4 . 3 1  c m - l o n g  a n d  0 . 3 1 5  

c m - d i a m e t e r  r o d s ,  r o u n d - n o t c h e d  1 . 7 6  cm f r o m  o n e  e n d  w i t h  a  d e p t h  o f  0 . 1 5 7  cm 

a n d  a n  a n g l e  o f  6 0 ° .  T h e s e  w e r e  t h e n  g i v o n  r e c r y s t a l l i z a t i o n  a n d  s o l u t i o n

i



I H

a n n e a l i n g  a t  1 2 5 0 °C  f o r  4 h o u r s  a n d  1 3 0 0 ° C  f o r  12 h o u r s .  T h e y  w e r e  t h e n  

q u e n c h e d  i n  w a t e r  t o  g e n e r a t e  g r a i n  s i z e s  o f  a p p r o x i m a t e l y  2 0 0  a n d  50 0  y > 

r e s p e c t i v e l y ,  a n d  w e r e  s u b s e q u e n t l y  a g e d  b e t w e e n  550°C  a n d  7 0 0 °C  w i t h  no  

l u í  l lii*r i n  < i r . i i n s i / . o .  N o t o  t h a t .  t l i o  ho . i t . - t  r o . i t  moni  í; w o i o  c a n  i o d  out .

a f t e r  e n c a p s u l a t i o n  i n  q u a r t z  g l a s s  t u b e s  e v a c u a t e d  a n d  t h e n  p a c k - f i l l e d  w i t h  

a r g ó n .

A l l  s a m p l e s  w e r e  f r a c t u r e d  a t  r o o m  t e m p e r a t u r e  i n  t h e  b a k e d - o u t  A u g e r  c h a m -  

b e r s  a t  p r e s s u r e  o f  2 X 10  ^  t o r r .  The s p e c i m e n  f r a c t u r e  a t t a c h m e n t  u s e d  i n  

t h i s  s t u d y ,  PHI M od e l  1 0 - 5 2 0  f r o m  P h y s i c a l  E l e c t r o n i c s  I n d u s t r i e s ,  I n c . ,  i s  

d e s i g n e d  f o r  u s e  i n  c o n j u n c t i o n  w i t h  c y l i n d r i c a l - A u g e r  e l e c t r ó n  o p t i c s  s y s t e m  

w i t h  s c a n n i n g  A u g e r  m i c r o p r o b e  (PHI M o de l  5 45 )  . The  s a m p l e s  e x t e n d e d  

r a d i a l l y  o u t w a r d  f r o m  t h e  s p e c i m e n  m a n i p u l a t o r  r o t a t i o n  a x i s .  The  c o m p l e t e  

f r a c t u r e  a t t a c h m e n t  m o u n t s  o n  a  6 " O .D .  f l a n g e .  The  s a m p l e  t o  b e  f r a c t u r e d  

wa s  r o t a t e d  o v e r  t h e  f r a c t u r e  d e v i c e  a n d  t h e n  l o w e r e d  0 . 5 "  i n t o  p o s i t i o n  f o r  

f r a c t u r i n g .  The  c l e a n  f r a c t u r e  s u r f a c e  w as  r o t a t e d  i n  f r o n t  o f  t h e  c d a x i & l  

c y l i n d r i c a l  m i r r o r  a n a l y z e r  f o r  A u g e r  a n a l y s i s .

The  s c a n n i n g  e l e c t r ó n  g u n  w a s  m o u n t e d  i n t e r n a l l y  t o  t h e  c y l i n d r i c a l  A u g e r  

a n a l y z e r .  l l n d e r  n o r m a l  o p o r a t i o n  t h e  e l e c t r ó n  beam wa s  s c a n n e d  s y n c h r o m o u s l y  

w i t h  t h e  s e l e c t e d  d i s p l a y  d e v i c e .  T h i s  f e a t u r e  p r o v i d e d  a  m e a n s  f o r  e a s y  

s p e c i m e n  a l i g n t n e n t  when  p e r f o r m i n g  s t a n d a r d  A u g e r  a n a l y s i s  o n  s e l e c t e d  a r e a s  

o f  t h e  s p e c i m e n .  The  d i a m e t e r  o f  t h e  e l e c t r ó n  be am  wa s  v a r i a b l e  down t o  l e s s  

t h a n  5 Vim. Beam e n e r g y  w a s  v a r i a b l e  u p  t o  10  KeV, a n d  beam c u r r e n t  was  

v a r i a b l e  f r o m  50  n a n o a m p s  t o  5 wamps w i t h  a  t y p i c a l  o p e r a t i n g  beam c u r r e n t  

o f  0 . 5  i i amps .  A TV m o n i t o r  a l l o w e d  c o n t i n u o u s  o b s e r v a t i o n  o f  t h e  s e c o n d a r y  

e l e c t r ó n  m i c r o g r a p h s .

T h e  s p e c t r u m  o b t a i n e d  e x p e r i m e n t a l l y  w a s  t h e  d e r i v a t i v o  o f  t h e  A u g e r  e l e c t r ó n  

d i s t r i b u t i o n  c r u v e ,  i . e .  d N ( E ) / d E .  A 2KV e l e c t r ó n  beatn w a s  u s e d .  A u g e r  

l ' e . ik . iiu| 11 t I u i l e s  ( | u v i k - l n - |  \ i k  l i o i i j h t s )  woi ■> i l i t e e l l y  ) ■! i n m i  t i  o n a  1. t o  t l i o  

a m o u n t  o f  c o v e r a g e .  I n  t h e  r e s u l t s  r e p o r t a d  h c r c i n  A u g e r  a n a l y s i s  was  

c o n d u c t e d  a l o n g  w i t h  s p u t t e r i n y  b y  a r g ó n  i o n  b o m h a r d m o n t  t o  o b t a i n  c o m p o s i ­

t i o n  p r o l i l e s  o l  t h e  s e g r u y a t e d - z o n e .  T h i s  t e c h n i q u e  e n t a i l s  t h e  s e q u e n t i a l  

r e m o v a l  o f  t h e  f r a c t u r o  s u r f a c e  f o l l o w e d  b y  AL:; a n a l y s i s  o f  t h e  n c w l y  e x p o s e d  

l a y e r .

The  f r a c t u r e  s u r f a c e  o f  o a c h  A u g e r  s a m p l e s  w«>n' ex . u n in o d  i n  a  s c a n n i n g  e l e c -  

1 1 on  in i i i  i a l t . o i  i e m w v a l  I t u iu  t l io  va c uu m  ch.iml i: i . The  l i a e t u r e  modo
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Figure 3.16 Fracture surface of Ni 2C0 (1250°C 4 hours + 585°C 48 hours 
WO) .
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i n  F i g u r e  3 . 1 6 )  o f  t h e  f r a c t u r a d  s u r f a c e .
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w as  c h a r a c t e r i z e d  a n d  c o r r e l a t e d  w i t h  t h e  m a t e r i a l  p r o c e s s i n g  h i s t o r y  a n d  

A u g e r  r e s u l t s .

Ki : , u t t s  o f  Ni. 2Ú0 In M t u  F r a c t u r e s . A cham pú  i n  f r a c t u r e  mode  wau o b s e r v e d  

w i t h  i n c r c . i ü i n y  a y i n g  t i m o  a n d / o r  t e m p u n i t u r c .  A n n e a l e d  a n d  q u c n c h c d  s p e c i -  

mens  w e r e  f o u n d  t o  b e  d u c t i l e  a n d  o n l y  f r a c t u r e d  a f t e r  l a r g e  a m o u n t s  o f  

d o f o r m a t i o n . S a m p l e s  i n t e r m e d i a t e l y  a g e d  a t  l o w  t e m p e r a t u r e  ( s a y ,  585°C)  on  

t h e  o t h e r  h a n d ,  f r a c t u r e d  i n  a  m o r e  b r i t t l e  m a n n c r  w i t h  l i t t l e  d e f o r m a t i o n  w i t h  

a n  i n t e r g r a n u l a r  f r a c t u r e  m o d e . T h i s  f a i l u r e  mode i s  i l l u s t r a t e d  by  a n  SEM 

f r a c t o g r a p h  ( F i g u r e  3 . 1 0 )  f o r  n i c k e l  200  a g e d  4ü  h o u r s  a t  5 85 °C  a f t e r  a  

s o l u t i o n  t r e a t m e n t  o f  4 h o u r s  a t  1 2 5 0 ° C .  G r a i n  b o u n d a r y  f a c e t s  i n d i c a t i v e  o f  

i n t e r g r a n u l a r  f a i l u r e  a r e  a p p a r e n t .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  f o r  s a m p l e s  

a g e d  1 20  h o u r s  a t  58 5 °C  ( F i g u r e  3 . 1 7 ) ,  24 h o u r s  a t  6 2 5 ° C  ( F i g u r e  3 . 1 8 )  a n d  

24 h o u r s  a t  6 00 °C  ( F i g u r e  3 . 1 9 ) .  A g a i n ,  t h e  f a i l u r e  mode w aá  i n t e r g r a n i i l a r .

F i g u r e s  3 . 1 6  a n d  3 . 1 9  sho w t h a t  c e r t a i n  s e c o n d  p h a s e  p a r t i ó l e s  a r e  p r e s e n t  o n  

t h e  f r a c t u r e  s u r f a c c .  Th e  p a r t i c l e s  c o n t a i n e d  w i t h i n  t h e  d i m p l e s  a r e  u n a b l e  

t o  b e  i d e n t i f i e d  a t  t h e  p r e s e n t  t i m e .

F i g u r e  3 . 2 0  sh o w s  a t y p i c a l  A u g e r  s p e c t r u m  f r o m  t h e  i n t e r g r a n u l a i :  f r a c t u r e  

s u r f a c e  o f  s a m p l e  1 (Aged 48  h o u r s  a t  5 8 5 ° C ) . A u g e r  a n a l y s i s  o f  t h e  s u r -  

f a c e  r e V e a l e d  s e g r e g a t i o n  o f  s u l f u r ,  c h l o r i n e  a n d  c a r b ó n .  U n f o r t u n a t e l y , 

t h e  p r e s c n c o  o'f s i g n i f i c a n t  a m o u n t s  o f  n i t r o g e n  a n d  o x y g e n  p r o h i b i t s  a 

q u a n t i t a t i v e  r a t i o n a l i z a t i o n .  The  d i s t r i b u t i o n  o f  s e g r e g a n t s  v a r i e s  f r o m  

a r e a  t o  a r e a ,  a s  sho wn  i n  F i g u r e  3 . 2 1 .

Upon f u r t h e r  a g i n g  a t  5 8 5 ° C  (12 0  h o u r s )  c a dm iu m  s e g r e g a t i o n  w as  o b s e r v e d  o n  

t-hr* f r a c t u r e  r . u r f a c e  a s s o c i a t c d  w i t h  i n c r e a s i n g  s e g r e g a t e d - s u l f u r .  The  t y p i c a l  

Ai i' 11 ■ i ■.['«’i ■ I ! . i ! t < H it t ’<1 : . r  1 1 ‘tj t f d  a l i m : ¡  ( t i* I,or t t t *  i i i» l1’ ¡ < | m  i * i . i /) . i l't'  s hown  

i n  F i g u r e  3 . 2 2 ,  3 . 2 3 ,  a n d  3 . 2 4 .  I n  a l l  t h e  A u g e r  s p e c t r a ,  c a r b ó n  a n d  o x y g e n  

7 . *.iks; w or o  n 1 f¡o o b s e r v e d .  I t  i s  s u s p e c t c d  t h a t  a  m a j o r  c o n t r i b u t i o n  t o  t h e s e  

po. ik: ,  « i r i s e : .  t  r< >m c o n t a m i  na t i o n  i n  t h e  vucuum s y s t e i n .  Work i t ;  c o n t i n u i n g  Lo 

i n v e s t í g a t e  t h i s  p o s s i b i  l i . t y  .

I t  c a n  b e  s e e n  f r o m  F i g u i e  3 . 1 7  t h a t  t h e  d i s t r i b u t i o n s  o f  s e g r e g a t e d  s u l f u r  

a n d  ca d m iu m  a r e  n o t  l o c a l i z e d  u n i f o r m l y  o v e r  f r a c t u r e  s u r f a c e .  I n  c o n t r a s t ,  

c a r b ó n  d i s t r i b u t e s  m o r e  u n i f o r m l y .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e g i o n s  

e n r i c h e d  i n  s u l f u r  a l s o  show ca d m iu m  e n r i c h m e n t .  I t  s h o u l d  be  m e n t i o n e d
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Figure 3.27 Fracturo yurfaco of Inconel alloy G00 (1300°C f o r  12 h o u r s ,  
water quenched + 6 5 0 ° C  f o r  124 h o u r s ,  w a t e r  q u e n c h e d ) .
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S u l  i ' u r  Ivi s t r i b u t i . c n

Fiqure 3 28 Fracture nurfaco and sulfur distribution on t h e  f r a c t u r e  
: surface of «tainleas Steel 304 (1300°C for 12 h o u r s ,  w a t e r

quenched -i GÍ.0°C for 24 hours, water quenched) .
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F i g u r e  3 . 3 0  The iícptl)-t :c:n!j o s  \ t i o n  p r o f i l e  f r o m  f r a c t u r e  u u r f a c e  o f  304 
i - t a i n l e c s  í ; t : cc l  Í 1 3 0 0 0C f o r  12 h o u j r s ,  w a t e r  q u e n c h e d  + 
C'5ü°C i ' o r  2-1 h o u j r . )  .



t h a t :  t l i e  m e a s u r e m e n t s  f r o m  A u g e r  a n a l y s i s  a r e  a c t u a l l y  l o w e r  t h a n  t r u e  v a l u é .  

T h i s  i s  b e c a u s e  s e g r e g a n t s  l o c a l Í 2 e  o n  b o t h  f r a c t u r e  s u r f a c e s .

By s p u t t e r i n g  o f f  u u c c e s s i v e  l a y e r s  f r o m  t h e  f r a c t u r e  s u r f a c e ,  t h e  p r o f i l e  o f  

c o n c e n t r a t i o n  o f  a n y  s e g r e g a n t  a s  a  f u n c t i o n  o f  s p u t t e r i n g  t i m e  ( i . e .  d i s -  

t a n c e  f r o m  t h e  g r a i n  b o u n d a r y )  w a s  e s t a b l i s h e d ,  a s  shown  i n  F i g u r e  3 . 2 5 .  The 

c o n c e n t r a t i o n s  o f  a l l  s e g r e g a n t e  d r o p p e d  s h a r p l y  t o  a  l o w  v a l u é  w i t h i n  two
O

m i n u t e s  o f  s p u t t e r i n g  (~ a  d e p t h  o f  a b o u t  10  A f r o m  f r a c t u r e  s u r f a c e )  a n d  

d e c r e a s e d  s t e a d i l y  t h e r e a f t e r .  T h i s  a g r e e s  w i t h  p r e v i o u s  w o rk  o n  s u r f a c e  

s e g r e g a t i o n .

R e s u l t s  o f  I n c o n e l  A l l o y  6 0 0 . The s e g r e g a t i o n  o f  s u l f u r  a n d  ca d m i u m  w e r e  a l s o  

o b s e r v e d  o n  t h e  f r a c t u r e  s u r f a c e  o f  I n c o n e l  a l l o y  6 00  (12 h o u r s  a t  1 300 °C  

f o l l o w e d  b y  w a t e r - q u e n c h e d  a n d  t h e n  s u b s e q u e n t l y  a g e d  48 h o u r s  a t  6 5 0 ° C )  . The  

r e p r e s e n t a t i v e  A u g e r  s p e c t r u m  i s  shown  i n  F i g u r e  3 . 2 6 .  U n f o r t u n a t e l y , a  

s c a n n i n g  e l e c t r ó n  f r a c t o g r a p h  o f  t h i s  s p e c i m e n  w as  n o t  t a k e n  d u e  t o  d am a g e  o f  

t h e  s p e c i m e n  u p o n  r e m o v a l  f r o m  t h e  A u g e r  c h a m b e r .  H o w e v e r ,  a  s p e c i m e n  ( a g e d  

24 h o u r s  a t  65 0°C )  b r o k e n  i n  t h e  a t m o s p h e r e  s h o w e d  a  t e n d e n c y  o f  i n t e r g r a n u l a r  

f r a c t u r e ,  a s  shown  i n  F i g u r e  3 . 2 7 .  More  w o rk  w i l l  b e  c a r r i e d  o u t  o n  t h i s  a l l o y  

i n  t h e  n e x t  q u a r t e r .

R e s u l t a  o f  A u s t e n i t i c  304 . s ' t a i n l e s s  S t e e l . D i m p l e s ,  w h i c h  w e r e  f o r m e d  by  

d u c t i l e  t e a r i n g  a n d  l i n k i n g  o f  c a v i t i . e s  w e r e  t h e  m a i n  f c a t u r e s  o b s e r v e d  on  

t h e  f r a c t u r e  s u r f a c e  o f  a u s t e n i t i c  304 s t a i n l e s s  S t e e l ,  a s  shown  i n  F i g u r e  

'rlii- An» i«• i :.| '«'i 'I i mu i il'I .i ¡ ih'<1 f j o m  1.11 ¡ :; t . ype o f  l i a t ' l u t i '  s u r i . i c o  i:¡ 

shown i n  F i g u r e  3 . 2 9 .  U e s i d e s  t h e  C r ,  F e ,  a n d  N i  p e a k s ,  p r o m i n e n t  p e a k s  

a r e  n o t e d  f o r  s u l f u r  a n d  o x y g e n .  A c a r b i d e - l i k e  c a r b ó n  p e a k  i s  a l s o  sho wn  

i n  t h e  s p e c t r u m .  S e g r e g a t i o n  o f  c h l o r i n e  a n d  p h o s p h o r u s  a r e  a l s o  o b s e r v e d .  

A g a i n ,  i t  i s  s u s p e c t e d  t h a t  a  m a j o r  c o n t r i b u t i o n  t o  o x y g e n  a n d  c a r b ó n  p e a k s  

a r i s e s  f r o m  c o n t a m i n a t i o n  i n  t h e  v a c u u m  s y s t e m .  The s o ü r c e  o f  c h l o r i n e  

i s  n o t  known  a t  t h e  p r e s e n t  t i m e .

The  d i s t r i b u t i o n  o f  n p e c i e s  e n r i c h e d  o n  t h e  f r a c t u r e  s u r f a c e  i s  a g a i n  n o t  

u n i f o r m .  The  d e p t h - c o m p o s i t i o n  p r o f i l e s  f o r  v a r i o u s  s p e c i e s  n e a r  t h e  f r a c ­

t u r e  s u r f a c e  i s  shown i n  F i g u r e  3 . 3 0 .  B o t h  s u l f u r  a n d  o x y g e n  d r o p p e d  

s h a r p l y  w i t h i n  t o n  minu t e . ' ;  o f  s p u t . t o r i n g  a n d  t h e n  r e a c h c d  a  p l a t e a u  v a l u é .  

Ch romium e n r i c h e d  a t  Un.* »c r j i o n  c i ó s e  t o  f r a c t u r e  s u r f a c e  t h e n  d e c r e a s e d  

l o  t l i c  Im lK .  Til.- i l i  | •( li -i i'iiij i o s  i I ¡ o n  p i o M I o  o l  * :.-i t I * *n ti.id t h e  ü.mve 

t c m l e n o y  . i s  c:hroini uní.
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n i  f i c u s s i o n  o f  I n  .‘> i t u  F r a c t u r e  T e s t s . Th e  s e g r e g a t i o n  o £  s u l f u r  t o  g r a i n  

b o u n d a r i e s  i n  n i c k e l  h a s  b e e n  c l e a r l y  d e m o n s t r a t e d  i n  t h e  p r e s e n t  w o r k .  The 

s e g r e g a t i o n  o f  s u l f u r  t o  f r a c t u r e  s u r f a c e  i n  I n c o n e l  a l l o y  6 0 0  a n d  a u s t e n i t i c  

s t a i n l e s s  : ; t o e l  304 t y p e  w a s  a l s o  o b s e r v e d .  The p r e s e n t l y  o b s e r v e d  d e c a y  o f  t h e  

1- o i i r i ‘iil.i a l  i o n  ol  n u I I u i  w i t h  d i s t a n c c  f r o m  t h o  f r a c t u r o  s u r  f . i co  b o a i . s  a  

v e r y  c i ó s e  s i m i l a r i t y  t o  t h a t  r e p o r t e d  e a r l i e r  f o r  s u r f a c e  s e g r e g a t i o n .  I t  

i s  s u s p e c t e d  t h a t  a  m a j o r  c o n t r i b u t i o n  t o  s u l f u r  p e a k  a r i s c s  f r o m  t h e  p a r t i c l e s  

c o n t . a i n c c i  i n  t h e  d i i n p l c s  shown  i n  F i g u r e s  3 . 1 6  a n d  3 . 1 9 .  H o w e v e r ,  t h o s e  

p a r t i ó l e s  s t i l l  e x i s t  when t h e  f r a c t u r e  s u r f a c e  sh o w s  no  s u l f u r  c o v e r a g e  a f t e r  

i o n  s p u t t e r i n y .  T h e r e f o r e ,  i t  i s  i n d i s p u t a b l e  t h a t  s u l f u r  s e g r e g a t i o n  a t  

n i c k e l  g r a i n  b o u n d a r i e s  i s  n o t  d u e  t o  a  s e c o n d  p h a s e  p r e c i p i t a t e .  The  s u l f u r
n

i:; o o n L i n e d  t o  a  n a r r o w  r e g i ó n  (< 10  A) i n  t h o  v i c i n i t y  o f  t h e  g r a i n  b o u n d a r y ,

p r o b a b l y  i n  t h e  e l e m e n t a l  f o r m .

The  t h e r m c d y n a m i c  c o n s i d e r a t i o n  o f  s u l f u r  s e g r e g a t i o n  t o  t h e  g r a i n  b o u n d a r i e s  

o f  n i c k e l  c a n  b e  r a t i o n a l i z e d  by  t h e  same b a s i s  w h i c h  h a s  b e e n  d i s c u s s e d  p r e -  

v i o u s l y .  The  e l a s t i c  m i s f i t  s t r a i n  c o u l d  be  t h e  d r i v i n g  f o r c é  f o r  t h i s  t y p e  o f  

s e g r e g a  t:.i o n . The  c o n c e p t  o f  c h e m i s o r p t i o n  i s  a p p r o p r i a t e  i n  c o n s i d e r i n g  

s u l f u r  s e g r e g a t i o n  t o - g r a i n  l > o u n d a r i e s .  The s p e c i f i c  f u n c t i o n  o f  t e m p e r a t u r e  

a n d  t i m e  o n  g r a i n  b o u n d a r y  s e g r e g a t i o n  o f  s u l f u r -  i n  n i c k e l  h a s  n o t  y e t  b e e n  

e s t a b l i s h e d .  H o w e v e r ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  r a t e  o f  s u l f u r  

s e g r e g a t i o n  t o  g r a i n  b o u n d a r i e s  i s  s l o w e r  t h a n  t h a t  t o  t h e  s u r f a c e .  T h i s  c a n  

be  s e e n  f r o m  F i g u r e  1  t h a t  s u l f u r  s e g r e g a t i n g  t o  t h e  n i c k e l  s i n g l e  c r y s t a l  

w i t h  (001 )  s u r f a c e  t o  a s a t u r a t e d  v a l u é  a b o u t  10  h o u r s  o f  h e a t i n g  a t  58 5°C  

w h e r e a s  s u l f u r  s e g r e g a t i n g  t o  g r a i n  b o u n d a r i e s  t o  a  v a l u é  o f  o n e - t h i r d  s a t u r a -  

t i o n  ( s e e  F i g u r e  3 . 2 1 )  f o r  4B h o u r s  o f  h e a t i n g  a t  5 8 5 ° C .

On f u r t h e r  a q a i n q  a t  f)5 ° C ( a n e d  12 0  h o u r s )  c a d m iu m  s e g r e g a t i o n  wa s  o b s e r v e d  

o n  t h o  I i , 11-l .ui  r  M i i l . i r o  a s s o c  i a t o d  w i . th  i ticJ. oa : . i  n g  s e g r e g a  t e d - s u l  1 u r  ( s o e  

F i g u r e  3 . 1 7 ) .  I t  i s  s u r p r i s i i . g  t o  o b s e r v e  ca d m iu m  s e g r e g a t i o n  a t  n i c k e l  g r a i n  

)> o u n d a r i o : j .  l ’r e v i o u s  r o s u l t s  o f  s u r f a c e  s e g r e g a t i o n  o n  n i c k e l  h&d n e v o r  

s h o w n  a n y  e v i d e n c e  o f  c a d m i u m  s e g r e g a t i o n .  H o w e v e r ,  t h i s  s t r a n g e  r e s u l t  h a s  

liooii v i . i  :i I ' i o d  I '■/ l i i i -  i <•:. iUu.i 1 g a s  a n a l y s i s  i n  t h e  í!TMS. The  ca d m i u m  v a p o r  

w a s  m e a s u r e d  a n d  o b s n r v o d  b y  STMS t e c h n i q u e  when a  n i c k e l  s p e c i m e n  w as  h e a t e d  

t o  t h e  t e m p e r a t u r e s  a b o v e  4L>0CC. The  m a s s  s p e c t r u m  o f  r e s i d u a l  g a s  i n  t h e  

c h a ih b e r  o f  SIMS d u r i n g  h e a t i n g  a  n i c k e l  s p e c i m e n  t o  700 °C  i s  shown  i n
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F i g u r e  3 . 3 1 .  The  « x i . s t . u n c u  o f  cudmium i s  i n d i s p u t a b l e .  Cadmium may s e g r e g a t e  

>>n j  n i c k c t  s u i  l . !<•<', M i t  v.i|>ori¡i< : í d u t i i K j  p r c h t : a t i í » « i  i>l i o i  t o  a í t  A u g u r  a l w l y s i s .

’l'hus, cadmium s e y i . c | . t ( i • >11 was not o b s e r v e d  i n  th e  work oti n i c k e l  s i n g l e  

c r y s t a l s .

In  mos;t  c a s c H  t h o  I n j s l i  t i  . i c t u r e  y u r f u c c a  w e r e  c o n t u m i n a t e d  w i t h  o x y g e n  a n d  

c a r b ó n .  I t  i s  f e l t  t h a t  l o n g e r  t i m e s  a r e  n e e d e d  f o r  b a k i n g - o u t  t h e  A u g e r  

c h a m b e r  t o  e l i m i n a t e  c o n t a m i n a t i o n .

A l l o y i n g  E f f e c t s  on  S o l u t e  S e g r e g a t i o n . The  p r e v i o u s  s e c t i o n s  h a v e  i l l u s t r a t e d  

t h e  i m p o r t a n c e  o f  s o l u t e  s e g r e g a t i o n  t o  g r a i n  b o u n d a r i e s  a s  i t  a f f e e t s  i n t e r ­

g r a n u l a r  c o r r o s i o n  p r o c e s s e s .  L a t e  i n  t h e  r e p o r t i n g  p e r i o d  w o r k  w a s  s t a r t e d  

i n  t h e  a r e a  o f  a l l o y i n g  e f f e c t s  o n  s o l u t e  s e g r e g a t i o n .  The o b j e c t i v e  i s  t o  

i d e n t i f y  p r o c e d u r e s  t o  r e t a r d  o r  e l i m i n a t e  d e l e t e r i o u s  s e g r e g a t i o n  o f  i m p u r i t y  

e l e m e n t : ;  t o  g r a i  n b o u n d a r  i .e: ; .

T n i t i a l  w or k  w i l l  be  d i r e c t e d  t o  t h e  i n v e s t i g a t i o n  o f  t h e  i n t e r a c t i o n  o f  a l l o y ­

i n g  e l e m e n t s  w i t h  s e g r e g a t i n g  s p e c i e s .  D e v e l o p i n g  u p o n  o u r  b r o a d  b a s e  u n d e r -  

u t a n d i n g  o f  t h e  n i c k e l  « u l l ' u r  s y s t e m ,  t h e  s e g r e g a t i o n  o f  s u l f u r  w i l l  b e  s t u d i e d  

i n  d i l u t e  b i n a r y  n i c k e l  a l l o y s .  The  a l l o y i n g  e l e m e n t s  t o  b e  s t u d i e d  a r e  Mn 

a n d  A l .  T h e s e  a l l o y s  a r e  now b e i n g  p r e p a r e d .  Two a l l o y  c o m p o s i t i o n s  h a v e  b e e n  

c h o s e n .  The  a l l o y  c o n c e n t r a t i o n s  w i l l  be  500  ppm a n d  1 0 0 0  ppm.

A n a l o g o u s  t o  t h e  n i c k e l  s u l f u r  s t u d i e s  s u r f a c e  s e g r e g a t i o n  o f  s u l f u r  w i l l  b e

s t u d i e d  u s i n g  A u g e r  s p e c t r o s c o p y . The  r o l e  o f  Mn a n d  A l  a d d i t i o n s  u p o n  t h e

e x t e n t  and  k i n e t i c s  o f  s u l f u r  s e g r e g a t i o n  w i l l  be  d e t e r m i n e d .  P r e v i o u s  w o rk  

l i a s  i n d i c a t e d  t h a t  s u r f a c e  s e g r e g a t i o n  s t u d i e s  p r o v i d e  a  r e a s o n a b l e  i n d i c a t i o n  

o f  w h a t  may b e  e x p e c t e d  a t  g r a i n  b o u n d a r i e s .

t a s i :  l . o  c o n c lu s ió n : :

A sununa ry  o f  t h e  T a s k  1 . 0  s t u d i e s  f o r  t h i s  r e p o r t i n g  p e r i o d  a r e  a s  f o l l o w s :

o Vacuum h e a t i n g  c f  n i c k e l  c a n  l o a d  t u  s u l f u r  s e g r e g a t i o n .  The  c h e m i s t r y  
o f  t i l e  s u l  1 u r - s e ' j i  e y a t e d  s u r f a c e  vais s t u d i e d  i n  a  t e m p e r a t u r a  r a n g e  
o f  25°C t o  9 rS0°C u s i n g  a n  A u g e r  e l e c t r ó n  s p e c t r o s c o p i c  t e c h n i q u e .

o E x p e r i m e n t a l  r o s u l t s  s u g g e s t  t h a t  . s u l f u r  s e g r e g a t i o n  e x h i b i t s
b e h a v i o r  t y p i c a l  o f  c h e m i s o r p t i o n  r a t h e r  t h a n  p h y s i c a l  a d s o r p t i o n .
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F i g u r e  3 . 3 1  Man3 r . j . cci ' ruin f o r  r e s i d u a l  g a s  a n a l y s i r ,  (RCA) , n i c k e l  s i n g l e  
c r y c t a l  ( 00 1 )  h e a t e d  a t  7 0 0 ° C .



S u l f u r  u o y í n c j a l i o n  d o c s  h o t  t o l t o w  a  B é t i í c ^ t i o n  ( o r  a d s o r p t i o n )  
i s o t h e r m .  T h i s  s u g g e s t s  t h a t  t h e  c o n c e n t r a t i o n , o f  s u l f u r  ( e v e n  t h o u g h  
l e s s  t h a n  1 0  ppm) i n  t h e  n i c k e l  b u l k  i s  t o o  h i g h  t o  f o l l o w  a n  
i s o t h e r m .

The  e x t e n t  o f  s u r f a c e  s e g r e g a t i o n  h a s  beer i  e x p r e s s e d  b y  t h e  n o r m a l i z e d  
A u g e r  p e a k  h e i g h t  (NAPH) w h i c h  h a s  b e e n  e v a l u a t e d  by  B i s h o p  a n d  
R i v i e r e ' s  f o r m u l a  a n d  c a l i b r a t e d  b y  a  s t a n ^ a r d .  The  a p p r o x i m a t e

a t o m i c  c o n c e n t r a t i o n  o f  s e g r e g a t e d - s u l f u r  o n  t h e  n i c k e l  ( 0 0 1 ) f a c e  i s  
33 a t . %  w h i c h  i s  e n h a n c e d  r e l a t i v e  t o  t h e  m a t r i x  c o n c e n t r a t i o n  by  a  
f a c t o r  o f  1 X 1 0 ^  t o  3 X 1 0 ^ .

The  d e p t h - c o m p o s i t i o n  p r o f i l e  o f  a  t y p i c a l  r e g i ó n  o f  t h e  i m p u r i t y  
s c g r e g a t c d  s u r f a c e  w as  o b t a i n e d  b y  i n e r t  i o n  ( A r + ) s p u t t e r i n g  a n d  
e x p r e s s e d  by  a  p l o t  o f  n o r m a l i z e d  A u g e r  p e a k  h e i g h t s  v e r s u s  s p u t t e r i n g  
t i m e .  Th e  s e g r e g a t e d  l a y e r  h a s  b e e n  e s t i m a t e d  t o  b e  l o c a l i z e d  w i t h i n  
a  m o n o l a y e r .  T h i s  b e h a v i o r  i s  c o n s i s t e n t  w i t h  c h e m i s o r p t i o n  a n d  
e q u l i b r i u m  s e g r e g a t i o n .

D i f f u s i o n  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  s e g r e g a t i o n  p r o c e s s .  I t  
s u p p l i e s  t h e  s e g r e g a n t  a t o m s  f r o m  t h e  d e e p e r  b u l k  m a t e r i a l .  The  
a m o u n t  o f  s e g r e g a t e d - s u l f u r  on  t h e  s u r f a c e  o f  n i c k e l  c r y s t a l  i n c r e a s e s  
l i n e a r l y  w i t h  t i m e  i n  t h e  i n i t i a l  s t a g e  o f  t h e  s e g r e g a t i o n  p r o c e s s .
T h i s  i m p l i e s  t h a t  s u l f u r  d i f f u s e s  f r o m  t h e  n i c k e l  b u l k  a t  a  c o n s t a n t  
r a t e .  The  d i f f u s i o n  c o e f f i c i e n t s  o f  s u l f u r  i n v o l v e d  i n  s e g r e g a t i o n  
p r o c e s s  h a v e  b e e n  e s t i m a t e d  a s

D = 3 . 5  X 1 0 ” 2 e x p  ( - 3 0 , 5 00 / R T )

The  l o w  a c t i v a t i o n  e n e r g y  f o r  d i f f u s i o n  may  b e  d u e  t o  h i g h  d i s l o c a t i o n  
d e n s i t y  ( w h i c h  i s  g e n e r a t e d  b y  t h e  s u r f a c e  p r e p a r a t i o n )  a n d  t h e  
h i g h e r  c o n c e n t r a t i o n  o f  v a c a n c i e s  i n  t h e  r e g i ó n  n e a r  t h e  s u r f a c e .

The  i n f l u e n c o  o f  . s u r f a c e  s e g r e g a t e d - s u l f u r  u p o n  t h e  a n o d i c  p o l a r i z a t i o n  
b e h a v i o r  ol '  n i c k e l  h a s  b e e n  i n v e s t i g a t e d .  The  c r i t i c a l  c u r r e n t  
d e n s i t i e s  f o r  b o t h  i n  s i n g l e  c r y s t a l s  a n d  p o l y c r y s t a l s  i n  a  o n e  m o l a r  
s u l f u r i c  a c i d  s o l u t i o n  i n c r e a s e s  a s  t h e  c o n t e n t  o f  s e g r e g a t e d - s u l f u r  
i n c r e a s e s .

P r o p e r  a n n e a l i n y  a n d  a g l n g  t r e a t m e n t s  l e a d  t o  i n t e r g r a n u l a r  f r a c t u r e  
o f  Ni  2 0 0 .  H o w ev e r ,  SEM f r a c t o g r a p h s  sho w t h a t  s e c o n d  p h a s e  p a r t i ó l e s  
a r e  p r e s e n t  on  t h e  f r a c t u r e  s u r f a c e .  T h e s e  p a r t i c l e s  h a v e  n o t  b e e n
i d e n  t.¡ f  i e d  at,  t :he ¡>i e : ;cnt .  L im e .

The  s e g r e g a t i o n  o f  s u l f u r  t o  g r a i n  b o u n d a r i e s  i n  n i c k e l  2 0 0  h a s  b e e n  
c l e a r l y  d e m o n s t r a t e d  i n  t h e  p r e s e n t  w o r k .  The  s e g r e g a t i o n  o f  s u l f u r  
t o  f r a c t u r e  s u r f a c e s  i n  I n c o n e l  a l l o y  6 0 0  a n d  304 s t a i n l e s s  S t e e l  
h a s  a l s o  b e e n  o b s e r v e d .  I n  a d d i t i o n ,  c a dm iu m  s e g r e g a t i o n  h a s  b e e n  
o b s e r v e d  a t  n i c k e l  g r a i n  b o u n d a r i e s  a f t e r  l o n g  t e r m  a g i n g  a t  5 8 5 ° C .

A s t u d y  o n  t h e  e f f e c t  o f  a l l o y i n g  e l e m e n t s  o n  t h e  s e g r e g a t i o n  o f  
s u l f u r  i n  d i l u t e  N i -Mn a n d  Ni-Mg a l l o y s  h a s  j u s t  s t a r t e d .  T h e s e  
a l l o y s  a r e  now b e i n g  p r e p a r e d .
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S o e t i o n  3

TASK 1 . 0  METALLURG1CAL STUDIES
(11. C h a u n g ,  M. H. L e e ,  J .  B.  L um sd en )

GENERAL OBJECTIVE

I n  t h i s  t a s k  b o t h  s u r f a c e  a n d  g r a i n  b o u n d a r y  s e g r e g a t i o n  a r e  b e i n g  m e a s u r e d  

a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  t i m e ,  a n d  a l l o y i n g .  The  c o r r e l a t i o n  b e t w e e n  

t h e  tw o  t y p e s  o í '  s e g r e g a t i o n  i s  b e i n y  i n v e s t i g a t e d  s o  t h a t  r e ] a t i o n s h i p s  c a n  

1ji; f o u n d  w l i i ch  w i l l  e i i i n i n a t e  t h e  n e e d  t o  o b t a i n  i n t e r g r a n u l a r  f r a c t u r e  f o r  

• 11 .i i n 1 1' unid, 11 y I u. 11 i v . .

A s e co r i d  o b j c c t i v e  o l  t h i s  t a s k  i s  t o  i d e n t i f y  t h o s e  s o l u t e s  w h i c h  s e g r e g a t e  

■ >r pi  r e  i r  i t . i t  ,i> i n  i n Im u i t d a r i o s i  c . i u s i i u j  a n  i n c r e a s e  i n  s u s e e p t i b i l i  t y  t o  

s t r e s s  c o r r o s i o n  c r a c k i n g ,  c o r r o s i o n  f a t i g u e ,  o r  i n t e r g r a n u l a r  c o r r o s i o n .  

U l t i m a t e l y  r e l a t i o n s h i p s  w i l l  b e  d e f i n e d  g i v i n g  t h e  a m o u n t s  o f  t h e s e  s p e c i e s  

i n  g r a i n  b o u n d a r i e s  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  t i m e ,  a l l o y  c o m p o s i t i o n ,  

a n d  a l l o y  s t r u c t u r e .  T h i s  w i l l  p e r m i t  a  p r e d i c t i v e  c a p a c i t y  t o  b e  o b t a i n e d .  

T h i s  u n d e r s t a n d i n g  w i l l  l e a d  t o  p r o c e d u r e s  w h i c h  c a n  b e  e m p l o y e d  t o  e l i m i n a t e  

i n t e r g r a n u l a r  f a i l u r e .

¡R E V IO U S  WORK

Much o f  t h e  p r e v i o u ; .  wo rk  h a s  b c c n  c o n c e r n e d  w i t h  i n v e s t i g a t i n y  t h n  c h a n g o s  

i n  s u r f a c e  c o m p o s i t i o n  o l  n i c k e l  r e s u l t i n g  f r o m  i m p u r i t y  s e y r e y a t i o n .  T h i s  

wor k  h a s  f o c u s e d  o n  s u l f u r ,  s i n c e  i t  was  f o u n d  t o  b e  t h e  m o s t  s u r f a c e  a c t i v e  

a n d  i t r ;  p r o s e n c e  o n  t h e  s u r f a c e  c a t a l y z e d  t h e  a n o d i c  d i s s o l u t i o n  k i n e t i c s .

A r i . ] a t i o n : j h i p  wa s  l o u n d  l o r  t h e  a m o u n t  o f  s e g r e g a t e d  s u l f u r  a s  a  f u n c t i o n  o f  

t e m p e r a t u r e  a n d  t ime?.  T h e s e  i n v e s t i g a t i o n s  a l s o  s h o w e d  t h a t  s u l f u r  c h e m i s o r b e d  

on  t h e  s u r f a c e  o f  n i c k e l  i n  m o n o l a y e r  c o n c e n t r a t i o n s .  When t h e  s a t u r a t i o n  

c o v e r a g e  w as  a t t a i n e d ,  n e i t h e r  r a i s i n g  ñ o r  l o w e r i n g  o f  t h e  t e m p e r a t u r e  c h a n g e d  

t h e  s u r f a c e  c o n c e n t r a t i o n .  A f a s t  d i f f u s i o n  z o n e  e x i s t s  i n  t h e  n e a r  s u r f a c e  

l a y e r s  i n  w h i c h  d i  t f u s i ó n  c o e f f i c i c n t  i s  a s  much  a s  t h r e e  o r d e r s  o f  m a g n i t u d e  

g r e a t e r  t h a n  t h e  b u l k  v a l u é .  T h i s  r e g i ó n  e x t e n d s  5 0 - 7 5  pm b e l o w  t h e  s u r f a c e .  

Th e  c o n s o q u e n c e  o f  t h i s  i s  t h a t  a l l  t h o  s u l f u r  i n  t h i s  z o n e  s e g r e g a t e s  t o  t h e  

s u r f a c e  i n  a  m a t t e r  o f  m i n u t e s  when  n i c k e l  i : ;  h e a t e d  a b o v e  7 0 0 ° C .  T h u s , ,  

s u l f u r  s e g r e g a t i o n  c a n n o t  b e  p r e v e n t e r i  by  u s i n g  h i g h  p u r i t y  a l l o y s .  T h i s  wa s  

d e m o n s t r a t e d  by  u s i n y  h i g h  p u r i t y  n i c k e l  s i n g l e  c r y s t a l s .



2¡0

I t  was  shown t h a t  s e g r e g a t e d  s u l f u r  i n  t h o  g r a i n  b o u x i d a r i e s  o f  n i c k e l  c a u s e s  

s e v e c e  i n t r a r q r a n u l a r  c o r r o s i o n .  Cadmiutn a n d  c a r b ó n  w e r e  a l s o  d e t e c t e d  i n  t h e  

g r a i n  l o u n d a r i  o s  o f  n i c k e l  2 0 0 .  A l t h o u g h  c a r b ó n  d o c s  n o t  a f f e c t  t h e  s t a b i l i t y  

o f  g r a i n  b o u n d a r i e s ,  t h e  e f f e c t s  o f  c adiniujn  a r e  n o t  c l e a r .

CURRKNT PROGRESS

C u r r e n t  p r o g r e s e  u n d e r  T a s k  1 . 0  i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  The  

s e c t i o n s  a r e  o r g a n i z e d  a c c o r d i n g  t o  t h e  p r e v i o u s  d e s c r i p t i o n  o f  g o a l s  f o r  t h i s  

r a p o r t i n g  p e r i o d .

o  ( ¡ r a i n  l x j u n d a r y  s e g r e g a t i o n  i n  n i c k e l ,
o  G r a i n  b o u n d a r y  i n  I n c o n e l  a l l o y  6 0 0 .
o G r a i n  b o u n d a r y  s e g r e g a t i o n  i n  304 s t a i n l e s s  S t e e l ,
o  S u r f a c e  s e g r e g a t i o n  o n  4N Ni  + 50 0  ppm Mn.

G r a i n  B o u n d a r y  S e g r e g a t i o n  i n  N i c k e l

I n  t h e  f o l l o w i n g  s e c t i o n s  t h e  r e s u l t s  o f  o u r  g r a i n  b o u n d a r y  c o m p o s i t i o n  s t u d i e s  

a r e  d i s c u s s e d .  T h i s  w o rk  p r o v i d e s  a  f u n d a m e n t a l  u n d e r s t a n d i n g  o f  t h e  n a t u r e  

a n d  e x t e n t  o f  s o l u t e  s e g r e g a t i o n  i n  n i c k e l  a n d  a l l o w s  i n s i g h t s  t o  t h e  

p h e n o m e n a  o f  s o l u t e  s e g r e g a t i o n  i n  c o m m e r c i a l  a l l o y s .  Some o f  t h e  w o r k  o n  

g r a i n  b o u n d a r y  s e g r e g a t i o n  i n  Ni  2 0 0  h a s  b e e n  p r e v i o u s l y  r e p o r t e d .  T h i s  

r e p o r t  p r o v i d e s  a d d i t i o n a l  w or k  a n d  a n a l y s i s  o f  e a r l i e r  r e s u l t s .

K x p e r  i m e n t a  1 P e t a  i l s . Th e  d e t a i  Ir.  o f  s p e c i m e n  p r e p a r a t i o n  a n d  t h e  A u g e r  

e l e c t r ó n  s p e c t r o s c o p y  t e c h n i q u e s  h a v e  b e e n  r e p o r t e d  p r e v i o u s l y  a n d  w i l l  n o t

b e  d i s c u s s e d  h e r c .

T e s t  R e s u l t s .  J n c l u d e d  h c r e i n  i r ;  a n  o u t l i n e  o f  some r e p r e s e n t a t i v e  r e s u l t s  o f  

g r a i n  b o u n d a r y  c o m p o s i t i o n .

S u l f u r  S e g r e g a t i o n . F i g u r e  3 . 1  sh o w s  t h e  s c a n n i n g  A u g e r  r e s u l t s  a n d  s c a n n i n g  

e l e c t r ó n  f  r a o t . o q r a i  >hs o b t «  i n e d  f r o m  nn i n t  «>» g r a n u l a r  f r a c t u r e  s u r f a c e  o f  Ni  200  

w h i c h  was s o l u t i o n  a nn o . iL ed  a t  12 50 °C  l o r  l o  h o u r s  f o l l o w e d  b y  w a t e r - q u e n c h i n g .  

V e r y  p r o i n in e n t :  j n t h e  A ug or  s p e c t r u m  b e s  i de : ;  t h e  N i  p e a k s ,  i s  t h a t  o f  S .  The  

nr ii m. 11 i ■ / . I Ai i* i * * i pea! .  11< • i • 111 ( (NAUl) : , / l l i  . i pp  i ox  i nía I e  1 y 0 . 1 . 1 .  T l i i s  v a l u é  

i s  a p p r o x i n i . i t e J y  Cli.it. ol l  a i n e d  l o r  s e g i  e g a  i .ed s u l f u r  o n  a  N i  s i n g l e  c r y s t a l  

s u r f a c e  a f t e r  s a t u r a t i o n  c o v e r a g e  h ad  b e e n  r e a c h e d .  Th e  app rox im af c í :  a t o m i c  

c o n c e n t r a t i o n  o f  t h e  s a t u r a t e d ,  s e g r e g a t e d - s u l f u r  h a s  b e e n  e s t i m a t e d  t o  b e  33 

at.%.



2 1 1

oo

<u X
p o

LO o
n
o

_J O  
o

p  Oi ID

OJ
i
o

f\J

<5 O
O en
b

a* C

o O
ID e :

•% 0)
co X!
x: •Pcu
rd c
U 0
Ü>
0 tíu o
O •H

•H
e •<U

U
c
o *0

0)
4J x:
u o
0) •H
r-t H
0) tí

<D
tP 1
c U•H 3
c iWtí *H
fd
0 en
10

U-|
*-** 0
uw

TJ
tí •P
10 ü

a)._ cu
rd to*—*

u
<ü•• u»O aO <

CN

•H TJw
«d 'Ütítí «d
•H
c <D
0 U‘rj <d
■P u-t
rd U

2¡& u tn <D 0 
to U-) CU

u 3 3 w
<4-4
H3V) ^

<Uupcr•H
Cm



The  l e f t - b o t t o m  p i c t u r e  i n  F i g u r e  3 . 1  shows; t h e  s u l f u r  A u g e r  i m a g e  o f  t h e  

f r a c t u r e  s u r f a c e  w h i c h  i n d i c a t e s  t h e  d i s t r i b u t i o n  o f  s e g r e g a t e d  s u l f u r .  I t  

s h o u l d  b e  n o t e d  t h a t  v a r i a t i o n s  o c c u r r e d  i n  t h e  NAPH S / N i  f r o m  á r e a  t o  a r e a  

( S / N i  - 0 t o  0 . 6 3 ) .  Th e  s u l f u r  d e c r e a s e d  r a p i d l y  w i t h  d e p t h  d u r i n g  a r g ó n  i o n  

b o m b a r d m e n t .  T h i s  s u g g e s t s  t h a t  t h e  s e g r e g a t e d  l a y e r  a t  t h e  g r a i n  b o u n d a r y  i s  

l e s s  t h a n  a  m o n o l a y e r  w h i c h  b e a r s  t h e  same  c h a r a c t e r i s t i c  a s  t h a t  o f  s u r f a c e  

s e g r e g a t i o n .

The  SEM f r a c t o g r a p h s  i n  F i g u r e  3 . 1  g i v e  t h e  f r a c t u r e  mode  o f  t h i s  s p e c i m e n .  

G r a i n  b o u n d a r y  f a c e t e  i n d i c a t i v e  o f  i n t e r g r a n u l a r  f r a c t u r e  a r e  a p p a r e n t .

D i m p l e s  w h i c h  a r e  c h a r a c t e r i s t i c s  o f  a  d u c t i l e  f r a c t u r e  a r e  a l s o  p r e s e n t .  T h i s  

Shows  t h a t  t h e  f r a c t u r e  i s  s t i l l  " d u c t i l e "  b u t  f o l l o w e d  t h e  g r a i n  b o u n d a r i e s .  

t h i s  p h e n o m e n o n  s e e m s  t o  b e  c h a r a c t e r i s t i c  o f  "w eak  e m b r i t t l e m e n t . "

M o s t  o f  t h e  s p e c i m e n s  w e r e  h e a t e d  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  50 0 °C  a n d  

6 f)0°C,  a s  shown  i n  F i g u r e  3 . 2 .  The  e x p e r i m e n t a l  r e s u l t s  t o  d a t e  a r e  i n s u f f i -  

c i e n t  t o  a s s e s s  q u a n t i t a t i v e l y  t h e  t r e n d  o f  s u l f u r  s e g í e g a t i o n .

C a r b ó n  S e g r e g a t i o n . F i g u r e  3 . 3  i s  t h e  A u g e r  s p e c t r u m  f r o m  a n  i n t e r g r a n u l a r  

f r a c t u r e  o f  Ni  2 0 0  w h i c h  w as  a l s o  s o l u t i o n  a n n e a l e d  a t  1 2 50 ° C  f o r  10  h o u r s  

f o l l o w e d  b y  w a t e r  q u e n c h i n g  a n d  t h e n  r e h e a t e d  a t  500°C  f o r  24 h o u r s  a n d  w a t e r  

< i u e n c h e d .  O n l y  c a r b ó n  s e g r e g a t i o n ,  NAPH C / N i  - 0 . 3 5 ,  w as  o b s e r v e d .  T h e  f r a c -  

t u r e  s u r f a c e  o f  t h i s  s p o c i r f e n  a l s o  e x h i b i t e d ,  a s  shown  i n  F i g u r e  3 . 4 ,  a n
v

i n t e r g r a n u l a r  d i m p l e d  r u p t u ' r e .

The  s u r f a c e  s e g r e g a t i o n  r e s u l t s  r e p o r t e d  p r e v i o u s l y  h a v e  sho wn  t h a t  c a r b ó n  

. ' • . ( ' •(regatos w i t h  a  máximum v a l u é ,  NAI'H c / N i  - 0 . 4 5 ,  i n  t h e  t e m p e r a t u r e  r a n g o  

b e t w e e n  45 0° C  a n d  55 0°C  a n d  no  l o n g e r  a p p e a r s  o n  t h e  s u r f a c e  a b o v e  5 5 0 ° C .  I t  

s e e m s  t h a t  t h e  r e s u l t s  o f  s u r f a c e  s e g r e g a t i o n  a n d  g r a i n  b o u n d a r y  s e g r e g a t i o n  

f o r  c a r b ó n  t e n d  t o  c o r r e l a t e  w i t h  e a c h  o t h e r  q u a l i t a t i v e l y  a n d  q u a n t i t a t i v e l y .

Cadwiuní  S e g r e g a t i o n . I t  h a s  b e e n  r e p o r t e d  p r e v i o u s l y  t h a t  c admiu in  wa s  o b s e r v e d  

o n  t h e  f r a c t u r e  s u r f a c e  o f  N i  2 0 0 .  H o w e v e r ,  t h e r e  h a s  b e e n  n o  f u r t h e r  o b s e r v a -  

t i o n  o f  c a dm iu m  s e g r e g a t i o n  i n  g r a i n  b o u n d a r i e s .

I n  t h e  p r e v i o u s  r e p o r t  i t  wa s  a l s o  shown t h a t  c a dm iu m  s e g r e g a t e d  t o  t h e  s u r f a c e  

o f  a  Ni  s i n g l e  c r y s t a l ,  b u t  i t  e v a p o r a t e d .  The  e v a p o r a t e d  cad mi um  w a s  d e t e c t e d
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u s i n g  a  t n a s s  s p e c t r o m e t e r . F i g u r e  3 . 5  £ h o * 9  t h a t  c a d m i u m  d o e s  e x i s t  o n  t h e  

s u r f a c e  o f  N i  a t  l o w  t e m p e r a t u r e s .  T h i s  f i g u r e  g i v e s  t h e  s u r f a c e  c o m p o s i t i o n  

o f  a  N i  ( 11 1 )  f a c e  d u r i n g  c o o l i n g  t h r o ü g h  t h e  t é m p e r a t U r e  r a n g e  b e t w e é n  25°C 

a n d  7 5 8C a f t e r  tw o  h o u r s  o f  h e a t i n g  a t  6 5 0 ° C .

T h e s e  r e s u l t s  d e m ó n s t r a t e  c o n c l u s i v e l y  t h a t  c a dm i um  d o e s  s e g r e g a t e .  H o w e v e r ,  

t h e  f a i l u r e  t o  d e t e c t  i t  i n  t h e  g r a i n  b o u n d a r i e s  r e p r o d u c a b l y  s u g g e s t s  t h a t  

i t s  s e g r e g a t i o n  k i n e t i c s  a r e  v e r y  c o m p l e x  p o s s i b l y  d e p e n d i n g  u p o n  t h e  a n n e a l i n g  

t e m p e r a t u r e ,  q u e n c h  r a t e  a n d  s i t e  c o m p e t i t i o n  w i t h  o t h e r  s e g r e g a t e d  s p e c i e s .

B o r o n  a n d  N i t r o g e n  S e g r e g a t i o n . F i g u r e  3 . 6  i s  t h e  f r a c t u r e  s u r f a c e  c o m p o s i ­

t i o n  o f  n i c k e l  2 00  w h i c h  Was h e a t e d  a t  1 2 5 0 ° C  f o r  1 0  h o u r s  f o l l o w e d  b y  w a t e r  

q u e n c h i n g .  I t  wa s  t h e n  r é h e a t e d  a t  6 0 0 ° C  f o r  96  h o u r s  a n d  w a t e r  q u e n c h e d .

S m a l l  a m o u n t s  o f  b o r o n  a n d  n i t r o g e n  w e r e  o b s e r v e d  o h  t h e  f r a c t u r e  s u r f a c e .

The  m o r p h o l o g y  o f  t h e  f r a c t u r e  w as  t h e  s ame  a s  t h a t  shown  i n  F i g u r e s  3 . 1  a n d  

3 . 4 .

The  s e g r e g a t i o n  o f  b o r o n  a n d  n i t r o g e n  h a v e  a l s o  b e e n  f o u n d  o h  t h e  n i c k e l  

s i n g l e  c r y s t a l  s u r f a c e  d u r i n g  h e a t i n g  t i m e s  l o n g e r  t h a n  5 0 0 0  s e c o n d s  a t  6 5 0 ° C ,  

( F i g u r e  3 . 7 ) .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p r e s e n c e  o f  b o r o n  i s  a l w a y s  

a s s o c i a t e d  w i t h  t h a t  o f  n i t r o g e n .  The  k i n e t i c s  o f  b o r o n  a n d  n i t r o g e n  s e g r e -

q a t i o n  h n v o  p o t  b e e n  s t u d i e d .

C h l o r i n e  S e g r e g a t i o n . The  s e g r e g a t i o n  o f  c h l o r i n e  h a s  a l s o  b e e n  o b s e r v e d  o n  

t h e  f r a c t u r e  s u r f a c e  o f  n i c k e l  2 0 0 .  The  s a m p l e  w a s  s o l u t i o n  a n n e a l e d  a t  1 35 0° C  

f o r  24 h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g .  I t  wa s  r e h e a t e d  a t  550°C  f o r  72 

h o u r s  a n d  w a t e r  q u e n c h e d .  F i g u r e  3 . 8  i s  a n  A u g e r  s p e c t r u m  s h o w i n g  c h l o r i n e  

s e g r e g a t i o n .  Th e  s e g r e g a t i o n  o f  c h l o r i n e  w as  a c c o m p a n i e d  b y  t h e  s e g r e g a t i o n  

o f  s u l f u r .  U n d e r  a r g ó n  i o n  b o m b a r d m e n t  t h e  s e g r e g a t e d  c h l o r i n e  l e v e l s  

d e c r c n s e d  r a p i d l y  w i t h  d e p t h  aw ay  f r o m  t h e  f r a c t u r e  s u r f a c e .

E f f e c t  o f  B o u n d a r y  M i g r a t i o n . Th e  a c c u m u l a t i o n  o f  s u l f u r  a t  g r a i n  b o u n d a r i e s  

may  a l s o  o c c u r  a s  a  r e s u l t  o f  t h e  s w e e p i n g  a c t i o n  o f  m i g r a t i n g  b o u n d a r i e s  

d u r i n g  r e c r y s t a l l i z a t i c n  ( 3 - 1 ) .  A u g e r  a n a l y s e s  f o r  t h e  f r a c t u r e  s u r f a c e  o f  

n i c k e l  200  w h i c h  wa s  30% c o l d - r o l l e d  f o l l o w e d  b y  r e c r y s t a l l i z i n g  a t  6 0 0 ° C  

f o r  o n e  h o u r  r e v e a l o d  t h e  s e g r e g a t i o n  o f  s u l f u r  a n d  m a g n e s i u m ,  a s  sho wn  i n  

F i g u r e  3 , 9 .  T h e  f r a c t o g r a p h  o f  t h i s  s p e c i m e n  i s  shown  i n  F i g u r e  3 . 1 0 .  I t
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F i g u r e  3 .1 0  The SliH f ' r a c t o g r a p h  o b t a i n e d  from r e c r y s t a l l i z e d  Ni 200.

can be «seen t h a t  two k ¡ nds of  f r a c t u r o  niodes a r e  p r e s e n  t.. <*ne e x h i b i t e d  t h e  

t y p i c a l  i n t e r g r a n u l a r  d imp le  r u p t u r e .  The o t h e r  was f í a t  and c o n t a i n e d  l a r g e  

amounts  o f  S i j l f u r .  Tlie p r e s o n c e  o f  M<i w i t h  £¡ s u g g e s t s  t h a t  MgS h as  p r e c i -  

p i t a t e d  i n  t h e  g r a i n  b o u n d a r i e s .

S e g r e g a t i o n  i n  "Kmbr i t t  l e d " N i c k e l . l’roduct. i .on o f  an i n t e r g r a n u l a r  s u r f a c e  

o f  a f a c e  c e n t c r e d  c u b i c  m a t e r i a l  such  a s  n i c k e l  in  an u l t r a h i g h  vacuum 

c o n d i t i o »  by s i m p l e  inipnct f r a c t u r e  ( th e  o x p i r  ¡mental  t e c h n i q u e  b e i n g  u se d  

h c i e )  i ti no t  an o a s y  t:a:;k. To d a t e ,  i t  h a b e e n  o n l y  p a r t i a l l y  s u c c e s s f u l  

t>> o b t a i n  i nt.ct i|i a n u l . u  I r a e  t u r e .  In a l l  e a s e u  t h e  f r a c t u r e  f o l l o w s  t h e  g r a i n  

boundary  but. t h e  f r a c t u r e  s u r l a c e  h as  a d i m pl e  s t r u c t u r e .  The h i g h e r  m agni -  

f i c a t i o n  o f  a SKM f r a c t o g r a p h  shows t h a t  second  p h a se  p a r t i d o s  a r e  c o n t a i n e d  

wi t h i n  th e  d i m p l e s .  A t t e m p t s  t o  i d e n t i l y  t h e s e  p a r t i d o s  u s i n g  m ic r o p r o b e  

a n a l y s i s  have been u n s u c c e s s f  u l . The p a r t i d o s  a r e  t o o  s m a l l  t o  be r e s o l v e d  

by t h e  s c a n n i n g  Auger .

The a d d i t i o n  of  an e m b r i t t l i n g  e l e m e n t  such  a s  a b i s m u t h  t o  t h e  n i c k e l  can 

s h i f t  t h e  i n t e r g r a n u l a r  d im p lc d  r u p t u r e  t o  a smooth i n t e r g r a n u l a r  f r a c t u r e .



2  2 i

F i g u r e  3 . 1 1  sh o w s  t h e  r e p r e s e n t a t i v e  A u g e r  s p e c t r u m ,  A u g e r  i m a g e s ,  a n d  SEM 

f r a c t o g r a p h s  o f  n i c k e l  2 0 0  w h i c h  w a s  d o p e d  w i t h  1 0 0  ppm B i  a n d  h e a t e d  a t  

6 0 0° C  f o r  24  h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n ^ .  G r a i n  b o u n d a r y  f a c e t s  

i n d i c a t i v e  o f  i n t e r g r a n u l a r  f r a c t u r e  a r e  a p p a r e n t .  The  h i g h  m a g n i f i c a t i o n  o f  

t h e  SEM f r a c t o g r a p h  i n d i c a t e s  no  d i m p l e s  o r  s e c o n d  p h a s e  p a r t i d a s  o n  t h e  g r a i n  

f a c e t s .  A u g e r  a n a l y s i s  s h o w s  a  l a r g e  s e g r e g a t i o n  o f  s u l f ü r  a n d  b i s m u t h .  Th e  

A u g e r  map o f  s u l f u r  i n d i c a t e s  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  s e g r e g a t e d  s u l f u r  

i s  n o t  u n i f o r m .

DISCUSSION

Th e  s e g r e g a t e d  s p e c i e s  o b s e r v e d  e x c e p t  c a d m i u m  a r e  r e s i d u a l  n o n - m e t a l s  w h i c h  

h a v e  l o w  s o l u b í l i t y  i n  n i c k e l  a n d  d i f f e r  i n  a t o m i c  s i z e .  Th e  s i z e  d i f f e r e n c e  

c o n t r i b u t e s  t o  t h e  d r i v i n g  f o r c é  f o r  s e g r e g a t i o n .  T h e s e  e l e m e n t s  may b e  p r e ­

s e n t  i n  n i c k e l  a s  i m p u r i t i e s .  T h e r e  h a v e  b e e n  many  i n v e s t i g a t i o n s  o f  t h e  

e f f e c t s  o f  s u l f u r  o n  t h e  p r o p e r t i e s  o f  n i c k e l ,  b u t  t h e  m e c h a n i s m s  a n d  k i n e t i c s  

o f  s u l f u r  s e g r e g a t i o n  a r e  n o t  y e t  u n d e r s t o o d .  I n  a d d i t i o n ,  s e g r e g a t i o n  o f  

c a d m i u m ,  n i t r o g e n ,  c h l o r i n e ,  a n d  c a r b ó n  a r e  n o t  w e l l  d o c u m e n t e d ,

s u m m a r i z i n g  t h e  e x p e r i m e n t a l  r e s u l t s ,  s u l f u r  i s  t h e  p r i m a r y  s p e c i e  w h i c h  

s e g r e g a t e s  t o  t h e  g r a i n  b o u n d a r i e s  a n d  s u r f a c e  o f  N i .  T h i s  may b é  a t t r i b u t e d  

t o  t h e  v e r y  l o w  s o l u b i l i t y  o f  s u l f u r  ( l e s s  t h a n  1 0  ppm a t  r o o m  t e m p e r a t u r e ) , 

t h e  l a r g e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  b e t w e e n  s u l f u r  ( 2 . 4 4 )  a n d  n i c k e l  ( 1 . 7 5 ) ,  

a n d  t h e  h i g h  s t r a i n  d u e  t o  t h e  m i s f i t  o f  t h e  s u l f u r  a t o m  i n  t h e  r e g u l a r  n i c k e l
O

l a t t i c e  ( a b o u t  0 . 4  A ) . T h e r e f o r e ,  s u l f u r  w o u l d  t e n d  t o  s e g r e g a t e  o n t o  t h e  

n i c k e l  s u r f a c e  o r  g r a i n  b o u n d a r i e s  i n  o r d e r  t o  m i n i m i z e  t h e  f r e e  e n e r g y  o f  

t h e  s y s t e m  ( 2 ) i f  s u l f u r  a t o m s  r e c e i v e  t h e  n e c e s s a r y  e n e r g y  t o  o v e r c o m e  t h e  

a c t i v a t i o n  e n e r g y  f o r  d i f f u s i o n .

I t  w as  d e m o n s t r a t e d  i n  a  p r e v i o u s  r e p o r t  t h a t  t h e  s t r u c t u r e  i n  t h e  n e g a t i v e  

e x c u r s i ó n  o f  t h e  S A u g e r  p e a k  i s  i n d i c a t i v e  o f  c h e m i c a l  b o n d i h g  b e t w e e n  S a n d  

N i .  T h i s  s t r u c t u r e  i s  o b s e r v e d  b o t h  f o r  s u l f u r  s e g r e g a t e d  o n  a  N i  s u r f a c e  

a n d  i n  t h e  g r a i n  b o u n d a r i e s .  T h i s  s u g g e s t s  t h a t  i n  b o t h  c a s e s  c h e m i s o r p t i o n  

a n d  n o t  p h y s i c a l  a d s o r p t i o n  o c c u r s .

T he  l a r g e n t  v a l u é  o f  NAFH S / N i  - 0 . 6 5  f o r  g r a i n  b o u n d a r y  r . e q r o q a t i o n  i s  c i ó s e  

t:o t l i e  NAi li : ; /Ni  (~0.<»i> i 0 . 0 5 )  f o r  s a t u r a t e d  s u r f a c e  s e g r e g a t i o n .  T h i s  may
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i m p l y  t h a t  t h e r e  i s  t h e  s ame  s a t u r a t i o n  l i l n i t  f o r  s u l f u r  b o t h  o n  s u r f a c e  

s e g r e g a t i o n  a n d  g r a i n  b o u n d a r y  s e g r e g a t i o n .  H o w e v e r ,  m o s t  o b s e r v e d  v a l ú e s  

f o r  t h e  NAPH S / N i  i n  g r a i n  b o u n d a r i e s  a r e  s m a l l e r  t h a n  t h a t  o f  t h e  s a t u r a t i o n  

l i m i t .

C o n s i d e r i n g  t h e  tw o  m a i n  s e g r e g a n t s  ( s u l f u r  a n d  c a r b ó n ) , s u l f u r  s i t s  o n  a  

s u b s t i t u t i o n a l  s i t e  i n  t h e  m a t r i x ,  w h e r e a s  c a r b ó n  s i t s  a t  a n  i n t e r s t i a l  o n e .

I t  i s  e x p e c t e d  t h a t  t h e  d i f f u s i ó n  o f  c a r b ó n  i s  m o r e  r a p i d  t h a n  s u l f u r .  T h e r e -  

f o r e ,  c a r b ó n  l e v e l s  a r e  h i g h e r  a t  l o w  t e m p e r a t u r e s  t h a n  t h o s e  o f  s u l f u r .  A t  

h i g h  t e m p e r a t u r e s  s e g r e g a t e d  C d o e s  n o t  a p p e a r  o n  t h e  s u r f a c e .  I t  i s  n o t  

c l e a r  w h e t h e r  t h i s  i s  d u e  t o  t h e  i n f l u e n c e  o f  S o r  w h e t h e r  i t  i s  a  p r o p e r t y  

o f  t h e  N i - C  s y s t e m .  T h e  l a t t e r  c a s e  w i l l  e x i s t  i f  t h e  t e m p e r a t u r e  i s  a b o v e  

t h a t  a t  w h i c h  g r a p h i t e  p r e c i p i t a t e s .  H o w e v e r ,  t h e  r e s u l t s  d o  i n d i c a t e  t h a t  

s u l f u r  c a n  i n f l u e n c e  c a r b ó n  s e g r e g a t i o n  s i n c e  c a r b ó n  d o e é  n o t  s e g r e g a t e  a f t e r  

a  s a t u r a t i o n  c o v e r a g e  o f  s u l f u i r  o c c u r s .

The  d i s c u s s i o n  o f  s e g r e g a t i o n  o f  b o r o n  a n d  n i t r o g e n  w i l l  b e  made  i n  t h e  s e c t i o n  

c o n c e r n i n g  t h e  g r a i n  b o u n d a r y  s e g r e g a t i o n  i n  I n c o n e l  a l l o y  6 0 0 .  Th e  r e s u l t s  t o  

d a t e  a r e  n o t  s u f f i c i e n t  t o  d e f i n e  t h e  c o n d i t i o n s  u n d e r  w h i c h  ca d m i u m  a n d  

c h l o r i n e  s e g r e g a t e .

G r a i n  B o u n d a r y  S e g r e g a t i o n  i n  I n c o n e l  6 00

E x p e r i m e n t a l  D e t a i l s . Th e  d e t a i l s  o f  s p e c i m e n  p r e p a r a t i o n  a n d  t h e  A u g e r  

n l o c t r o n  .'¡i’i . ' c t - rn . s ropy  L o e l m i q u e  h a v e  b e e n  g i v e n  i n  a n  e a r l i e r  r e p o r t .

T e s t  R e s u l t s . I n c l u d e d  h e r e i n  i s  a n  o u t l i n e  o f  s e v e r a l  r e p r e s e n t a t i v e  r e s u l t s  

o f  g r a i n  b o u n d a r y  c o m p o s i t i o n  o b t a i n e d  f r o m  t h e  f r a c t u r e  s u r f a c e  o f  I n c o n e l  

6 0 0 .

F i g u r e  3 . 1 2  s h o w s  t h e  A u g e r  s p e c t r u m  a n d  t h e  SEM f r a c t o g r a p h s  o b t a i n e d  f r o m  

t h e  f r a c t u r e  s u r f a c e  o f  a  s p e c i m e n  w h i c h  w as  h e a t e d  a t  13 50° C  f o r  2 h o u r s  

f o l l o w e d  by w j t o r - q u e r t c h i n g  a n d  t h e n  r e - h e a t e d  a t  6 0 0 ° C  f o r  24 h o u r s  ( o r  72 

h o u r s )  f o l l o w e d  by  w a t e r - q u e n c h i n g . Th e  f r a c t u r e  s u r f a c e  e x h i b i t e d  a  m i x t u r e  

o f  d u c t i l e  a n d  f í a t  g r a i n  b o u n d a r i e s .  Th e  f í a t  a r e a  i s  l e s s  t h a n  20% o f  t h e  

t o t a l  f r a c t u r e  s u r f a c e  o f  t h e  s p e c i m e n .  T h i s  a r e a  h a d  h i g h  c o n c e n t r a t i o n s  o f  

s u l f u r ,  n i t r o g e n ,  t i t a n i u m ,  p h o s p h o r u s ,  c a r b ó n ,  a n d  c h r o m i u m  e n r i c h m e n t s .  The
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v a r i a t i o n  i n  e n r i c h m e n t  f r o m  a r e a  t o  a r e a  i s  l i k e l y  d u e  t o  t h e  c h a n g e s  i n  

f r a c t u r e  m o d e .  • T h e  u p p e r  s p e c t r u m  i n  F i g u r e  3 . 1 2  i s  t h e  r e p r e s e n t a t i v e  A u g e r  

a n a l y s i s  s h o w i n g  t h e  s e g r e g a t i o n  o f  i m p u r i t i e s  a n d  s o l u t e s .  The  m o s t  p r o m i n e n t  

p e a k  i s  s u l f u r .  H o w e v e r ,  c h r o m i u m  a n d  c a r b ó n  p e a k s  be c o m e  p r o m i n e n t  a f t e r  o n e  

h o u r  o f  a r g ó n  i o n  b o m b a r d m e n t ;  t h i s  c a n  b e  s e e n  f r o m  t h e  b o t t o m  A u g e r  s p e c t r u m  

i n  F i g u r e  3 . 1 2 .

The  d e p t h - c o m p o s i t i o n  p r o f i l e s  o f  s u l f u r ,  c a r b ó n ,  a n d  c h r o m i u m  a r e  shown  i n  

F i g u r e  3 . 1 3 .  A r g ó n  i o n  b o m b a r d m e n t  d i d  n o t  r e m o v e  t h e  s e g r e g a t e d - s u l f u r  

a s  r a p i d l y  a s  i n  t h e  c a s e  o f  s u l f u r  s e g r e g a t i o n  o n  n i c k e l .  I t  t o o k  l o n g e r  

t h a n  1 0 , 0 0 0  s e c o n d s  o f  i o n  b o m b a r d m e n t  t o  s p u t t e r  o f f  t h e  s e g r e g a t e d  s u l f u r  

f r o m  t h e  f r a c t u r e  s u r f a c e .  T h e  s e g r e g a t e d - c a r b o n  a n d  - c h r o m i u m  l e v e l s  i n -  

c r e a s e d  a s  a  f u n e t i o n  o f  i o n - s p u t t e r i n g  r e a c h e d  a  máximum v a l u é  a n d  t h e n  

d e c r e a s e d .  B o t h  máximum l e v e l s  o f  c a r b ó n  a n d  c h r o m i u m  Were  a t  a b o u t  1 , 0 0 0  

s e c o n d s  o f  i o n - s p u t t e r i n g .  I t  i s  a s s u m e d  t h a t  t h e  h i g h  c a r b ó n  a n d  c h r o m i u m  

i s  d u e  t o  c h r o m i u m  c a r b i d e .  F rom s c a n n i n g  A u g e r  i m a g e s  a s  shown  i n  F i g u r e  3 . 1 2 ,  

t h e  a r e a  s h o w i n g  h i g h  s u l f u r  c o n c e n t r a t i o n  h a s  h i g h  c h r o m i u m  a n d  c a r b ó n  c o n -  

c e n t r a t i o n s ,  b u t  n o t  v i c e  v e r s a .

R e s u l t s  h a v e  b e e n  o b t a i n e d  f r o m  s e v e r a l  h e a t  t r e a t m e n t s :  (1 )  135Q°C f o r

2 h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g  a n d  r e h e a t i n g  a t  6 00 °C  f o r  72 h o u r s  

f o l l o w e d  b y  a i r  c o o l i n g ;  (2 )  a t  1 3 5 0 ° C  f o r  2 h o u r s  ( w a t e r  q u e n c h e d ) ,

(3) 1 35 0°C  f o r  2 h o u r s ,  f u r n a c e  c o o l e d  t o  5 50 °C  f o r  350  h o u r s ,  (4)  1 0 5 0 ° C  

f o r  24 h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g  a n d  r e h e a t i n g  a t  6 00 °C  f o r  1 6 0  h o u r s  

( w a t e r  q u e n c h e d )  a n d  (5)  1 0 5 0 ° C  f o r  24 h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g  

r e h e a t i n g  a t  60 0° C  f o r  20  h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g .  T h e  a m o u n t s  o f  

s e g r e g a t i o n  e x p r e s s e d  i n  NAPH a r e  shown  i n  F i g u r e  3 . 1 4 .  I t  c a n  b e  s e e n  t h a t  

t h e  s p e c i m e n  a s  q u e n c h e d  w i t h o u t  f u r t h e r  h e a t i n g  sh o w s  n o  s i g n i f i c a n t  

s e g r e g a t i o n .  I n  a d d i t i o n ,  t h e  s p e c i m e n s  p r e h e a t e d  a t  1 3 5 0 °C  h a v e  h i g h e r  

s e g r e g a t i o n  l e v e l s  t h a n  t h o s e  p r e h e a t e d  a t  1 0 5 0 ° C .

D i s c u s s i o n . I n t e r p r e t a t i n g  t h e  v a r i a t i o n  o f  g r a i n  b o u n d a r y  c h e m i s t r y  i n  

I n c o n e l  a l l o y  6 00  s h o u l d  c o n c e r n  i n t e r a c t i o n  b e t w e e n  s e g r e g a t e d  i m p u r i t i e s  

a n d  t r a c e  ( o r  m i ñ o r  a l l o y i n g )  e l e m c n t s  a t  o r  n e a r  t h e  g r a i n  b o u n d a r i e s .  The  

p o s s i b i l i t i e : ;  o í '  f o r m i n g  n o n - m e t a l l i c  i n c l u s i o n s  s u c h  a s  c a r b i d e s ,  s u l f i d e s ,  

n i t r i d e s ,  b o r i d o : . ; ,  a n d  o x i d e s ,  o r  c o m p l e x e s  s h o u l d  b e  c o n s i d e r e d .

B i c b e r  a n d  D e c k e r  O -  !) made  a  « y . s t o m n t i c  s t u d y  o f  t h e  i n f l u é n c e  o f  t r a c e  

e l e m c n t s  a n d  m i n o i  a l l o y i n g  a d d i t i o n s  i n  n i c k e l  a n d  i t s  a l l o y s  a n d  c l a s s i f i e d
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F i g u r e  3 . 1 4  The  f r a c t u r e  s ü r f a c e  c o m p o s i t i o n s  o f  I n c o n e l  6 0 0  
a t  v a r i o u s  h e a t  t r e a t m e n t s .
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55  e l e m e n t s  i n t o  t h r e e  g r o u p s  a s  d e t r i m e n t a l  e l e m e n t s ,  n e u t r a l  e l e m e n t s ,  a n d  

b e n e f i c i a l  e l e m e n t s .  T h e s e  t r a c e  e l e m e n t s  a n d  i m p u r i t i e s  may i n t e r a c t  w i t h  

e a c h  o t h e r  d e p e n d i n g  o n  t f t e r m o d y n a m i c  c o n s i d e r a t i o n s  a n d  c o m p l e x  k i n e t i c  

p r o c e s s e s .  More  c o m p l i c a t e d  i n t e r a c t i o n s  o c c u r  w he n  m o r e  e l e m e n t B  a r e  p r e s e n t .

The  s e g r e g a t i o n  o f  s u l f u r  a t  g r a i n  b o u n d a r i e s  i n  I n c o n e l  a l l o y  6 0 0  may m o r e  

o r  l e s s  b e a r  t h e  s ame  c h a r a c t e r i s t i c  a s  t h a t  i n  p u r é  n i c k e l .  H o w e v e r ,  t h e  . 

f i n e  s t r u c t u r e  o b s e r v e d  i n  t h e  n e g a t i v e  e x c u r s i o n s  o f  t h e  A u g e r  p e a k  f r o m  

s u l f u r  i n  t h e  g r a i n  b o u n d a r i e s  o f  n i c k e l  wa s  n o t  p r e s e n t  i n  t h e  s p e c t r a  f r o m  

t h a t  i n  t h e  g r a i n  b o u n d a r i e s  o f  I n c o n e l  6 0 0 .  T h i s  s u g g e s t s  t h a t  t h e  b o n d i n g  

i s  d i f f e r e n t ,  a n d  t h u s  t h e  e f f e c t s  o n  t h e  a n o d i c  d i s s o l u t i o n  k i n e t i c s  may 

d i f f e r  f r o m  t h o s e  o f  n i c k e l .  A l s o ,  t h e  AES i o n  s p u t t e r i n g  p r o f i l e  ( s e e  

F i g u r e  3 . 1 3 )  sh o w s  t h a t  m e a s u r a b l e  a m o u n t s  o f  s u l f u r  l e v e l s  e x t e n d  f a r  b e l o w  

t h e  f r a c t u r e  s u r f a c e  ( l o n g e r  t h a n  1 0 , 0 0 0  s e c o n d s  o f  s p u t t e r i n g )  . U s u a l l y ,  i n  

t h e  p u r é  n i c k e l  c a s e ,  i t  t o o k  a b o u t  3 0 0  s e c o n d s  t o  s p u t t e r  o f f  s e g r e g a t e d  

s u l f u r  f r o m  t h e  f r a c t u r e  s u r f a c e .  T h i s  c o u l d  i m p l y  t h a t  s u l f u r  i s  a s s o c i a t e d  

w i t h  t h e  f o r m a t i o n  o f  s e c o n d  p h a s e  c h r o m i u m  C a r b i d e .

The  e x p e r i m e n t a l  r e s u l t s  h a v e  shown  t h a t  b o r o n  s e g r e g a t e s  t o  b o t h  s u r f a c e  a n d  

g r a i n  b o u n d a r i e s  o f  I n c o n e l  a l l o y  6 0 0 .  B o r o n  h a s  a  l o w  s o l u b i l i t y  i n  n i c k e l ,  

i r o n ,  a n d  a u s t e n i t i c  s t e e l s ,  a n d  s o  i s  e x p e c t e d  t o  s e g r e g a t e  t o  t h e  a v a i l a b l e  

l a t t i c e  d o f e c t s  i n  t h e s e  m a t e r i á l s .  I n  t h e  l a t e  1 9 5 0 ' s  i t  wa s  r e a l i z e d  t h a t  

t r a c e  a d d i t i o n s  o f  b o r o n  a n d  z i r c o n i u m  i n t r o d u c e d  t o  n i c k e l  b a s e  a l l o y s  

s u b s t a n t i a l l y  i m p r o v e  t h e i r  h o t - w o r k i n g  b e h a v i o r  a n d  c r e e p - r u p t u r e  p r o p e r t i e s  

( 3 - 4 ) .  BQ£on i s  a  b e n e f i c i a l  e l e m e n t  i n  s m a l l  a m o u n t s  b u t  h a r m f u l  i n  l a r g e r  

a d ^ i t i o r í s ,  E v i d e n c e  f o r  b o r o n  s e g r e g a t i o n  t o  g r a i n  b o u n d a r i e s  i n  a  n i c k e l  

b a s e  a l l o y  b y  s e c o n d a r y  i o n  m a s s  s p e p t r o m e t r y  f r as  J » e n  f o y n d  b y  W a lg h  a n d  

K e a r  ( 3 - 5 ) .  T h e y  o b s e r v e d  t h a t  many  o f  t h e  i n t e r g r a n u l a r  r e g i o n s  c o n t a i n e d  

m a s s i v e  C r - r i c h  b o r i d e  p a r t i ó l e s .  I n  o u r  AES r e s u l t s ,  t h e  b o r o n  A u g e r

p e a k  h a s  s h i f t e d  f r o m  1 6 8  eV t o  1 7 9  eV b e f o r e  a n d  a f t e r  i o n  b o m b a r d m e n t .  I t  

s u g g e s t s  t h a t  b o r o n  may fo r t n  a  b o r i d e  a t  t h e  g r a i n  b o u n d a r i e s .  T h i s  p h e n o m e n o n  

h a s  a l s o  b e e n  f o u n d  f o r  some c a s e s  i n  p u r é  n i c k e l .

N i t r o g e n  w a s  a l s o  f o u n d  i n  t h e  g r a i n  b o u n d a r i e s  o f  I n c o n e l  6 0 0 .  The  s o l u b i l i t y  

o f  n i t r o g e n  i n  n i c k e l  i s  . sm a l l  (~ l e a s  t h a n  1 0  p p m ) . T h e r e f o r e ,  i t  i s  n o t  

s u r p r i s i n g  t h a t  n i t r o g e n  s e g r e g a t e s  t o  t h e  g r a i n  b o u n d a r i e s  a n d  s u r f a c e s  o f  

n i f c k e l  a l l o y s .  N i t r o g e n  i s  c o n s i d e r e d  d e t r i m e n t a l  t o  m a l l e a b i l i t y  e v e n  i n
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s m a l l  a d d i t i o n s .  I t  i s  k no w n  ( 3 - 6 ,  3 - 7 )  t h a t  n i t r o g e n  w i l l  r e a c t  w i t h  

t i t a n i u m  t o  f o r m  b r i t t l e  T iN  p a r t i ó l e s  w h i c h  m ay a c t  a s  n u c l e i  f o r  t h é  p r e -  

c i p i t a t i o n  o f  MC c a r b i d e s  a n d  some n i t r o g e n  may d i s p l a c e  c a r b ó n  i n  c a r b i d e  

t o  f o r m  c a r b o n i t r i d e s .  F ro m  t h e  AES r e s u l t s ,  i t  c a n  b e  s e e n  t h a t  t h e  n i t r o -  

g e n  a n d  T i  p e a k s  a r e  p r e s e n t  i n  t h e  s p e c t r u m  a f t e r  o n e  h o u r  o f  i o n  s p u t t e r i n g .  

T h i s  may i n d i c a t e  t h a t  p a r t i ó l e s  o f  T iN  f o r m  a t  t h e  g r a i n  b o u n d a r i e s .

A s m a l l  p h o s p h o r u s  p e a k  h a s  b e e n  o b s e r v e d  i n  t h e  A u g e r  s p e c t r u m  o b t a i n e d  

f r o m  t h e  f r a c t u r e  s u r f a c e ,  T h e  s o l u b i l i t y  o f  p h o s p h o r u s  i n  n i c k e l  i s  s m a l l  

( a b o u t  0 .3 2 % )  b u t  h i g h e r  t h a n  t h a t  o f  s u l f u r  i n  n i c k e l  ( a b o u t  1 0  p p m ) .  T h i s  

i s  why s u l f u r  s e g r e g a t i o n  i s  m o re  p r o m i n e n t  t h a n  p h o s p h o r u s  s e g r e g a t i o n .  No 

i n f o r m a t i o n  h a s  b e e n  d o c u m e n t e d  o n  p o s s i b l e  i n t e r a c t i o n s  b e t w e e n  p h o s p h o r u s  

a n d  a l l o y i n g  e l e m e n t s .  P h o s p h o r u s  i s  d e t r i m e n t a l  i n  l a r g e r  a d d i t i o n s  t o  some 

p r o p e r t i e s  o f  I n c o n e l  a l l o y  6 0 0 .  V e r m i l y e a  e t  a l .  ( 3 - 8 )  h a v e  sh o w n  t h a t  

a d d i t i o n s  o f  p h o s p h o r u s  t o  I n c o n e l  6 0 0  t y p e  a l l o y s  c a u s e  s u s c e p t i b i l i t y  t o  

i n t e r g r a n u l a r  á t t a c k  i n  s t r o n g l y  o x i d i z i n g  m e d i a .  T h i s  i n t e r g r a n u l a r  a t t a c k  

w a s  b e l i e v e d  t o  b e  a s s o c i a t o d  w i t h  . s e g r e g a t i o n  o f  p h o s p h o r u s  t o  g r a i n  

b o u n d a r i e s .  I n  a d d i t i o n ,  t h e  d e l e t e r i o u s  e f f e c t  o f  p h o s p h o r u s  i n  a c i d  

s o l u t i o n  h a s  b e e n  r a t i o n a l i z e d  (3 —9) o n  t h e  b a s i s  o f  a n  i n c r e a s e  i n  t h e  e f f e c -  

t i v e  n u m b e r  o f  g r a i n  b o u n d a r y  c a r b i d c  p r e c i p i t a t e s  a n d  t h e  a c t i v i t y  o f  p r e -  

e x i s t i n g  c o r r o s i o n  p a t h s .  F ro m  t h e  p r e v i o u s  r e p o r t ,  i t  c a n  b e  s e e n  t h a t  

v a c u u m  h e a t i n g  o f  I n c o n e l  a l l o y  6 0 0  r e s u l t s  i n  s u r f a c e  l a y e r s  r i c h  i n  s u l f u r  

a n d  p h o s p h o r u s .  T he  r e s u l t s  sh o w e d  s i t e  c o m p e t i t i o n  b e t w e e n  s e g r e g a t e d  s u l f u r  

a n d  p h o s p h o r u s .  T h i s  h a s  n o t  b e e n  o b s e r v e d  i n  g r a i n  b o u n d a r y  s e g r e g a t i o n .

C a r b ó n  p l a y s  a  m a j o r  r o l e  i n  t h e  s e g r e g a t i o n  p r o c e s s .  V e r y  p r o m i n e n t  i n  t h e

A u g e r  s p e c t r u m  f r o m  t h e  f r a c t u r e  s u r f a c e  b e s i d e s  t h e  C r ,  N i ,  a n d  S p e a k s ,  i s

t h a t  o f  C a t  a p p r o x i m a t e l y  2 7 2  e V .  An e x a m i n a t i o n  o f  t h e  i o n  s p u t t e r i n g

p r o f i l e  s u g g e s t s  t h a t  c a r b ó n  m u s t  b e  p r e s e n t  i n  t h e  f o r m  o f  c a r b i d e s  i n s t e a d

o f  g r a p h i t e .  H ig h  c a r b ó n  l e v e l s  a r e  a l w a y s  a s s o c i a t e d  w i t h  u n u s u a l l y  h i g h

c h ro m iü m  e n r i c h m e n t  b e f o r e  a n d  a f t e r  i o n  b o m b a r d m e n t . . A c c o r d i n g l y ,  p r e c i -

p i t a t i o n  o f  t h e  c h r o m i u m - r i c h  c a r b i d e  (M -C ) p r o b a b l y  o c c u r r e d  a l o n g  t h e  
•* 23 6

g r a i n  b o u n d a r i e s  w hen t h e  s p e c i m e n  w a s  s e n s i t i z e d .  T he  n a t u t e  a n d  e x t e n t  ó f  

t h e  i n t e r a c t i o n  b e t w e e n  t h e  p r e c i p i t a t i o n  o f  c a r b i d e s  a n d  t h e  p r e s e n c e  o f  

s e g r e g a t e d  i m p u r i t i e s  i s  a  c h a l l e n g i n g  p r o b l e m .  T he  r e s u l t s  t o  d a t e  a r e  

i n s u f f i c i e n t  t o  m ake  a n y  f u r t h e r  d i s c u s s i o n .



( I r . i i i i  l io n iK l,\ i y  ;i ■ <j i  r■ (j , u  io n  o f  304  S t a i n l t i f i f l  S t e e l

I n t e r g r a n u l a r  a t t a c k  i s  a  p r i n c i p a l  m ode o f  f a i l u r e  f o r  a u s t e n i t i c  s t a i n l e s s  

s t e e l .  ñ l t h o u g h  s o l u t e  s e g r e g a t i o n  o r  t h e  d é p l e t i o n  o f  a l l o y i n g  e l e m e n t s  a t  

g r a i n  b o u n d a r i e s  i s  t h o u g h t  t o  b e  a  c o n t r i b u t i n g  c a u s e ,  n o  d i r e c t  e v i d e n c e  

i s  p r e s e n t l y  a v a i l a b l e  t o  c o r r e l a t e  b e t w e e n  s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  

a t t a c k  a n d  g r a i n  b o u n d a r y  c o m p o s i t i o n .  T h e  m a i n  d i f f i c u l t y  i s  d u e  t o  t h e  

l a c k  o f  a  s u i t a b l e  t e c h n i q u e  f o r  s t u d y i n g  g r a i n  b o u n d a r y  c h e m i s t r y .

T e s t  R e s u l t s

F i g u r e  3 . 1 5  sh o w s  t h e  A u g e r  s p e c t r u m  a n d  SEM f r a c t o g r a p h s  o b t a i n e d  f r o m  t h e  

f r a c t u r e  s u r f a c e  o f  a  304 s t a i n l e s s  s t e e l  w h i c h  w a s  h e a t e d  a t  1 4 0 0 °C  f o r  24 

h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g  a n d  s e n s i t i z i n g  a t  6 0 0 ° C  f o r  24  h o u r s  ( w a t e r  

q u e n c h e d ) . T he  f r a c t u r e  s u r f a c e  o f  t h e  s p e c i m e n  e x h i b i t e d  a  m i x t u r e  o f  d u c t ^ l e  

a n d  f í a t  g r a i n  b o u n d a r i e s .  T h e  a m o u n t  o f  f í a t  b o u n d a r i e s  i s  a p p r o x i m a t e l y  30% 

o f  t h e  t o t a l  s u r f a c e  a r e a .  T h r e e  d i f f e r e n t  t y p e s  o f  c h e m i c a l  c o m p o s i t i o n s  

w e r e  o b s e r v e d .  One a r e a  e x h i b i t e d  a  s t r o n g  s u l f u r  s e g r e g a t i o n .  Some a r e a s  

a p p e a r e d  h i g h  i n  c a r b ó n  a s r j o c i a t e d  w i t h  s e g r e g a t e d  p h o s p h o r u s .  T he  r e s t  o f  

t h e  s u r f a c e  d i d  n o t  show  á n y  s i g n i f i c a n t  e n r i c h m e n t .  T h e  m i c r o s t r u c t u r e  o f  

t h i s  s p e c i m e n  i s  t h a t  o f  a  t w o - p h a s e  m a t e r i a l .  T h e  s a m p l e  w a s  m a g n e t i c  

i n d i c a t i n g  t h e  s e c o n d  p h a s e  a s  6 .  Two d i f f e r e n t  s e t s  o f  s e g r e g a t i o n  m ay b e  

a t t r í b u t e d  t o  tw o  k i n d s  o f  b o u n d a r i e s — s u l f u r  s e g r e g a t i o n  t o  y  -  y  b o u n d a r y  

a n d  p h o s p h o r u s  a n d  c a r b ó n  s e g r e g a t i o n  t o  t h e  y  -  6 b o u n d a r y .  F i g u r e  3 . 1 6  

sh o w s  t h e  A u g e r  s p e c t r u m  o b t a i n e d  f r o m  a  f r a c t u r e  s u r f a c e  o f  304 s t a i n l e s s  

w h i c h  wa:¡ Ih m ío í I  a t  12 'J0°C f o r  44 h o u r s  f o l l o w e d  b y  w a t e r  q u e n c h i n g .

I n  a d d i t i o n  t o  s u l f u r ,  n i c k e l  e n r i c h m e n t  w a s  o b s e r v e d .  T h e  f r a c t u r e  mode o f  

t h i s  s p e c i m e n  w as  l i k e  t h a t  o f  t h e  p r e v i o u s  s p e c i m e n .  I t  i s  i n t e r e s t i n g  t o  

n o t e  t h a t  n i c k e l  e n r i c h m e n t  d i s a p p e a r e d  w hen t h e  s p e c i m e n  w as  r e - h e a t e d  a t  

6 00 °C  f o r  o n e  h o u r  a n d  w a t e r  q u e n c h e d .

TASK 1 . 0  CONCLUSIONS

The m e t a l l u r g i c a l  s t u d i e s  o f  s o l u t e  s e g r e g a t i o n  h a v e  show n t h a t  (1 )  e v i d e n c e  

f o r  s u r f a c e  s e g r e g a t i o n  a n d  g r a i n  b o u n d a r y  s e g r e g a t i o n  i n  n i c k e l ,  I n c o n e l  

a l l o y  6 0 0 ,  a n d  304  s t a i n l e s s  s t e e l  h a s  b e e n  d e v e l o p e d  u s i n g  A u g e r  e l e c t r ó n  

s p e c t r o s c o p y . (2 )  S u l f u r  e x h i b i t s  s t r o n g  a n d  p r o m i n e n t  s e g r e g a t i o n  t o  s u r -  

f a c e  a n d  g r a i n  b o u n d a r i e s  i n  n i c k e l ,  I n c o n e l  a l l o y  6 0 0 ,  a n d  304 s t a i n l e s s  

s t . e e  1 w hen  t.he b u ] k  r o n c m t r a t : . i o n  .i:; . i s  lo w  .■;> a t r a c e .  T he  ¡ .¡u ll 'u r  ¡ j c g r e g a -  

t i o n  b e a r s  c h e m i s o r p t i o n  b e h a v i o r .  (3 )  T a b l e  3 . 1  sh o w s  d e t a i l s  o f  som e o f
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the results. These results show that at least surface segregation can be

u s e d  t o  p r e d i c t  g r a i n  b o u n d a r y  s e g r e g a t i o n  q u a l i t a t i v e l y .  T h e  sam e  e l e m e n t s  

w h i c h  s e g r e g a t e d  t o  t h e  s u r f a c e  w e r e  f o u n d  a t  g r a i n  b o u n d a r i e s .  (4 )  Q u a n t i -  

t a t i v e  c o r r e l a t i o n  s h o u l d  e x i s t  b e t w e e n  s u r f a c e  s e g r e g a t i o n  a n d  g r a i n  b o u n d a r y  

s e g r e g a t i o n  s i n c e  t h e  sam e t h e o r e t i c a l  e x p r e s s i o n s  a p p l y  f o r  b o t h .  H o w e v e r ,  

t h e  r e s u l t s  t o  d a t e  a r e  i n s u f f i c i e n t  t o  c o r r e l a t e  e a c h  o t h e r .  (5 )  E x p o s i n g  

s m o o t h e r  g r a i n  b o u n d a r i e s  c a n  b e  m ad e  b y  t e c h n i q u e s  s u c h  a s  d o p i n g  w i t h  

e m b r i t t l i n g  e l e m e n t s  o r  i n t r o d u c t i o n  o f  p r e - c r a c k e d  s p e c i m e n s .  M ore  w o rk  o f  

o p t i m i z i n g  p r o c e d u r e s  f o r  e x p o s i n g  g r a i n  b o u n d a r i e s  o f  f a c e  c e n t e r e d  c u b i c  

a l l o y s  w i l l  b e  s e a r c h e d .
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6PECTROM ETERS

T h e  p u r p o s e  o f  t h i s  s e c t io n  is to  s u m m a -  
•if.e a n d  t o  c o m p a r e  t h e  m it in  d e s ig n  lea- 
IHK's ol' e l e c t r ó n  s p e c t r o m e t e r  s y s l e m s  
• l i i ih  a r e  c u r r e n ! l y  c o m m e r c i a l l y  a v a i l -  
Itle in t h e  U n i t e d  S t a t e s .  T h e  e s s e n t i a l  
i ' t i iponen ts  o f  a n  e l e c t r ó n  s p e c t r o m e t e r  

üvstem a re  s h o w n  in  t h e  s c h e m a t i c  d i-  
(tütam o f  F ig u r e  1. A c o m p a r i s o n  o f  t h e  
ftlttctions o f  t h e  c o m p o n e n t s  u s e d  to  m a k e  
ij) th e  s ix c o m m e r c i a l  i n s t r u m e n t s  is g iven  
H T a h le  2. T h e  p e r f o r m a n c e  s p e c i l i c a t i o n s  
iíí th e  s p e c t r o m e t e r s  a r e  l i s t e d  in  T a h l e  1.* 
Tlp i n f o r m a t io n  c i t e d  is b a s e d  u p o n  th e  
l l ln u fac tu re r ’s l i te ra ’t u r e  a n d  u p o n  w ri t -

*'l’ab lo  1 is r e p e a t e d  bc low  f rom  p ag e  
Jlít. A pr i l  1973 . lo u rn a l  o f  C h e m i c a l  
Qtlcation.

t e n  a n d  v e rb a l  c o n s u l t a t i o n s  w i t h  c o m -  
p a n y  s c i e n t i s t s  a n d  e n g in e e r s .  T h e  t a b l e s  
o n ly  c o n t a i n  d a t a  fo r t h o s e  f e a t u r e s  a n d  
a cc e s s o r ie s  a c t u a l l ?  d e l i v e r a b l e  t o  u s e r s  a s  
o f  J a n u a r y ,  1973. N o  v a l u é  j u d g m e n t s  of 
t h e  s p e c t r o m e t e r  s y s t e m s  a r e  i n t e n d e d  
s in ce  v a l id  j u d g m e n t s  c a n  b e  m a d e  o n ly  
a f t e r  e x t e n d e d  t e s t i n g  o f  e a c h  i n s t r u m e n t  
u n d e r  t h e  i n t e n d e d  use  c o n d i t i o n s  o f  t h e  
p r o s p e c t i v e  p u r c h a s e r .  F u r t h e r m o r e ,  n e w  
d e v e l o p m e n t s  a r e  o c c u r r i n g  so  r a p i d l y  t h a t  
c e r t a i n  c o m p a r i s o n s  m a y  n o t  b e  v a l id  for 
long.  A d d i t i o n a l  d e t a i l e d  i n f o r m a t i o n  
a b o u t  a  g iv e n  i n s t r u m e n t  m a y  b e  o b t a i n e d  
b y  c o n t a c t i n g  t h e  m a n u f a c t u r e r s  l i s t e d  a t  
th e  e n d  o f  t h i s  a r t i c l e .  P h o t o g r a p h s  o f  
c o m m e r c i a l  s p e c t r o m e t e r s  a r e  s h o w n  iri 
F ig u r e s  8 t h r o u g h  13.

S m trcv . T h e  id e a l  s o u rc e  w o u ld  be  n 
n i o n o c h r o m a t i c  s o u r c e  o f  v a r i a b l e  w a v e -

T a b le  1.  S y s t e m  P e r f o r m a n c e  S p e c i l i c a t i o n s 0

le n g lh  w i t h  h ig h  p o w e r  o u t p u t  at a n  e n e r ­
gy  o f  a t  le a s t  900  eV  so  t h a t  o n e  w o u ld  be 
a l ile  t o  e x c i t e  t h e  l.s s h e l l s  o f  t h e  s e c o n d  
row e l e m e n t s .  T h i s  e n e r g y  a lso  is s u l f ic ie n l  
lo  e x c i t e  a t least. o n e  i n n e r  sh e l l  o f  a ll  th e  
l i e av ic r  e l e m e n t s .  T h e  s i m p l e s t  c o m p ro -  
m i s e  b e t w e e n  p o w e r  a n d  m o n o c h r o m a t i -  
c i t y  is t h e  u s e  o f  a  c h a r a c t e r i s t i c  x - r a y  
e m is s io n  l ine  o f  o n e  o f  t h e  l ig h t e r  e l e ­
m e n t s .  T h e  K a  d o u b l e t  o f  m a g n e s i u m  or  
a l u m i n u m  h a s  b e e n  c h o s e n  b y  t h e  i n s t r u ­
m e n t  b u i l d e r s  b e c a u s e  t h e s e  l in e s  h a v e  
r e a s o n a b l y  n a r r o w  c o m p o s i t e  I i n e w id th 9  of 
0 .75  e V  a n d  0 .95  eV, r e s p e c t iv e ly  i 18). As  
p o i n t e d  o u t  p r e v io u s ly  t h e s e  l i n e w i d t h s  a re  
a d e q u a t e  fo r  m o s t  c h e m i c a l  s t u d i e s .  T h e  
K a  l in e s  o f  t h e  h e a v i e r  e l e m e n t s  h a v e  con- 
s i d e r a b l y  l a rg e r  h a l f w i d t h s  ( fo r  e x a m p l e .  
C u  K a  F W H M  ~  2 .6 eV, M o  K a  F W H M  
~  6 eV) w h ic h  m a k e s  t h c m  u n n t t r a c t i v c  
for t h c m i c u l  Hhift iiu ' i \su r i 'in t 'i \U ,  T h e  
h e a v y  e l e m e n t  K a  l in e s  c a n  be  u s e f u l  for 
t h e  p r o d u c t i o n  o f  A u g e r  e l e c t r o n s  s in ce  
h i g h e r  p o w e r  is  a v a i l a b l e  w h e n  «heavy 
m e t a l  t a r g e t s  a r e  u s e d  a n d  s in c e  t h e  p ho -  
to n  l i n e w i d t h  is n o t  r e l a t e d  to  t h e  A u g e r  
l i n e w i d t h .  O f  c o u rs e ,  t h e  l i n e w i d t h  o f  a n y  
x - r a y  s o u r c e  c a n  b e  i m p r o v e d  a t  t h e  e x ­
p e n s e  o f  i n t e n s i t y  b y  s u i t a b l e  m o n o c h r o -  
m a t i z a t i o n .

T h e  b a s i c  x - r a y  s o u rc e  c o n s i s t s  o f  a 
h e a t e d  f i l a m e n t  a t  - 5  to  - 2 0  k V  a n d  a n  
Al o r  M g  w a te r - c o o le d  a n o d e  a t  g r o u n d  po- 
t e n t i a l .  T h e  g e o m e t r y  o f  t h e  t a r g e t  v a r ie s  
f r o m  i n s t r u m e n t  to  i n s t r u m e n t .  T h e  A É I  
E S 1 0 0  ( F ig u r e  4) a n d  M c P h e r s o n  E S C A  36 
u s e  a  p l a n a r  a n o d e  a t  a  s m a l l  t a k e - o f f  
a n g le  to  t h e  t a r g e t  d i r e c t i o n .  T h i s  g e o m e ­
t r y  r e s u l t s  in  a  h ig h  i n t e n s i t y  l ine  s o u rc e  
w h e n  v ie w e d  f r o m  t h e  s a m p l e  p o s i t i o n .  In  
th e  A E I  E S 2 0 0  t h e  f i l a m e n t  is  a t  g r o u n d  
p o t e n t i a l  a n d  t h e  a n o d e  is a t  a  h ig h  p o s i ­
tivo  p o t e n t i a l .  T h i s  a r r a n g e m e n l  r e d u c e s  
s c a t t e r i n g  o f  e l e c t r o n s  a t  t h e  a n o d e .  In  t h e

S e r t s i t iv i t y  P a r a m e t e r s  P e a k  P o s i t i o n

Element

Peak
Intensity

(counts/sec)
F W H M

(eV)
Power*'
(watts) S / l ) S / N

¡iciiHi-
t iv ity

110HOIU-
tion'1 Achu­

ra cv 
(eV)

Keprodu
ib ility
(eV)(cps/%) (eV)

A E l e s  .mui Au 1/ 110.000 l.:io 500 II 350 1300
Ag :W 'J.'i.OtHI 0.1KI 500 12 50(1 230 0.8(i

Ijii Pont
C l.v ■10,(100 1.0 500 70 500(20 scc/cV) 390 — 0.1 0.05
Au 4/ 300.000 1.20 350 7 2500(20 scc/eV) 2(i00 0.9 0.1 0.05

650 Ag 100.000 1.15 350 8 1250 (20sec/eV) — —
C l.v OO.OOO 1.15 350 10 1250(20 sec/eV) -- —

Mcvv li*l 1 -Packard A ii •!/'• 120,000 0.8 ■100 (Al) 120 1200
ESCA-5D50A Ag :w 2IÍ.000 0.87 750 (A l) 33 250

C l.s 12,000 0.8 800 (A l) 200 1500 120 0.5̂ 0.1 0.03
McPherson Au 4/ 75,000 1.35 750 14 350 700 _

ESCA-30 Ag 3,/ 18,700 0.88 750 1!) 270 180 0.88 0.04 0.015
C  l.v 1 1.500 1.0 1000 53 •170(22 sec/eV) MO —

V’acmiin ( ¡en- Au 1/ :io,ooo 2.31! 500 (A l) na na ....
l>ralors, M il. Ag :w na'' _

E S C A -2 C 1'. 10,000 1.83 500 (A l) na nn 1.0 <1.1 0.05
Vnritin Au 1/ 1,0110,000 l.li 2IÍ00 7 na 8800

V IE E I5 Ag :i</ ■.! i.ooo 0.88 2400 13 iiii 220 ().!)
C 1* 1 1.700 1.0 1000 IV lia l io 0.1 0 .03

I t a l a  o b l a i t i e d  I r o m  iiiam ilac lu rcrs; ' ' M c s t  r e p o r l e d  s y s l i ’t n  r e s o l u l i o n ;  X-ray  p o w e r  w i l h  m a g n e s i t i m  ( a r g e l  e x c o p t  w h e r e  i n d i c a l o d  t o  b e  
’  Not a v a i l a b l e ;  •' Known t o  b e  c l c a n o d  by A r '  b o m b a r d m e n t ;  t For S i l i c o n  2 p  d < i u b l e t .

( C o n t in u e d  fin p a n r  Á ‘27<»

V o l u m e  5 0 ,  N u m b e r  5, May 1 9 7 3  /  A269
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Figure 4. Schematic diagram ol the AEI 
ES100 Spectromeler.

Du Pont and Varían instrumenta an annu- 
la r target surrounding the snmple (which 
in these cases is a disc and a cylinder, re- 
spectively) is used. W ith  th is geometry 
these m anufacturcrs achieve a larger x-ray 
target area and higher photon flux at the 
sample surface. T h is  is one reason for the 
considerably higher counting ratcs exhib- 
ited by these instruments.

In a ll five of the above instruments the 
x-ray target and the sample are separated 
by a th in  a lum inum  or beryllium  window. 
Th is  window serves to exelude electrons 
scattered from the x-ray target (rom the. 
sample chamber. In the case of an a lu m i­
num window and an alum inum  target, the 
window eflective ly filters the Kft line and 
the background radiation w ithout s ign ifi­
c a n !  I.V u llcnuating  the H i r  doublot. How ­
evcr, the a liim iiium  window, when U sed  
w illi other x-ray targets, w ill produce U11- 
desired photooleotron linos excited by the 
A l K a  x-rays from the a lum inum  window.

The vacuum requirements of the x-ray 
source are not stringént— a pressure of less 
than 10~s torr is adequate if  hvdrocarbon 
vapors which produce (argot contam ina- 
tion aro pxclutlcd. Anothor target contami- 
nant is tungston from (lio filamont; Ihus, 
tubo geometrios in which tho anudo is not 
in a diroct lino w ith Iho lila in cn l rnav ox- 
toiul the oporating timo botweon s lu il- 
downs lnr targi't clcaning.

Tho H rw lo ll raokan l Ml.r>()A spoctmmo- 
tor t s l i o w n  sobornal ica lly  in l-’ igulo Til pro­
duces an x-ray source w ith an rffixtive 
line w idth ol less than 0.5 eV by dispersing 
the A l Km i.2 x-rays on a Rowland circle 
via a bent crysta l d iffraction “ grating." 
'I'he K o line is spatia lly  dispersed aernss 
tho targot so that the photoclectrons eject- 
ed fmm a lovol in the sample haVe dilíer- 
ent k inetic energies depending on the posi-

Figure 5. Schomatic diagram of the Hewlett- 
Packard Spectrometer.

tion across the sample from which they 
originated. In the lens system and energy 
analyzer th is dispersión results in a ll pho* j 
toelectrons from one level being focused on 
the same line at the exit plañe of the ann 
lyzer. ('I'he theory of this system is dis 
cussod in Ref. /, Appem lix 10 for a mali­
no! ic energy analyzer nnd in Rof. ¡!) Ibr un ¡ 
o led ro s la lie  energy m inlyzer.) In addition I
lo  compensa!ing for tho in trins ic  source I 
linew idth, the dispersed source also signif- 
ican tly  reduces the background in the 
spectrum since. the Bremsstrahlung pho- 
toelectrons and the K a x i satellite  lines 
are e lim inated. For studies of many chcm- 
ical systems th is feature of the dispersed 
source may be more im portant than the 
reduced linew idth since one should have 
lower detection lim its  w ith the improved 
signal-to-background. It can be advanta- 
geous to have a source of sm all linew idth if 
an element exists in several oxidation 
states in a sample and it is desired to ex- 
tract the.b ind ing energies of each of these 
oxidation states. (AE I has announced as an 
accessory for their spectrometers a 
monochromatized x-ray source. Prelim i- 
nary performance data for an ES200 
equipped w ith th is source are as follows for 
a gold sample: ¡p = 60,000 cps at PW HM  
of 0.8 eV and at an x-ray power of 1500 
watts. The S / f í  for th is sample was 75. 
The syst.em resolution is reported to be 0.5 
eV.)

If only outer shell excitation is desired, 
then the ultravio let resonance lines of heli- 
iim  at 21.2 or 40,8 eV aticl linowidth.s iif 
less than 0.01 eV may be used. Reccntly, 
other sources such as monochromatized 
cyclotron radiation (E  <100 eV) (20) and 
rare earth M  lines (21) having sm all half- 
w idths have been used as valence shell ex­
c ita tion sources. E lectron guns are fre- 
quently used as excitation sources for 
Auger electrón iina lys is (6') since high in - 
lonsilies of eleclrons of several kilovolts 
energy are easily produced and since the 
energy o f  exciting rad iation (loes not affect 
tho Auger electrón energy. It is importan! 
to have at least lwo a llóm a le  x-ray 
sources in ordor lo  distinguish pliotoolóc- 
Iron poaks from Auger poaks. When n dif­
ieren! x-ray energy is used the photoelec- 
tron peaks shift in k inetic energy but the 
k inetic energies of Auger peaks are con- 
stant.

S a m p le  a n d  S a m p le  Cham ber . Solid, 
liqu id , and gaseous samples can be stud­
ied by E S C A . However, the practica l re- 
striction  that the sample have a low vapor 
pressure makes the study of solids most 
convenient, and consequently, fiquids (and 
gases) generally are cxnm ined after freez- ’ 
ing. it is possible, of course, to vaporUe 
Iho liqu id  and to study it as a vapor if adif- : 
Ic ion lin llv  ponipod cotí is u s o d .  'I ho roasim 
for Iho low vapor pressure ros lric lion  is the 
roquiiomont (bal tho sample ohanilicr 
vacuum lio of 1 he o idor of 10 n Ion- (or 
better) in order to e lim ína le  scaUpring o[ 
the em itted electrons. In those cases where 
very clean sample surlacos are necossary, 
Iho residual gases in tho sample chamber 
must bo about l'oiir ordors of magnitudo 
lowor in pressure.

In addition to tho low vapor pressure re- : 
quirement. solid samples should be chemi- 
ca lly  stable in the spectrometer and

. (C o n t in u a d  on ptíge A27-I)
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should lio ¡n elcetrical equ ílib rium  w ith 
the sprctrometer. .For mnhy stndíes it is 
(‘ sw h tid t to  tt i« r r  (he surtí)»!* leltt|ffcnthir* 
to m in im íze possible rhrtnges in  the sám- 
plc when it is exposod lo  high vacuum 
nnd/or to exciting rnd ia lion. S ludy  of ra- 
d ia lion -sensilive  m alcriá is by K S C A  re- 
quires speria l care. The sample tempera- 
ture is controlled by use of a variable tem- 
pernture salnple probé w ith which the 
temperature mnv be varied from liqu id  ni- 
trogen temperatures (-190° C) to about 
+ 250° C. The exact temperature ranees of 
the probos provided w ith cach spectrome- 
le r aro shown in Tab le  i .  Probos which (¡o
lo  higher temporal uros aro nviiilab le as ac- 
cessories.

So lids are most conveniently handled as 
fía t pieces w ith the dimensions given in 
Tab le  2. Very frequently, however, solids 
are received for cxam inn lion  in pulverized 
form; in this ¿ use 10 lo lü  mg. of sample is 
adequate. The pulverized material may be 
pressed into a disc, spread ont« a m etallic 
backing (such as an abraded alun iinum  
píate), or dusted onto conducting tape 
(such ns double-sided adhesive tape). In 
a ll of these sam pling lechniqucs, i t  is es- 
sential that ihe sample be in good eW tri-  
cal equ ilib rium  w ith the spectnHortér so 
that the Ferin i le veis of the two coincide 
and Kquatíon l  holds. Samples tha l are 
o led r ica l insulators may beconic posilívo ly 
cliarged during irrad iation w ith x-rays be- 
cause electrons are being emitted. T h is  in- 
crease in  surlace poten! ¡al is called the 
“ charging effect" and can load lo  apparenl 
b ind ing energy shil'ls of mnny volts. In 
most spectrometers, however, a sufficient- 
ly  large number of sccondary (background) 
electrons are presen! in the sample cham- 
ber to stab ílize surface charge at a small 
valué. Furlhermoro, " rad ia lion  datnage" 
during irrad ia l ion of I lio sample may in- 
crease electrical conduc liv ily  su fficien lly 
to próvido charge transport through the 
samplo.

The “ charging problem " has been ae- 
centualod in ihe llo w lo tt- l’ackard KSCA  
5950A díte to the use of a dispersed x-ray 
source. Hccause of li l is  source there is a 
signifiennt reduetion in the number ol sec- 
ondary electrons in the sample chamber 
which normally serve lo neutralize the 
surface charge. In a receñí paper, il was 
reported that the Howlett-I’ ackard sam- 
ple-charging is being controlled by use of 
an electrón gun in the sample chamber 

In cases w lirre the charging elloci 
cannol be c lím ina lod  (lur exnmplc, in 
th ick insu la ling  samples), it is importan! 
to find a relerence line lor which the shitt 
due to the charging is identical w ilh  that 
of the line under sludy. If there is no in- 
ternal relerence e lrinent, an cxtcrnal slan- 
flard musí be found. 'I bis may be accom- 
plished by m ixing the sample w ith.a sn it- 
able rcfcrence standard or by iti situ depo- 
sition of sume relerence material (such as 
gold) on the sample. D ian is and l.oster 
(L’.l) and Swartz rt  ul. V¿t) have discussed 
li l is  problem.

Sam ple accessib ilil y and versal i i i I y are 
im porlan l consideralions in the use of an 
electrón spcctrometer. A ll of the commer- 
c ia l instruments except the McPherson

ESCA-36 have nt lenst tlirce access ports 
either in the sample chamber or in a sam ­
ple pre-treatmortt chamber. The M cPher- 
?on system, however, is u n iq u e  in  that it 
has a large modular sample in le t  S ystem  
which can accominodate odd-shaped sam­
ples up to 27, cubic inches lh  rIz c . The 
(ampie chahtnet rtmtothnrilí? holds «H 
elght-position S a m p le  wheel which can be 
controlled m am ia lly  or nutom ntica lly. A ll 
of the spectrometers except the Du Pont 
650 and the Vacuum  Generators E S C A -2  
have m últip le  sample capab ility  as may be 
seen ip Tab le  2.

A means for cleaning or chem ically  
tnodifying the sample prior to obta in ing a 
Spectrum w ithout exposure to a ir between 
tfeatment and exam ination may be v ita l 
in the study of manv chem ical systems. As 
shown in Tab le  2, pretrealment chambers 
are nvailable for four of the six ¡nsthi- 
menls listed. In Ihe A E I  and McPherson 
spectrometers sample preparation is done 
directly in the sample chamber. Conimon 
accessories for sample treatment include 
¡on bombardment guns for cleaning the 
surfnee of solid ¿ampies, evaporators for 
deposition of metáis on sample surfaces, 
and gas-handling systems for in situ sam ­
ple treatment. The ava ilab ility  of these 
accessories is ind icated in Tab le  2.

The . vacuum system in the sample 
chartiber should be designed to produce 
high vacuum w ithout contam ination of the 
sample. If the sample chamber also is used 
for sample treatment, then the sample 
chamber, the analyzer and the source 
should be separately pumped and isolata- 
blc from oacli other. If a sample pretreat- 
ment chamber is used then it is only nec- 
essary that it be separately pumped. Sep­
árate pumping of the sample pretrealment 
fegion removes some rost riel ions on the 
(¡ases tha l may be used in the chem ical 
modification o f  a sample surface. If one 
wants to produce and m aintain atom ica lly 
clean sample surfaces, then it is necessary 
that the partia l pressure of any reactive  
residual gas be less than 10 0 or 10” 10 torr 
in any of (he regions to which t>hc sample 
is exposed; i.o., u ltra-high vacuum condi- 
tiims must be maintained. At 10 n torr 
pressure of reactive gas the sample surlace 
may be covered w ilh  a monolayer of con- 
taminant in 15 m inutes. In actua lity  ¡i. is 
not the pressure of the gas but the flux of 
feactant (molecules per cm 2 per sec) im- 
pinging on the sample surface that is criti- 
cal. Thorefore, care must be taken in the 
choice of metería is from which the sample 
"lam ber is constructed if  clean. surfaces

¡i to be examined. A  system can exhibit 
l'üite low pressures and s t ill contam ínate 
Himples becatise high outgassing ratos of 
the chamber wnlls are compcnsated for by 
high pumping speeds.

Several types of pumping systems are 
Compatible w ith clean surface studies; 
each has its own advantages and dísad- 
vantages. The most conimon u llra-h igh 
vacuum ( l'I IV )  piim ps aro lila n iu m  sput- 
ter-ion pumps which aro. used by Hewlett- 
Packard and Varían. The advantage of 
these pumps ¡s the absence of pump 
fluids; Iho disadvantage ¡s the low gas 
throughput?' M cPherson uses a turbpmole- 
cular puni||i in its standard pumping sys­
tem, and combines Ihis w ith ii cryopum|t

( C o n tin u ed  on pane A 278)
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¡11 ils  l 'H V  phckage. Th is  combinalion 
y iclds ex lrr iue lv  hi^ll pum ping speeds nml 
low sample chamber pressures. It is 
claimed that deán surfaces m aintain their 
in1 ctírity for hours in th is system. AHI. I)li 
Pont and Vaouum (¡enernlnrs use the 
molí* ronvciil¡oiimI d ilf iis inn  pumps. One 
diH’s llave the possib ilitv til pump o il ton- 
tam ination in these systenis. but properly 
designed li<|uid-nitrogeti-cooled tn ld  traps 
shonld e lim ínate th is problem. AHI has re­
ported sample chamber pressnres as low 
as 10 n torr in the KS20II sp riiro m c liT . 
The tul vil til age of d ilfusion pnmps is Iheir 
hi^h gas throughput which makes them 
parí icu larly  a ltra d iv e  lor studies involv- 
ing (jas treatment of the sample. At pres­
ent, Du l ’ont does not o lie r U H V  eapabili- 
ty lor ih e ir spectrometer. In general, the 
su ita b ililv  ol' a particu lar typo of pumping 
System depends on Ihe kinds ol studies 
e iivisio iied by Ihe experimenler. Most of 
lit i' s lu tlies of d icm ica l compounds done lo 
dale have been done in vneuum syxlems 
onlv capnhle of about 10 7 torr.

Electron Energy A na lyzer .  The henrt of 
anv electrón spectrometer is the energy (or 
momentum) analyzer. One wants an ana- 
lyzer w ilh  both high resolving power and 
high transm ission. A  number of difieren! 
types of electrón energy analyzers are suit- 
able for K S C A  spectromelers: (<i) uniform 
field magnetic sector; (6) double focusing 
magnetic sector [first described by Sieg- 
bahn <2$t); (c) double focusing hemispher-

¿ , 3 9
n.tl e leclrostatic analy/er (2ti); (cll cylin- 
drica l e led ro sta lic  (27); Ir) cy lind rica l 
ntirror (2.‘!, 29); if) electroslatic non-dis- 
persive energy lilt i 1311. :ll, .12).

Hevicws of the ‘ heory of several of these 
analyzers are given by S iegliahn (/) and 
Sevier (17). Althtnigh the first spectromc- 
ter used for K S C A  liad a magnetic rt»n- 
mentum analyzer. a ll cum m em nl spec- 
Iromelers curren!ly availab le eontniíi clcc- 
Ifosla tic energy analy/.ers. The roason lor 
choosing the e led rosta lic  analyzer over 
the magnetic analyzer lies in the d ilf icu lty  
of reducing stray magnelic l'ields to ac- 
ceptable levels (ca. 10“ 4 gauss) in a mag­
ne lic analyzer s im e llu ro  seis of m u lu iílly  
perpendicular lle lm ho ltz  coils musí be 
used. l'o r an o led ro s la lie  analyzer niag- 
netic sh ield ing mav be used and the size 
and complexity of Ihe struy field cancella- 
tion devices is considerably redueed. An- 
other restric lion  on the environment of the 
analyzer is that the pressure musí be less 
t.han 10 s lo rr in order to m in im izo elec­
trón sca ltcriug from Ihe tlieoretical trajee- 
iones by residual gas inolecules. Since the 
vaciium  rcquiremenls in the sample región 
are the most stringent, any of the pump- 
ing alternatives adopted for that portion of 
Ihe spectrometer w ill suffice in the analyz- 
er.

Since a ll but one of the commercial in- 
s ln it i'e n ls  u tilize  a double focusing elec- 
I r o s l a l j c  analyzer (shown schem atica llv in 
Kig. til. some of its propertifcs are discussed 
in de ia il. The e lectroslatic field is radia l.
II t i l e  radius and potfcntial of the inner 
and outer spheres are a, V„ and b. V/,. te-

» < ip  

* '"'fií-lJ

Figure 6. Schematic diagram ol Ihe McPher- 
son ESCA 36 Spectrometer with some data 
handllng options.

spectively, Ihen the field ( f .) is given by. 

f. =  ( V h ~  V „ )a b )\r-(b  ~  a ) ]  j)

The solutjon of the cqunlinn of motinn 
in this field for a 180° sector is of the form 
(17);

'»/ ri |2/',V(I +  <*'■■)//•>„ 1 — 1 (9)

where E  is the energy of the electrón trav- 
ersing the median radius, r = (a + b)/2, r<j 
is the entrance radius and riso is the exil 
radius of an electrón of energy E. There is 
a reciprocal re lationsh ip between trans- 
mission and resolution in th is analyzer 
The resolving power, R, is given by;

l / l i  = F W H M / £  =
A  E / E  = W  /  2r  + o 2/ 4 (10)



«.lieic U' is ! lie w i i l l l i  o f  !)ot h I he m l r u n a  
.ind ex i t  s l i i s  ( p i c - s n m e d  e q u a l )  a n d  <. is 
tiie »n¡ily/.(‘r a c c e p l a n e e  a n g l e .  For  a n  m -  
alyzer ni' m e a n  r a d i u s  ;• =  ;|i . c in ,  It o f  1000 
rail be n b t u i n e d  Cor IV ~  ()..’ÍG 111:11 a n d  «  

S ic g b a h n  ( / )  r c p o r le d  a I r a u s m i s  
'¡mi ni (I.'.Í07( lor l.his It al a n  e l e c t r ó n  
cn c igy ,  ot 1000 c V .

The M d ’horson F 'SCA  3(5 (Figure fi) 
i'mitains an analyzer which is essenlia lly 
identieal t<> Ihe :i(i cm analyzer described 
hv Siegbahn (/). K lectron trajectorics aré 
di-lined bv cn lrancc and cmI slit.s and -i 
I-.1III0 w llic li H iliils  llu! ncceptaili ' an;,lc. 
T lic inslrum ciit may br operalcd w llli 11 

rcsnlving power of K / S K  =..r)0(H) al cnor- 
H¡es up to 4000 cV. T h is  nnuly/.cr ¡s con- 
ceptually Ibc s in ip lesi eommercial analyz- 
cr. bul ¡t niust, be .of large diincnsions ¡11 

arder to obtain adequate sensitiv ity  at 
iisclul resolu lion valuó!;.

Since  th e  ¡ n i p o r t a n t  q u a n l i t y  in  an  
KSÍ'A e x p e r i m e n t  is t h e  F W F IM  a n d  nol 
W, one c a n  seo f ro m  K q u a t i o n  10 t h a t  low- 
cring th e  e l e c t r ó n  e n e r g y .  w o n ld  a l low  
une lo  o p é r a t e  al lo w er  R b u t  h ig h e r  t r a n s -  
tnission. S e v e r a l  m a n u f n e t u r e r s  h a v e  
.ulopled i h i s  a p p r o n c h  — A l i l ,  H e w l e l t -  
l ' acka rd ,  V a c u u i n  ( l e n e r a t o r s ,  a n d  V a r í a n .
I11 all of t h e s e  i n s l r u m e n t s  Ih e  e l e e t r o n s  
Icaving I h e  »¡im ple  a r e  r e t a r d e d  so  t lia l 
lliey e n l e r  t h e  a n a l y z e r  a t  s o m e  lower 
energy. T h u s .  llie  d e s i r e d  v a l u é  o f  llic  
FW IIM  c a n  lie o l i l a i l i e d  al  a lo w er  v a lu é  
oí H. 'F l ie ic lo re ,  a s m a l l e r  m o n o o h r o m a t o r  
or witler  s l i l s  c a n  b e  u s e d .  A l lh o u ( ¡h  th e  
re ta rd ing  leus  m ag n i l ' i e s  t h e  s o u re e  im a g e  
al Ihe (Milranee lo  t h e  a l i a ly ze r ,  Ih e  r e s u l l -  
ing i n t e n s i ty  loss m a y  be  m o re  t h a n  com  
¡iciisated lor by  l l ie  h ig h e r  t r a n s m i s s i o n  
lli rough th e  a n a l y z e r .  T h e  first t h r e e  .in- 
« I ru m en ls  u se  a r e t a r d i n g  lens  a n d  a 
|i('i!iÍK|ihericnl n n a ly z e r .  'F he  V a r í a n  a n a -  
Iw.er (.'1.71 is ol' c y l im l r í c a l  s y i n m e l r y  bou! 
tle scr ihed a s  tw o  c o n e e n t r i c  s p l i e r e s  w il li  
salid s o g m o n t s  r e m o v e d  a lo n g  l lie  ax is .  I11 

tliis g e o m e t r y  e l e e t r o n s  o f  a ll  a z i m u t h a l  
¡ingles a r e  a e e c p t e d .

Tl ie  l l o w l c t l - l ’a c k a r d  s p e c l r o m e l e r  is 
uniquo in t h a t  t h e  r e t a r d i n g  l e n s - a n a ly z e r  
System h a s  b e e n  d e s i g n e d  lor t h e  d i s p e r s e d  
x-ray s o u re e  d c s c r ib e d  a b o v e  (/.9). T h e  
com ple te  s y s i e m  is s h o w n  in  F’ig u re  5. X -  
riivs a re  d i s p e r s e d  a c r o s s  t h e  s a m p l e  w i th  
llie h ig h e r  e n e r g i e s  c lo se r  lo  t h e  c e n l e r  of 
llie a n a l y z e r .  T l iu s ,  t h e  p h o to e l c c t r o n s  
c jected f rom  a n  e n e r g y  level h a v e  e n e r g ie s  
lliat d e p e n d  011 (h e  p o s i t io n  011 (h e  s a m p l e  
lrmn w h ic h  ih o y  o r ig i n a l e .  T h e  r e t a r d i n g  
leus p e r fo r n i s  (wo fu n c d 'o n s .  It r e l a r d s  (lie 
e leetrons  lo  a n  e n e r g y  o f  a p p r o x i m a t e l y  
l ió  cV; a n d  il r e i m a g e s  t h e  e l e c l r o n s  leav-  
ing (h e  s a m p l e  w i th  a  m a g n i f i e a t i o n  of  
aliuut live.  w i t h  (h e  h ig h e r  e n e r g y  e lec- 
Irons al l a rg e r  a n a l y z e r  ra d i i .  In o r d e r  to  
ileconiplis li ( lí ese  f i inc l io l is ,  (lie  s a m p l e  
surla cc  m u s í  be  in c l in e d  by  a c a l c u l a l e d  
imgle w il li  r é s p e d  (o (lie  c n l r a n c c  p l a ñ e  o f  
(lie a n a l y z e r .  T h e  h ig h e r  c i iw g v  e l e e t r o n s  
liave t r a j e d o r i c s  w i(h  l a rg e r  v a lú e s  o f  r  
than  th e  low er  e n e r g y  e l e c l r o n s .  By p rn p -  
t-rly m a l c l i i n g  (lie  d i s p e r s ió n  o f  (h e  x - r ay  
iiplics w il l i  (h e  r e t a r d i n g  leus  p o t e n l i a l s  
iiikI llie  a n a l y z e r  d i s p e r s ió n ,  a ll  o f  Ihe  
e leclrons  f rom  o n e  b i n d i n g  e n e r g y  in  l lie  
sam p le  a re  i iu a g e d  a t a s in g le  r a d i u s  al  
the exit  foca l  p la n o  o f  tlio  s p o d r o m e t e r .  
T herc fo ie .  (lie  e o n l r i b u t i o n  o f  (l ie  x - r ay

( ( 'n i i l i n i i i 'd  an  /k ijjc  A 2H ¿)
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Figure 7. S c h e m a t ic  diagrnm ol the DU Poní 
Spoctrom nler

source lo the observed linew id lh  can be 
s ign ifica iiiiy  réduced: ' l ’hcorfl U*jilly Ihe 
contribution can be madc.zero, bu l aber- 
rations in the x-ray dispersing crvsla ls and
i ti Ihe leus lead to an esl invated linew idth 
contributio ii of from 0/2 tu II.:i eV. One 
otlier Icature ol ih is  system ¡s that ¡1 oper-

z m
ales Kim ultiincously al m áximum resolu- 
tion and m áximum sen s iliv iiy  since there 
is no entrence s lit to the analyzer.

The Du Poní instrument docs not use a 
dispersive analyzer. Instead the analyzer 
shown in Figure 7 is composed of an elec- 
ih in  m irto f which -reflqcl» é le fírn iis  of 
«htlf(!¡es less I liiu i sume fiieed valué /'.'i! 570 
eV) and a high pass filte r whic h only pass- 
es electrons of i’nergies greater than sume 
h isher fixed valué /' l̂ ¿7 0  eV). Tracing 
Ihe path of electrón» throtinh the spcc- 
trometer, une sces tha l pholoelectrons 
ejocled from Ihe sample are rotardód and 
en ler il low íc m iIu I ío í i  "p re -fille r"  (low res- 
o lu lion  para lle l p ia le analyzer) which de- 
llects Ihe electrons of a chosen cnergy 
rnnge through an aperture toward the low- 
j)iiss filt e r. Those electrons of energies less 
than ¿’ i are reflected and imaged on an ap- 
erlure in the center of the analyzer túbe. 
Those of higher energies strike the m irror

Fírjure 8. Photograph ol AEI ESI00 Electron 
Spoclrometer

surface and are e ilher absorbed or scal- 
tered oul of Ihe liia in  pa lh. A  quadnipole 
lens aids in alignment of the beam of re- 
flected electrons on the aperture. Those 
electrons passing through Ihe aperture en- 
counler a high-pass electrón filte r set at a 
volt age V2 . corrcsponding to energv £¡ 
s lig h llv  lower than F. 1 . Those electrons of 
energv grenler than pass through the 
filte r and are detecled. The resolution of 
Ihe analyzer is déterm ined by the differ- 
encc between E\ and i .2  and by Ihe shape 
of I h e  Iransmission function of t h e  mirror 
and lille r. A system resolution of heller 
iIimii 1 eV for energies u p  lo  IÜ00 eV lin» 
been obtained. I’he real advanlage of this 
analyzer scheme is ih a l Ihe acceplance 
angle is large ( ~ ir/25 sl.eradians) and that 
the filte r transin ission function improves 
as Ihe acceplance angle is increased. From 
the specifications in Tab le  1 Ihe only ap- 
pnrení disadvanlage is a high spectfum 
hackground.

An explanation of one entry in Table 2 
is possibly necessarv. By “ sean mode" is 
denoted Ihe sel of instrument potentials 
thal are varied in order lo  bring photoelec- ■ 
trnns of different energies in lo  foeus on the 
deteclor. "Keta rd ing  vo llage" im plies Ilint 
the po le iilia l(s) of Ihe relarding lensles) 
ale vnried in order to sean electrón ener­
gies. "Ilem isphere voltages" im p ly  thal 
Ihe potentials on the inner and ouler 
spherésol 1 he analyzer ilse ll are varied.

The electrons that traverso 
Ihe analyzer are detecled in the AK1, Du 
l ’on l. M c l ’ herson, and Vacuuni (!enerators

i iqurn 9. Ptiolufjraph ol Du Pont 650 Electron 
Spoctromotei.
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Figure 10. Photograph ol Hewlett-Packard 
5950A spectrometer system.

s p e c t r o m c l c r s  b y  <ll;<iiiic! e l c c l r o n  n i i i l l i  
plicrs. In Ih c  V a r i a n  i n s t n i m e n t  ( l i e  e l c c -  
trun m u l l i p l i e r  ¡s a d i s c r c t c  d y n o d c  m n l t i -  
plier. In ni! ol' t h e s e  i n s l r u m c n t s  i h c  c l c c -  
Irims Icnvitif; t l i c  a n a l y z c r  cx i t  sli t («ir lil- 
teri ¡iré a m p l i l i c d  b y  t h e  e l e c t r ó n  m u l l i -  
plicr w i t h  n <ííiin ol' 1 ()** l o  IO”. The r e s u l l -  
inR p u l s e s  a re  le d  in l n  un  a m p l i l i e r  a n d  
pulse-he if íh l d i s c r i m i n a t o r  an<l I h c n  i n l o  a 
n i im ler .  , c o m p u l e r  o r  r a t c m e t c r .  In Ih c  
l l c w l e t t - l ’a c k a r d  s p e c l r o m e t e r  t lie d c t c c -  
Icir is a n  a r r a y  o f  c h a n n c l  tn i i l t ip l i e r s  
rnllcd a C h a n n e l p l a t e  w h i c h  is p l a c e d  at 
Ihr ex i l ini.'f"c p l a n c  ol' t h e  a n a ly / . c r .  1111 - 
pniKcmciil ni ¡m c l c r i r i in  o n  «me ul i h c  
ch a n n c ls  ol i h e  a rr a y  r c s u l t s  in a p u l s e  ul 
i l c i t r o n s  e x i t in j ;  f ro m  Illa! c h a n n c l  a n d  
>lrikiti“ a p h n s p h o r  s c r e e n  i n o i i n l c d  o n  a 
¡;lass p i a l e  in t h e  v a c i u n n  s y s t e m .  T h e  
lichl p u l s e s  e m i t l c d  b y  t h i s  s c r e e n  a re  d c -  
Ic i l e d  liy a  v i d i c o n  t n b c  ( t e l e v i s i ó n  c a m ­
eral o n t s i d e  i h c  w i n d o w .  I h c  p o s i l i o n  o f

ll ie  lijjht pulse ott l he array corresponds I» 
a known electrón k iiie lie  ener(<y mtd detec- 
tíon of á - i i" h l piilsp H'sufls in n Cornil 
lie in ií slitrcd in 'he chatuiel o f n m u llí- 
channcl se a le r torrespom línj: lo  1lint enrr- 
!¡y. The use of this para llcl delectoi' w ilh  
which e lcclrons of cneruics over approxi- 
m ale lv a 10 eV cncruy ranee can be sim ul 
taneously detecled is ncccssary because of 
the low x-ray intcnsity  s lr ik ing  the sample 
in th is  instrument. S ince t Itere are np 
proxim ately 1 .ri0 channcls aoross an vneruy 
ranuc of 10 eV, the coiitrfttttlion of the 
detector aperture to Ibe observed linc- 
w idth is nen'¡tlihle. However. Ibe sim ttltn- 
licous co tin liliK  reduces Ihc da la acip iis i- 
tion lim e  by a lac lo r c ip ia l lo lhe m im lier 
of channcls in which eoiints niay lie sim ul- 
taneously slored.

D u la  A i i i i i i s i t i i i i i  a n d  l ' r r s n t t a l io t i .  
There are two basic data acqu is ilion  anrl 
/or prese ni al ion mudes in lile  commcrcia! 
spectrom clcrs analo" or d ig ita l. In an an- 
aloj; system the pulses from Ihc d is c r im i­
nator (¡o to a ra lem cler which drives Ihc 
Y-axis of an X -Y  recordcr. The X -ax is  is 
driven bv Ihc analyzcr vo lta je  "cnerator. 
Thus. a speclrum  of countin" ra le versus 
k inetic cner^y is produccd direetly. The 
operator has control over the usual param- 
elers: sean maunilude. sean specd. I'ull- 
scíilc counl tale and time couslan l. As 
shown in Tab le  2, Ibis type ol d isp lay is 
Ihc normal modc of opVration for Ibe AKI,
l)u l ’ont and Vacuum (¡ení'ralors spee- 
Irometers.

In the d i g i t a l  s y s t o m s  Ihe p u l s e s  from 
t h e  d i s c r i m i n a l o r  j»o to  a c h a n n c l  in c i t h c r  
a C o m p u t e r  m e m o i v  or  a m u l t i c h a n n c l  un-

Figure 11. Photograph ot McPherson ESCA-36 
with Ihree analyzer nr.scmblios in thfi loro- 
ground.

nly/.cr. The channcl is selected on the 
basis of the im alv/er vo lta je , ’l he contents 
of the metnory are then recalled when Ihe 
operalor w anls lo observe the spcctrum. 
H cw le tl-I ’ackard, M c l ’ herson and Varian 
have this mode as their normal modo of 
operalion. In the H ew le tt-l’ackard spec- 
Irometer the storajíe device is a m ulti- 
ehannel sealer. The sean am plitude. nuin- 
her of channcls used. and dwcll tim e per 
channcl are Ihe importan) parameters in 
th is tvpe o f  data ac< |UÍstt ion  system. In 
Ihe M cl'herson a iitl Varian  ioslrum en ls 
Ihc slora|4c device is a imm C o m p u t e r  
which also C o n t r o l s  ihc spcc liom ctcr l i m e  
lions. In these Ihree spectromelers the 
spcctrum  is d isplaycd on a t 'K T  screen 
durinn data ac(|iiisition so that ihe opera­
lo r can observe the Im ild-up of si^nal in

(('unliiitii’d o ii /inf:c  A'JS I)
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Chemical lustrumentation

F¡qurn 1? Photoqraph ol Iho Vacuum Genera- 
torr, ISCA-2

l i l i '  spectrum. When ¡i sean is cumpleted,
11 m* specl ruin itiay hr p ln llrd  on an X  Y 
m o rde r. The m ii le i i ls  ni Ilu- sealer or 
moniory also may I><• putiched unlu paprr 
lapo for futuro inam pula linn . AE I, llew - 
IcU -l’aekard and Vacuum  (¡enerators have 
C o m p u t e r  control and da la acqu isition as 
oplions í<ir their s p e c l  rmlipters. The prés­
eme of a dedicatod m ini-cnm puler alluws 
llie  uperator tu p erfo rn t  sume dala lian- 
d lin c  uperaliuns. snmollnntf, sa le llile
su tilrac liun . ur dcconvolution. Alsu. w illi 
(lie cumpiiter llie  speclromoler may lie sel 
up lu sean a num licr ul liindm n enerey 
rangos scquen lia lly  w ilhm it anv inlerven- 
ii\¡; uperatur ad iun . One alsn niav inake 
rhu llip le  scáns ul' une región lu  enliance 
Ihe signal-to n o i s o  ratio ul Ilie speclrum. 
’ l'he C o m p u t e r  may lie used tur data de-

convulu liun tu remuve the contriliu tinn  <il¡ 
t he x-ray suurce lu  the specl ral peaks. Atr 
presen!, AKI and Vnrinn nffer fnst-Foilricr-f 
trim slurm  alnurithins iti their snl'twnref 
packilges for l i l is  purpnse. In general, the¡ 
u t ility  of a Computer un an E S C A  spec í 
tromeler in lern is uf da la  aci|iiis¡tion and! 
m iiiiip u ln lin ií is w u ltli the iid ilit iunn l cust, |

t
FUTURE DEVELOPMENTS

E S C A  is a re lative lv new and hieb-cost j 
technique which is tinderuninu rapid de- 
velupment. Nevertheless, the present in- 
strum en la lion  luis advaiicefl tu the sl;tf!e 
where the major Ímpetus tu cuivlimiod 
Urowlli musí cutne IVom significant new¿ 
applicatipns of the inellmd. Widespreail| 
use in the study uf Ihe chem istry of sur-‘ 
faces of sulids w ill assure ils  placo in 
ilie m ica l in s lru in e iila liu n . Ce rln in ly . ilsJ 
applicatiuu lu prohlems in ca la lys is and 
surface cuatint;s slmws "real pruinise. One 
área in which tnuch work needs tu he done 
is sample cleaninc and pretrentinerit lead 
inu to reproducible sample súrfaces. Vise o( 
ion sputtoriní! to o lila in  com posilion cleplh 
proliles w ill hccome in ipo rtan l. Since i 
E S C A  is one of Ihe very lew lechnii|iies hvI 
which Ihe second low elemenls (and their! 
oxidation states) may lie determ ined, fu-, 
ture developmenls lowards quan lila liv r 
metliods lor these elemenls are ip iile  proh-; 
oble.

Developmenls in Ihe ins lrum enta lion  it i 
sell w ill prohablv lie wcighléd by the ap i 
p lica lions Irends. The addition of multi-J 
channel (leieclors lo dispersive instru-J



Figure 13. Photograph of the Varían VIEE-15  
spectrometer s y s te m .

m e n t s  w i t h n u t  t h e  s i m u l t a n e o u s  a d d i t i o n  
of  a m o n o c h r o m a t o r  c o n  id  i n e r c a s u  s e n s i -  
t i v i t y  b y  u p  t o  100 f o ld .  C é r l a i n l y ,  
i n o n o e h r o m a t i z e d  s o u r c c s  w i l l  b e c o m e  
inoro  c o n n n o n  ( f o r  t h e  r e a s o n s  o u t l i n o d  ili 
th e  t e x t ) .  T h e  u s e  oí'  e l e c t r ó n  l l o o d  j»uhs o* 
o t h e r  m e a n s  o f  s u r t a n »  c h a r l e  c o n t r o l  wil l 
s p u r  ( li e  u l i l i / a t i o n  ol i n o n o c h r o m a t i / . e d  
s o u r c c s  in  e o m m e r c i a l  s p e c t r o m e t e r s .  A l ­
t é r n a t e  p h o t o n  s o u r c e s  w i l l  b e  d c v e l o p r d ;  
c.^. .  s o d i u m  o r  y t t r i u m  x - r a v  s o u r c e s .  
P r o b a b l v ,  t h e  m o s t  u s e f u !  d e v e l o p m e h t s  in 
í l H l u i n e n t a l i u i i  w i l l  b e  t h r  rvpiiUM iU i o| 
C o m p u t e r  M >lt \vare I*»r « la ta  a n a l y s i s  a n d  
kij’nnl r e e o ^ n i i  n m  a n d  re í r i e v a l .
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ABSTRACT

Core line x-ray photoelectron spectra are reportad for the

iron compounds aFe20^, yFe2 0 2i aFeOOH, NiFe20^, CoFe20^, and FeO.

Such XP spectra are of particular valué in characterizing surface films

cotila lnlng iron corrosion producís. For the oxides and hydroxides

FeOOH, FeO and Fe 0^, the observed chetnical shift is sufficiently large

to permit these species to be uniquely distinguished from the other

ferric oxides. In Fe^O^, both ferrous and ferric oxidation states are

observed and their relative concentrations can be determíned using

s p e c t r a ]  l i n e  f i t t i n g  p r o r e d u r e s . The o x id e s  aFe^O^, yF e2®3 »

and CoFtí^O^ have almost identical core binding energies, but the mul-

ti.pl et splitting patterns observed in their Fe(2p) core levels are

sufficiently different to permit their use for characterization. The

Fe(2p) multiplet pattern observed for aFe20^ agrees well with splitting

+3
previousLy calculated for the free Fe ion. Valence band spectra fojr 

Y^e2^3’ aI?e2®3’ anc  ̂ a r e  r e P °r te d  and band assignments are

made. llie effect of ion bombardment of iron oxide surfaces has been 

studied and evidence for the reduction of ferric oxides to FeO is 

p r e s e n t e n ! .



INTRODUCTtON

The formation of a variety of ferrous and fertic oxides and 

hydroxides is possible during the aqueous corrosion of iron metal sur- 

faces under alkaline conditions. At low temperatures (<100°C) iti high- 

oxygen environments» a number of forms of ferric hydroxide result, 

which, on further heating gradually transform to aFeOOH (geothite) and 

aFe20^ (hematite). At similar temperatures but under reducing conditions 

Fe^O^ (magnetite) is a major corrosion p r o d u c t ^ .  At high temperatures 

(300°C), ion exchange occurs rapidly between Fe^O^ surfaces and other 

ions sueh as Ni+2 or Co+2 leading to the formation of the mixed spinels

NiFe 0 and C o F e „ 0 , ^ . Electrochetnical studies of magnetite oxidátion
2 4 2 4 * >

show that yFe^O^ (maghemite) is formed by hydrolysis as a passivating 

layer on the Fe^O^ s u r f a c e ^ .  In corrosion studies in this laboratory, 

it is of interest to identify these and other oxide species in thin 

films grown on iron and iron alloy surfaces. X-ray Photoelectron Spec- 

troscopy (XPS or ESCA) is being developed as a surface analytical tool 

to determine such chemical structures.

This paper reports a study of the XPS spectra of the simple 

a n d  m i x e d  i r o n  oxides a F e 2 Ü ^ ,  yFe2C>2 > ^eO, NiFe^Ó^ and CoFe^O^

a n d  t h e  hydroxide aFeOOH. The details of core line spectra (Fe(2p),

l’t’O p )  and 0 ( I.h)), vn I.once bmid «pcctra, and Auger U n e  spectra 

(L^M^,^M^,r) are discussed with the particular view to identifying 

f('atures which allow Identification of each species in corrosion systems
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In addition, the effect of ion bombardment on a number of iroít oxide 

systems has been studied to determine the chemical effects '■of depth pro- 

filing in an iron oxide film.

One other comparative study of iron oxide XP spectra has been 

made by Alien et a obtained Fe(2p) and O(ls) spectra o£ a F e ^ ,

Fe^O^, FeO, aFeOOH and several ferrates. They found that the Fe(2p) 

spectra were particularly difficult to analyze, because of a steeply 

rising background and broadened line-widths. They attributed such 

broadening to ipnlUplet splitting and c’hTp?-,1p rhorrimc‘r)a In this work, 

the spectra of some of these and other oxides have been obtained under 

higher resolution and distinct structure within the peak envelopes cafi 

be identified in most cases. The resolved structure is found generally 

to agree with multiplet splitting parameters calculated for free ferric 

and ferrous ions, but the structure of the surrounding environment also 

has some effect on the splitting of the Fe(2p) line. The resultant
*

Chape of the Fe(2p) line is useful for characterizing some of the ferric 

oxides where chemical shifts are minimal. Using both chemical shift ancj 

multiplet splitting effects, distinct spectral characteristics can be 

described for each oxide studied.

Several previous XPS studies have been concerned with the 

(4-9)
analysis of Fe^O^ . This inverse spinel oxide is of particular

interest because it contains both ferric and ferrous ions in a 2 ; 1  ratio 

and these should be distinguishable by their differing chemical shifts.
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Previous XPS investigations of have shown that the Core line

shapes are skewed on their low binding energy side, compared to spectra 

of püre ferric oxides, particularly after ion bombardment of the Fe^O^ 

surfac This suggests the presence under the envelope of a ferrous

(9)
ion component of low binding energy. Asami et al have recently

attempted to isolate a component due to ferrous iron by subtraction of

the Fe(2p 3/2) spectrum of F e ^  from that for F e ^ .  A major problem

confronting XPS investigations of F e ^ ,  FeO and N i F e ^  is the tendency

of these surfaces to react rapidly with oxygen to yield an overlayer of

Fe2° 3^^  ' t*lis Present w°rk, spectral characterization of these

oxides has been improved considerably by taking account of this during

sample handling. The F e ^  spectra are analyzed by a novel process of

least squares spectral line fitting in which the line shape contribution

from ferric ion is restrained during the Computer assisted resolution of

+2 +3
the envelope. This method can be used to estimate Fe /Fe ratios on 

magnetite surfaces.

EXPERIMENTAL

Spectroscopic Procedure - The photoelectron spectrometer used 

was a McPherson ESCA-36 with a cryogenically pumped sample chamber whose 

operating pressure is 5 x 10 Pa. Primary enefrgy calibration is based 

on valúes of 84.0 eV for the Au 4f(7/2) line for metallic gold and 

1253.6 eV energy difference between the Mg(2p) and Mg(ls) lines for



2 }7
-  A -

magnesium metal. Appropriate relativistic corrections were nade to the 

energy values^11^. During operation» copper metal is used as a secoftd- 

ary energy standard in the spectrometer. The valúes of Cu(2p 3/2) and 

Cu(3p 3/2) lines used were 932.45 eV i 0.1 and 75.02 ± 0.1 eV respect- 

ively. Al Ka exciting radiation was used, except where the higher 

resolution Mg Ka rndiation was required for improved definición of a 

complex peak shape.

Surface charging was not detected on any sample except aíeOOH. 

This observation is baséd on the invariance of the background hydro— 

carbón C(ls) binding energy (285.Ó ± 0.15 eV) as well as the reproduci- 

bility of sample binding energies to better than ± 0.2 eV for at least 

three independently prepared specimens. The surface charging on aFeOOH 

was measured using the C(ls) line and ranged from 0.9 - 2.3 eV.

Ion bombardment of sample surfaces was carried out with a

Varian ion gun. With this gun, it is possible to ráster the ion beam

evenly over an area 7 x 7  mm. Argón ions of 3 KeV energy were used with

2
a flux donsity of 20 ma/m . The beam intersected the surface at a 

glancing angle of 50°.

Sample Preparation - All powder specimens were mounted by 

smearing them onto a grooved copper fíat. aFe^O^ (hematite) was ex- 

amined as a powder (Fisher Reagent) and as a thin film grown on iron 

metal in oxygenated water. They gave identical spectra. ■



(magheroite) was prepared by reaction of iron (II) sulphate and iron 

(III) ammonium sulphate ih boiling 1M NaOH, followed by áutoclaving 

under oxygen in 1M NaOH at 130°C for 4 days. X-ray diffractionshowed 

that the tetragonal system of YFñ2®3 was the only form present. The 

powder was crushed under argón immediately before examination to open 

surfaces not previously exposed to air. XPS specta were ldentical to 

those for uncrushed powder showing that no decomposition product such as 

hematite formed on the outside surface. CoFe20^ was obtained from Cerac 

Inc., Butler, Wisc. and its structure was confirmed by x-ray diffraction. 

N i F e ^  was made by coprecipitation of the oxalates of nickel a n d .iron 

followed by heating at 600°C for several days.. Although the bulk com­

position was confirmed to be NiFe2Ü^ by x-ray diffraction, changes in 

the Ni(3p)/Fe(3p) intensity ratio with time showed that the surface of

NiFe„0. was air sensitive, often forming iron rich oxide phases on the
2 4

surface. Samples were considered acceptable only where the sensitivity

( 12)
corrected intensity ratio approached that expected from stoichi- 

ometry.
4 •

High purity was prepared in a quartz tube furnace by

reacting 0̂ 620^ at 700 - 1000°C under a mixture of C0 and CO^, cal- 

(1 3 }
culated to give stoichiometric at that temperature. The 

sintered product was rapidly quenched to room temperature and immedi­

ately transferred to the spectrometer sample chamber, always under a

nitrogen atmosphere. X-ray diffraction analysis showed only lines

+2 +3
attributable to Fe^O^. The Fe /Fe concentration ratio was detertained



to be 0.50 i  0 .0 2 by redox titration of a saitiple immediately following 

its dissolution in dilute sulphuric acid. Fe3 °4  spectra with ferrous/ 

ferric ion concentrations lower than normal were obtained froia saraples

(14)
prepared using iron metal as a starting material rather than Fe20^ .

Ferrous oxide (Wustite) was also prepared by reducing at 600°C in

Q 3 )
a CO/CO2 mixture whose ratio was adjusted to give FeO^ This

sample was also handled completely under nitrogen. aFeOOH (Goethite) 

was prepared by dehydration of gelatinous Fe(OH)^, which was precip- 

itated from a 1M Fe(NO^)^ solution by 0.1N N H ^ O H ^ ^ .  The precipítate 

was dried in a vacuum furnace for four days and was confirmed to be puré 

aFeO(OH) by x-ray diffraction.

-  6  -

y s i s ^Spectrum Analysis)- To reduce distortion caused by the sharply

rising backgrounds in the Fe(2p) and Fe(3p) spectra, a baseline .cor-

rection function of the type suggested by Barrie and Streej^^^/was 

subtracted. The form of this function is shown in Figure l(a). The 

magnitude of the correction at any point is proportional to the in- 

tegrated spectral intensity on the low binding energy side of the point. 

Fitting of the low binding energy onset región with Gauss-Lorenzian peak 

shapes is found to be substantially better when using this function, 

instead of the more common linear approximation which over-estimates the 

backgromid contribución I11 tliLs región.

The peak fitting routine used in this work has been described 

previously by Bancroft et al^17^. The bands used in fitting a peak
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envelope are defined according to their centroid position, half-width, 

shape (usually equal combination of Gaussian and Lorenzian distribuíions) 

and intensity. These parameters are theft varied to obtain a mínimum 

error sum of squares between the valúes for the experimental curve and 

the trial combination of bands. A quantitative measure of the "good- 

ness" of tlie final fit is provided. An important feature of this pro- 

gram is its ability to constrain certain parameters of selected bands 

within set limits, while allowing others to vary freely. This permits 

known contributions to the band envelope to be fixed, while a best fit 

is established for the remaining portion of the envelope.

RESULTS 

(A ) CORE U N E  SPECTRA

(1) aFe^O^, YFe^O^ and aFeOOH

These compounds are grouped together because of certain basic 

similarities in their Fe(2p) spectra Which will be discussed below. The 

iron core line spectra of aFe20^ are shovm in Figure 1, while high 

resolution Fe(2p 3/2) spectra of a and y forms of are compared in

Figure 2. Although the main Fe(2p 3/2) line is broad (FWHM 3 eV), 

considerable structure which is quite reproduc.ible, is seen as part of 

the asymmetric peak envelope (see Figures l(a) & 2 (b)) - Prominent also
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in the aFe^O^ Fe(2p) spectrum is a satellite band about 8 eV above the 

Fe(2p 3/2) line (see Figure l(a)). For Y F e ^ ,  the shape of the main 

Fe(2p 3/2) line is clearly narrower. The spectrum of the a form has two 

distinct peaks separated by 1.0 e V w h i l e  that for the Y form has only 

one slightly broadened máximum. Further weak structure is found on the 

high binding energy side of both peaks, which are asymmetric on the high 

binding energy side.

The structure in the Fe(2p) spectra was fitted by least squares 

routine following subtraction of the background. The steep leading edge 

and double máximum in the Fe2p 3/2 spectrum was found to be well

fitted by two narrow (FWHM = 1.4 eV) peaks of approximately equal 

intensity, separated by 1.2 eV. The remainder of the envelope was 

fitted by a series of peaks constrained to similar width and shape of 

decreasing intensity (see Figure 3). Any other attempted combination of 

fewer peaks and greater half-width could not reproduce the structure 

in the envelope.

The intensity distribution of these peaks can be rationalized

on the basis of multiplet splitting of the Fe(2p) core line. Gupta and

Sen (GS^l^^)have calculated the multiplet structure exposed for core p

levels of the free Fe+3 ion taking account of electrostatic and spin-

orbit interactions and using the Hartree-Fock approximation of the free

ion. The model is considered appropriate for highly ionic solids. The

+3
energy-intensity distribution calculated for the Fe(2p) spectrum of Fe 

is plotted in Figure 3 for comparison with the experimental distribution
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determined for the a and Y ^e2®3 sPectra. The energy-intensity dis-

tributions of the experimental spectra clearly resemble that predicted

+3
for Fe(2p) multiplet splittlng of the Fe ion. The weak satellite 8 eV 

above the main Fe(2p 3/2) line is predicted at this energy by the level

2 model of GS, as a component of the Fe(2p 1/2) U n e  multiplet splitting. 

The major peaks fitted within the Fe(2p 3/2) envelope correspond well to 

the predicted four line distribution for Fe(2p 3/2).

The measured splitting of the two most intense components of

the aFe202 Fe(2p 3/2) line is 1.2 eV, as compared with 1.6 eV calculated 

+3
for Fe . An analysis of the same Fe(2p 3/2) envelope for YFe20^ 

yields an intensity distribution almost identical to that in 0. ^ 2 0 ^, 

but splitting is reduced by 0.2 eV resulting in the observed narrowing 

of the peak máximum. The mean binding energy of 711.0 ± 0.15 eV (weighted 

average of all components) is the same for a and Y Fe20^. The only 

change is in the multiplet splitting distribution within each peak.

The oxyhydroxide aFeOOH has a Fe(2p) spectrum similar, in many 

respects, to that for (see Figure 4 (a)). Evidence of several com­

ponents under the Fe(2p 3/2) envelope is seen. The main core line is 

again asymmetric to the high binding energy side and a weak satellite is 

observed 8 eV above it. A least squares fit of the envelope (see 

Figure 4(b)) yields components similar to 0̂ 620^ in energy distribution, 

but with a somewhat altered intensity distribution. The mean binding 

energy of the line (711.85 ±0.2 eV) has shifted 0.85 ± 0.1 eV above
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ttiat fot (see Table 1). Fe(2p) chemical shifts of a similar

faagnitude and direction have been previously found between the equiv- 

alent oxides and hydroxides of copper, c o b a l t ( ^ 3^ zinc and chromiui(ffijj) 

A shift of 0.9 eV is sufficiently large to permit FeOOH to be distin-

guished from Fe^O^

The Fe(3p) spectra of o and Y F e ^  are identical, both in 

térras of intensity distribution and the measured binding energy of the 

main peak. The Ke(3p) spectrum for aFeOOH has an intensity distribution

similar to F e ^ ,  but is chemically shifted 0.6 ± 0.2 eV to higher
i

binding energy (see Table 1). Á low intensity satellite is observed 7.0 

eV above the main 3p for all these compounds (see Figure 1). Neither 

this peak ñor the shape of the main line can be explained by the Fe(3p) 

multiplet splitting predicted for Fe+3 by G S (18). However, electrón 

correlation effects in the Fe(3p) level are expected to be more im- 

portant than in the deeper core lines and would be expected to affect 

strongly the observed Fe(3p) intensity dist r i b u t i o n 21  ̂J

The Fe(3s) peak for « F e ^  (see Figure 1) is s p l i u i n t o  two 

major componente as expected for a high spin d 5 ferric i o n ^ H ^  The 

relative intensity of the components, 6:5, is in reasonable agreement 

with the 7:5 ratio expected from the 3s multiplet splitting of an ion 

with a S ground state. In addition to the two main components sep- 

arated by 6.2 ± 0.2 eV, an additional weak line appears 13.2 eV above 

the main line which may be again due to correlation effects similar to



those seett in the MnF^ Mn(3s) spectrum^fjP. The 3s Bpectram Cor YFe^Oj 

shows identical splitting of the componente.

The 0(ls) spectra for a and YFe20j and ctFeOOH are shovn in

Figure 5 (a) - (c). The lattice oxygen binding energy in otFe20^ is shifted 

0.2 ± 0.05 eV lower than for YFe2Ü 2 (see Table 1). For relatively clean 

a and YFe20^ surfaces (Figures 5 (a) and (b)), two additional lov intensity 

bands are observed with quite similar binding energies. These are likely 

due to chemisorbed hydroxyl or carbonyl species. The very low intensity of 

these bands in the reference spectra of a and YFe2 0 2 » indicates that surface 

hydroxides of iron do not complícate the spectra of these oxides.

The spectrum for oFeOOH (see Figure 5(c)) contains approximately

equal contributions from hydroxyl and oxide oxygen, as expected from stoi-

(41
chiometry (0.9:1.0 ratio in Figure 5). Alien et al' previously observed 

the broadened Q(ls) band for FeOOtt under lower resolution. The lattice 

oxygen (O ) Q(ls) line in FeOOH is shifted significantly higher (0.5 ± 0.1 

eV) than that for the structurally similar cxl^O^. This suggests that the 

proton on the hydroxyl oxygen has some interaction with the 0 oxygen. The 

binding energy for the hydroxyl oxygen is very similar to that in Ni(OH )2

a Ni/Fe atom ratio of 2:1. The overall intensity distribution under

and Co(OH)2 ^19)

(2) NiFe2Ü¿;,, Co an<  ̂ *^3^4

The Fe(2P) and Fe(3p) spectra of mixed oxide NiFe20^ are shown 

in Figure 6(a) > In ths 3p specf‘*■•í,",' <n f o n o - í * > a f ^

corrected with the appropriate
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the Fe(2p) spectral envelope differs from that for Y or 0̂ 620^.

NiFe20^, the core line shape is almost syiranetric and appears to contain 

none of the fine structure seen for the oxides discussed above. The 

satellite peak 8 eV above the Fe(2p) line, which is particularly char- 

acteristic of the Fe(2p) spectra of anc* FeOOH, is not observed in

the Fe(2p) spectrum of NiFe20^. Spectra of similar shape are obtained 

for CoFe20^. Using such characteristics of the Fe(2p) spectrum, it is 

possible to determine if iron oxide in a mixture with nickel or cobalt 

oxides is present mainly as a separate single oxide phase, i.e. or

if it has reacted with nickel or cobalt oxide to form a mixed inverse 

spinel oxide.

Table 1 lists binding energies of the major core line positions 

for CoFe20^ and NiFe^O^.. No differences in binding eñergy were found 

between these ferrites. Core line chemical shifts between the ferrites 

and ^62^3 are a -̂ s0 quite small and are not very useful for analytical 

purposes.

The F e(2 p ) and F e(3 p ) s p e c tr a  fo r  puré and p a r t i a i l y  o x id iz e d  

a ro  «liown in  K lgurua G(l>) and 6 ( c )  . The ir o n  c o r e  l i n e  « p e c tr a  

f or  K t * c r i n  compareil w i th  litóse fo r  N I F e ^  « an tron ox ide  of  

I d c n tic íi  I H tru ctu ru  but c o n tn ln in g  o n ly  fc r r lc .  io n a . Both nnd

N iF e ,^  liave in v e r s e  « p in e l  a tr u c tu r e s  w ith  a lm o st  i d e n t i c a l  c e l l  c o n -  

s t a n t s  (a Q(F e30 4 ) -  0 .8 3 9 6  nm. a o (N iF e20 4 ) -  0 ,8 3 3 9  n tn .). I t  i s  

assum ed th a t  f e r r i c  ir o n  b in d in g  e n e r g ie s  a r e  n o t a f f e c t e d  by th e  e x -
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,« 4-2
change of Ni lona in the lattlce for Fe, . This is supported by the

fact that the ferric iron binding energies and peak shapes are identical

for tlití inverse splnels CoFe20^ and NiFe20^. From inspection, the

Fe(3p) spectra are clearly broadened on the low binding energy side

compared with the N i F e ^  spectrum. In the equivalent Fe(2p) spectra,

the presence of an additional component is also apparent from the sharp

shoulder around 708 eV. In both spectra the low binding energy com-

ponents are ascribed to the presence of ferrous iron.

These Fe„0( spectra were analyzed in detall using the least
3 4

squares peak fitting program, allowing the ferric iron contribution

under each Fe^O^ envelope to be represented by the equivalent iron core

line spectrum of N i F e ^ .  In Figure 7 (a), the Fe(3p) spectrum of

NiFe 0 was fitted using two peaks whose energy centrolds, half-widths 
2 4

and relative intensities define its characteristic shape. These para- 

meters were constrained within the limits of experimental reproducibility 

and the entire shape was fitted under the Fe^O^ Fe(3p) envelope, allow­

ing only the overall intensity of the entire ferric contribution to 

vary. The remaining portion of the Fe^O^ spectrum was attributed to the 

ferrous ion contribution and the peak(s) representing this contribution 

did not have their parameters constrained.

In Figure 7(b), the Fe(3p) spectrum of puré F e . ^  is analyzed 

using this procedure. The two peaks at higher binding energy represent 

the ferric iron contribution derived from the shape of the Fe(3p)
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spectrum of NiFe20^. The lower binding energy peak (cross-hatched in 

Figure 7(B)) represents the ferrous iron contribution uñder the Fe^O^ 

envelope. The resultant "best fit" from the least squares analysis 

indicates that the ferrous contribution can be represented by a single, 

symmetric, relatively narrow peak (FWM = 2.4 eV). Its energy centroid 

is 2.1 eV below the center of gravity of the ferric component of the 

Fe^O^ spectrum. In the puré Fe^O^ Fe(3p) spectrum, the ferrous/ferric 

intensity ratio of the resolved components was found to be 0.52. This 

is in excellent agreement with the ferrous/ferric ion stoichiometry of 

0.50 in Fe^O^ and is good evidence that proper discrimination of the 

ferrous and ferric components in the Fe(3p) spectrum has been achieved.

The above procedure has been applied to the analysis of Fe^O^ 

surfaces containing lower concentrations of ferrous ion (Sample II). In 

Figure 7(c) the Fe(3p) spectrum from Figure 6(c) has been analyzed. The 

resulting peak representing ferrous iron had the same shape, width and 

energy as in the analysis of puré Fe^O^, but its intensity, relative to 

the ferric component was reduced to 0.15.

The Fe(2p) spectra of these Fe^O^ samples were analyzed üsing 

the same spectral line fitting procedure as outlined above. The Fe(2p 

3/2) spectrum of NiFe20^ (see Figure 8 (a)) is used as a model for the 

ferric iron contribution. The ferrous iron contribution which is de- 

convoluted from the Fe^O^ envelope using this procedure is a symmetric 

narrow peak (FWHM = 1.8 eV) centered at 708.3 eV (see Figure 8 (b)). The
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■fZ 43
Fe /Fe peak intensity ratio is 0.32, which is low compared to the

"correct" valué of 0.5 obtained from Fe(3p) line analysis. -This dis-

+2
crepancy could arise from the presence of additional weak Fe line 

Components on the high binding energy side of the peak. Such components 

would be included as part of the ferric contribution using the present 

method of analysis.

+2
The Fe(2p) spectrum for Fe^O^ with a lower Fe concentration

+2 +3
is shown in Figure 8 (c). The Fe /Fe ratio of 0.07 measured from this 

spectrum is 22% of the measured ratio for puré Fe^O^ *n Figure 8 (b) .

This corresponds well with a factor of 27% obtained from the Fe(3p) 

spectrum analysis. Thus, although the absolute ratio measured from the 

Fe(2p) spectrum analysis does not reflect the actual stoichiometry of 

the Fe^O^ surface, the change in this ratio appears to reflect changes 

in the ferrous/ferric ratio.

(3) FeO

The Fe(2p) spectrum of the divalent oxide is shown in Figure 

9. As in the spectra of the ferric oxides, the Fe(2p 3/2) peak is quite 

broad and some evidence of structure is seen. A satellite band is 

located ^ 6 eV above the main peak.

The structure under the subtracted background Fe(2p 3/2) line 

was fitted, using compounds of the same shape and width as in the analyses
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of the Fe2®3 spectra. Three major bands were required to fit the Fe(2p

3/2) line. The energy splitting of these bands, and their approximate

intensity distribution, were in reasonably good agreement with the

+2
multiplet splitting pattern calculated for the Fe free ion by Gupta 

(24)
and Sen . This is seen 1 rom Figure 9, where the experimental line 

fit is compared with the calculated splitting.

Table 1 lists core line binding energies for FeO. The mean 

binding energy of the Fe(2p 3/2) line (709.5 ± 0.2 eV) is shifted 1.5 ±

0.3 eV below that for Fe^O^ and chemical shifts of 1.0 eV and 1.1 eV are 

found for Fe(3p) and Fe(3s) lines respectively. Shifts of this mag- 

nitude are clearly useful for discriminating ferrous and ferric oxides.

The ferrous iron binding energies in Fe^O^ are substantially 

lower than those for ferrous iron in FeO. Moreover, the Fe(2p) line

4-2
shape for Fe in is considerably narrower and less complex than

that in FeO. Probably, changes due to both multiplet splitting and the 

chemical shift are occuring here, affected by the presence of the ferric 

ion in one structure and not in the other.

B. VALENCE BAND SPECTRA

Figure 10 shows XPS valence band spectra for FeO,

'tl'î O.j and le^O^ samples. Valence orbitals in iron oxides are formed 

from te 3d and 0 2p atomic orbitals. Valence states with high p char—
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acter have low cross-sections when excited by x-ray energies, so that 

the bands observed in the prosent spectra provide a measure of the 

partial densities of localized d states. The XPS spectrum of FeO 

(Figure 10(a)) has two maxima - a strong one at 4.0 eV and a shoulder at

1.5 eV. These spectral features agree with the partial densities of 

Fe(3d) states in FeO derived from a frequency dependent photoelectron 

study made recently by Eastman and Freeouf^2^ ,  The peaks at 1.5 eV and

4.0 represent excitations from e and t_ levels respectively.
g ^g

In the valence spectra of both a and Y F e ^  (Figures 10(b) and 

10(c)), three distinct peaks are observed. Following background sub- 

traction, these spectra were subjected to a least squares fit using 

three bands of identical shape. The band positions and intensities 

resolved from the spectra (see Figure 11), are clearly different in the 

spectra for Y and «Fe^O^. The two bands of lowest energy are assigned 

to excitations from 3e^ and 2t^  orbitals respectively. A recent SCF 

calculation for oiFe^O^^^^ has determined a splitting energy of 2 .5  

eV between the 3e and 2t orbitals, in good agreement with our ex- 
g ^g

perimentál valué of 2.3 eV. The splitting found in Y F e ^  is also 2.3

eV, but the absolute position of both bands has shifted 0.4 eV closer to

the Fermi level and the relative emission intensities of the two bands

has altered considerably. The third band in the 0̂ 620^ envelope located

2.4 eV above the 2t„ band is identified with the 2e orbital, which

also has strong 3d character. In the XQ c a l c u l a t i o n s t h i s  orbital

was determined to lie approximately 2.5 eV below the 2t_ level in the
2g
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energy level diagram. The center of gravity of the valence band system 

is 5.5 ± 0.1 eV for both Y and « F e ^ .  This confirms that all bands 

result from orbltals with strong 3d character, since each band system is 

split about a common energy.

The valence band spectrum of puré Fe^O^ (Figure 10(d)) is too

complex for detailed treatment, but it appears to contain features seen

in both ferric and ferrous oxide spectra. Lower ferrous ion concentra-

tion in the Fe.,0, matrix results iri a diminution of the peak around. 4 
3 4

eV.

C. AUGER SPECTRA

Wagner^27  ̂ has shown that the Auger Line chemical shifts 

observed for many compounds of the non-transition elements, are, in 

fact, larger than the equivalent photoelectron core line shifts.

Changes in the Fe M, . W  line shape with chemical structure have been
Z , J

observed by Seo et al^ using electrón excited Auger spectroscopy.

Analysis using this particular line is not practical in XPS, but the

more intense L _ , M. CM, c and L_ M 0 ~M. _ lines were investigated for 3 4 j 5 4 * 5 j

several oxides to determine if they could provide further character- 

izable spectra. The ^  5 lines for FeO, “F e ^ ,  and F e ^

werc quite broad (6-9 eV (I’WllM)), becausc of the. many ovcrlapping Auger 

lines. Only slight alterations in the shape of the envelope were found 

and these were of little use for analytical purposes. No changes in the 

L-M„ ~M, r line shape were observed.
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D. ION BOMBARDMENT EFFECTS

Analysis of iron oxide corrosion films by XPS frequently

involves ion bombardment of the oxide, in order to obtain a concentra-

tion profile through the film. If characterization of the iron oxide

within the film is to be made, the effects of ion bombardment on the

chemical integrity of each possible oxide species must be known. Con-

sequently, the oxides aFe 20^, NiFe20^, ant  ̂ FeO were subjected to a

2
3 kev argón ion beam flux of 20 mA/m for periods up to 10 minutes.

(12)
This is equivalent to removal of ^ 40 nm of oxide film .

Bombardment of an <^620^ surface resulted in almost complete
i

reduction to FeO during the first few minutes of ion sputte,fing. This 

can be seen from the Fe(2p) spectrum of sputtered Figure 1 2 (a)

which has the same structural features and mean binding/ energy as the
)

spectrum of FeO in Figure 9.

Ion bombardment of the spinels Fe^O^ and CoFe20^ also resulted 

in the appearance of a new low binding energy component in the Fe(2p 

3/2) and Fe(3p) spectra that indicates their partial conversión to 

ferrous oxide. This is particularly clear in the Fe(2p) spectrum of 

CoFe20^ (Figure 12(b)), where only a single ferric component was visible 

before Ion bombardment. The low htndtng enerRy component produced by 

sputtering was deconvoluted using the previously descrlbed procedure and 

was identified as FeO. For the more complex Fe,j0^ spectra, the partial
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reduction to FeO was inferred from the spectral broadening observed and 

the analagous behaviour of CoFe20^. No effect of ion btfmbardment on FeO 

was found.

Ion bombardment of ferric oxides under our conditions thus 

results in the conversión of at least a portion of the top several 

atomic layers to FeO. XPS Identification of a specific iron oxide phase 

thus becomes difficult following ion bombardment. Hówever, in all cases 

studied, ion bombardment of iron oxides caused no reduction of oxide to 

metal. Thus, an oxide phase can be differentiated from iron metal by 

XPS following sputtering, even though its specific chemical structure 

cannot be readily identified.

DISCUSSION

Some of the Iron oxide structures studied are identifiable on 

the basis of their chemical shift. A Chemical shift results from a 

change in the average electrostatic potential field about an atom. This 

occurs, for example, in where ferrous and ferric ions in the same

lattice can be readily distinguished by the 2.0 eV difference in their 

core line binding energies. Similarly, in FeOOH, introduction of 

the more electronegatlve hydroxyl groups into the oxide lattice results 

in a décrease in the average charge on the ferric ion and this change is 

reflected in the increased binding energies for all core lines. The
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presence  o f FeOOH, p re c ip i ta te d  frota a lk a l in e  e o lu t io n , has been d e -

tected oh actlvely corroding iron surfaces, using the dlstinctly higher

í(  29)1
Fe(2p) and Fe(3p) core blnding energles for this speciea^ y. The 

chemlcal shlft between and FeO is useful for characterizlng the

lnltlal oxide species formed durlng oxldatlon of a clean Iron metal 

surface. Klshl and I k e d a ^ ^  report a mean Fe(2p) blnding energy dif- 

ference of 0.8 eV between that for the lnltlal oxide nnd the 

which predominates after increased oxygen exposure. The initlal oxide 

pluise which míeleal <>;; durlnj.' oxpoBure of an irotj_jsurface to oxygen has 

been identified as FeO in earlier LEED studie

Anión;; the .simple and mixed ferric oxides, very little change 

jn mean core .1 inc blnding energy is evident, and characterization by 

iiKiai>-, of 1> i mi i ii}’, energy is not possible. llowever, differences in the 

Fe(2p) core líne spectra due to multiplet interaction are clearly 

present and diese can be used to provide'"fingerprint" Identification of

the p a r ! . u : u l á r  oxide species present. For example, the product of the

o x i d a ! .  I o n  o i' an surface in air could be identified as a or ‘>'Fe202

"" ! iio i of the Fe(2p) peak shape providcd this product layer were

ííuffic.i*-:nf;.ly tliick (3 nm) to obscure any contribution from the original

F e . O , .
3 h

In their treatment of multiplet interaction in free transition 

metal ions, Gupta and Seií^^2-^j)oint out that the crystal field could be 

importan! i.n detenniniii)’ the final terina of the ion, particularly if the 

degeneracy of tlie ground State is removed by this field, resulting in a 

red Lst r Ibullón of lIio Jiitensitles of the prcd.lct.od U n e s ,  llowever, even
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without crystal field and other effects being taken into account,

remarkably good agreement has been achieved between the predicted

energy-intensity distribuíions and those observed experimentally for a

number of transition metal compounds with high spin. In addition to

+2 +3
the reasonably good accord shown here between the Fe and Fe free ion

models and their respective oxides, Kowalczyk et al(^ ^ ^  have found even

better correspondence between Gupta and Sen's predicted Mn(2p) structure 

+2
for high spin Mn and their experimentally observed structure for MnF2 *

The exceptionally good agreement probably-results from the highly ionic

nature of the compound used. Signorellr^2£3 has also compared multiplet

structure in the Fe(2p) spectra of high spin ferric organometallic

+3
complexes with the Fe results of Gupta and Sen.

A stud.y of the XP spectra of both structures of ■‘■s

useful i n  isolating some of the factors affecting chemical shifts and 

multiplet splitting in different core levels. In both y and aFe^O^, 

the metal core line binding energies are identical, within experimental 

error, suggesting that the average potential about the metal ion is the 

same. This is also suggested by the identical Fe(3s) multiplet struc­

ture observed for both a and Y F e ^ .  Because this multiplet results 

from S and S final spin states, it is affected only by the average 

charge about the metal ion. The two iron oxide structures do differ in 

the symmetry of the crystal field about the metal ion, and it is this 

difference that likely affects the observed change in multiplet split­

t i n g  of tlie Fe(2p) levels. The energy splitting of the two main multiplets
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is 0.20 eV larger for a F e ^  than for Y F e ^ .  In the hexagonal cióse 

packed aFt^Oj structure, the octahedrally situated oxygens create a 

symmetric field about each ferric iron, while in the distorted spinel 

structure of YFe^-j an axial field component is present. It is possible 

for such an axial field to result in reordering of final states and 

change of the splitting. This could arise from the interaction of an

axial field with a low-lying P or D initial state to result in a final

"7 t 3
State which was more stable than the P or P states calculated for Pe

(18)

The multiplet structure in the Fe(2p) spectrura of FeOOH is

similar to that observed in Fe2 0 2> except that some alteration in the

relative intensity of the components appears likely. As in 0̂ 620^» the

ferric ions are octahedrally surrounded by oxygen, but three of these

are hydroxyl ions which create a slightly asymmetric field on the metal

ion. No component structure is observed in the Fe(2p) spectra of the

iron spinels, N i F . e ^  and C o F e ^ .  The absence of structure comparable

•4*3
to that calculated for the Fe free ion may be at least partly asso- 

ciated with the high axial field component present in these oxides.

Since satellite structure observed in the oxides can at least 

be qualitatively accounted for by multiplet interaction, shape-up inter­

action does not appear to make a major contribution to the spectra. 

However, Carlson has shown that the shape-up process is responsible 

for sfcrong satellites in the Fe(2p) spectra of a number of ferric and
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ferrous salts. In the case of the oxides, the probability of the 

(0(2p) + M(3d)) charge transfer transition, thought responsible for 

shake-up in these compounds^'v^', is apparently very low.-
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TABLE 1

Binding Energies of Ma.jor Core Lines in The

Iron Oxides*

COMPOUND 

Fe metal 

FeO

Fe.O, ( Fe 

( Fe

N i F e 20 4

C o F e 2 0 ^

a F e 2 0 3

Y F e 2 0 3

aFeOOH

+2

+3

Fe(2p 3/2)°

706.7 + 0.10

709.5 ± 0.2 

708.3 i 0.15

d

710.6 ± 0.2

710.6 ± 0.2

711.0 ± 0.15

711.0 ± 0.15

711.9 ± 0.2

Fe(3p 3/2, 1/2)

53.0 ± 0.15

54.9 ± 0.3

53.9 ± 0.2 

d

55.9 ± 0.2

55.9 ± 0.2

55.7 ± 0.15

55.7 ± 0.15

56.6 ± 0.2

Fe(3s)( O(ls)

90.9 ± 0.3

92.5 ± 0.2 530.0 ± 0.2

530.2 ± 0.2

d

93.5 ± 0.2 530.1 ± 0.2

93.5 ± 0.2

93.6 ± 0.2 529.8 ± 0.10

93.6 ± 0.2 530.0 i 0.10

94.2 ± 0.2 (530.3 ± 0.2 

'531.4 ± 0.2

a Errors quoted are one standard deviation

b Refers to mean binding energy taken as the weighted average of 

all discernible components of the line.

c Refers to peak máximum binding energy.

d Inferred from binding energies of NiFe20^ and CoFe20^
(see text).
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FIGURE 1

FIGURE 2 

FIGURE 3

FIGURE 4 

FIGURE 5

FIGURE 6 

FIGURE 7

FIGURE 8 

FIGURE 9 

FIGURE 10

LIST OF FIGURES

Major core line photoelectron spectra of a F6 2 0 3- (fl) 
Fe(2p) spectrum (b) Fe(3s) spectrum (c) F.e(3s) spectrum. 
The dashed line in the Fe(2p) spectrum represents the 
form of background function subtracted during peak fit- 
ting procedures. Arrows indicate spectral features 
discussed in text.

Detailed |Fe(2p 3/2) spectra of (a) YFe2Ü^ (b) aFe20^.

Spectral line fit of (a) oiFe203 (b) YFe2 0 3. Calculated 
splitting and relative intensities for a free Fe+3 ion 
are shown by the solid bars. CG denote peak center of 

gravity. The solid line drawn through the points is the 
sum of the individual bands in the envelope.

(a) Fe(2p) spectrum of aFeOOH (b) Spectral line fit. of 
Fe(2p 3/2) envelope using peaks of idéntica! width to 
those in Figure 3(b). CG denotes peak center of gravity.

0(ls) spectra for (a) aFe2Ü3 (b) YFe203 (c) FeOOH. The 
ratio of hydroxide to oxide peak areas is 0.9. The pres- 
ence of some adsorbed species appears likely at binding 

energies above 532 eV. .

Fe(2p) and Fe(3p) spectra of (a) NiFe20^ (b) puré Fe304 
(c) partly oxidized Fe3Ü4 .

Spectral line fits of the Fe(3p) line for (a) NiFe204 (b) 
puré Fe3Ü4 (c) partly oxidized Fe3 0 4. The peak parameters 
obtained for the NiFe204 spectrum in (a) were constrained 
to these valúes in spectra (b) and (c). Cross-hatched 
areas are ascribed to the ferrous iron contribution.

Spectral line fits of the Fe(2p 3/2) line for (a) NiFe204
(b) puré Fe304 (c) partly oxidized Fe3Ü4 .

(a) Fe(2p 3/2) spectrum for FeO (b) Spectral line fit of 
a portion of the FeO Fe-2p 3/2 spectrum.

Valence band photoelectron spectra for (a) FeO (b) aFe203
(c) YFe2fh (d) Fe3 0 4. Exciting radiation used was MgKa 
(1253.6 eV).
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11 -  Spectra  1 U ne flfcs o í th é  v a l ene e band sp ec tfü  f o t  (*)
YFe2C>3 (b) < ^ 2 0 3 . CG denotes envelope c e n te r  o f g ra v l ty .

12 -  F e (2p 3/ 2) sp e c tra  of (a) Fe203 (b) CoFéjÓ^ (c) FejO^
fo llow ing  2 m inutes o f bombardment w ith  3 K€V argón ions 
w ith  a f lu x  o f 20 ína/m2 .
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ESC^ ;Ŝ UDIES 0 F  THE COMPOSITION PROFILE OF LOW 
TEMPERATURE OXIDE FORMED ON CHROMIUM 

STEELS—I. OXYDATION JN DRY OXYGEN*
I. O lefjo rd

Ocpt. of I-.nginecring Metals, Chalmcrs University of Technology, S-402 20 Góteborg, Swcden

A b s t r a c l — l'íSCA (lE lcelron  S p c t l r o s c o p y  Cor C h e m ic a l  A n a ly s i s )  h a s  h c en  u s ed  1.) a n a ly s e  llio c o m -  
p o s i d o n  ol  o x id e  l ilms In n n c i l  u n  c h r o m i u m  M c d s  wil li 6 - 2 0 % C r  a t  r o o m  ( e m p e r a l u r e  in  p u r c  
o x y g e n  a l  0  -  a ln i .  d u r m g  d i f i e r e n !  t im e s  IVom 2 m in  to  4 6  h .  i o n  e t c h in g  w a s  u s e d  t o  c le an  th e  
s u r l a c e  b e f o r e  o x i d a t i o n  a n d  t o  inv e s t íg a te  th e  c o m p o s i t i o n  p ro f i le  b y  su cce ss iv e  s t r i p p i n g  o f  th e  
o x id e  layer .

I t  is d e m o n s t r a t e d  t l ia t  th e  to ta l  c h r o m i u m  e o n l e n t  in  th e  o x id e  is p r o p o r t i o n a l  lo  t h e  c o n c e n t r a !  ¡on 
m  th e  m e ta l ,  b u t  t h a t  it va r íe s  w i th  d e p t h  ín s ide  th e  film. A t  th e  o x i d e - g a s  b o u n d a r y  th e  c h r o m i u m  
concenlr ,- i l ion  is Icss than in th e  m e ta l ,  w h i le  c h r o m i u m  is c n r ic h c d  a t  th e  m e ta l  p l ia sé  b o u in l a r y .  It is 
s i igucsled  t h a t  th e  oxide c o n s i s t s  o f  ( F e , C r ) =0 ,  in  th e  o u t e r m o s t  ? o n e  and l'cCr.O, a t th e  íns ide ,  
w i th  th e  r e s e r v a t io n  th a t  th e  m e t h o d  is n o t  sens i t ive  to  d e v ia t i o n s  f r o m  s l o i d i i o m c l i y

I h e  th ic k n e s s  o f  th e  la ye r  h a s  b ecn  d e t c r n i ín e d  a s  25 Á  f r o m  t h e  in te n s í ty  r a t i o  o f  th e  d e c o n v o l u t e d  
I£SCA p e a k s  o f  th e  m e ta l l ic  a n d  o x id iz e d  s ta t e s .  T h e  th i c k n e s s  a n d  th e  c o m p o s i t i o n  p ro f i le  o f  t h e  fi lm 
d o  n o t  v a r y  n o t i c e a b ly  w i th  t h e  o x i d a t i o n  t im e .

INTRODUCTION

IIarlicr ESCA sludics1' 4 o f oxide films formed on auslcnitic stainlcss stccl 
(18 10-l-8M n) have shown that the composition o f the films depends on rcaction 
temperature and lime. At higli tem peratures, the oxide was found to be enriched with 
the casily oxidizable clements Cr and Mn. Afler oxidation a t room tem perature1,2 
and at an intermediate tem perature (250C’C ),3 iron was found to be the dom inating 
component in the top layer o f the oxide. Investigaron o f the top  layer after oxidation 
at 500"C for dilícrent times4 showed an inerease o f chrom ium  content with oxidation 
time. It lias also been dem onstrated3 that heating a spccimcn with a clean metallic 
surfacein liigh vacuum in the IO“8Torrregion rcsuU sinalaycr(or¡slands)ofchrom ium  
oxide on the surlace. Tlie.se sludics are now continucd by ESCA analyses o f films 
formed on synthctic, higlily purc ferritic stecls in dry and wet corrosion media at 
room temperature. The chrom ium  content o f the stecls is in the range from 4 to  30%. 
The present paper (parí I) deals with oxidation in puré oxygen for dificrent times.

ESCA (Electron Spcctroscopy for Chemical Analysis) is a rclatively new sutface 
sensitive techniquc wliich has been dcveloped by Professor K. Sicgbahn in U ppsala5 
during the last decade. The principie o f the method rests on the energy analysis of 
photoclectrons emitled from a sample on irradiation with m onochrom atic X-rays. 
The diíTerence between the incident photon energy and the measured kinelic eriergy 
of the photoclectrons is approximatcly cqual to  the binding energy o f  the electrons 
wilhin Ihc alonis of ilie sample, and s r i v t l o  idcnlilV llu* aiomii' spccics,

The binding cncigics of the core clectrons cliange wlien an outer electrón is removed 
or added by oxidation or rcduction. The dillerencc between the oxidized and the

*Mantisi'iipt n x T Í \c i l  ? A p r i l  l '»75; in u ^ i v d  l o r m  2 July 1075,

( . S  /
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I-iti. I. hSC A  spcclrit o f  synlhelic i 'c tO , and 0 , 0 , .  Solid and dottcd peaks—oxidic 
stm o; d.ishcit peuks- mcttillic stnto,

mclallic sUilc is callcd a d m n ic a t  .shifí. An cxample is shown i» Fig. 1. The solid and 
liic dotted peaks show lliv CSC A spectra o f Fc20 :, and Cr^O,., rcspcctivcly. The dashed 
peaks show the melallic statcs o f Fe and Cr. The chcmical shifls urc 4 0 and 3-2 cV 
respeLlively.

The photoelectrons forming these peaks come from a zonc near the surface whose 
depth is o f the order o í  20-50 Á which is in the same order o f magnitude as the 
thickness of oxide lilms formed at rooni tem perature and that o f  passive layers. The 
chcmical shifts allow onc to distinguish the signáis o f the oxide from (lioso o f  the 
underlying metal. This is the most im portant pruperty o f ESCA in corrosion research.

The instrum ent used is a Hewlett Packard ESCA (H P 5950 A), to which a special 
specimen preparation and handling system with a reaction cham ber has been added. 
The system has been describcd clscwherc.3'4 The main features are complete UHV- 
design, with separatc ion puniping and the possibility to  expose the specimen to  any 
desired atm osphere in the cham ber after separation from  the ESCA by a  cut-off valve. 
The specimen is moved to and from the analysis position w ithout breaking the vacuum 
through this valve. In the preparation chamber, the specimen can be hcated and 
subjectcd to high- and low-encrgy ¡ón bom bardm ent as well as a variety o f  other 
trcatnients. Ion bom bardm ent lias been üsed to clcan the spccimcns before oxidation. 
It has also been used for dclermining the composition profile o f the oxide iayer.

Seim-quanUtati\'C evalualion o f  ESCA spectra
The chromium contení in the oxide layers can be estimated by an approximative 

deconvolution o f the Fe 2 and the C r 2¡hn  peaks in  their metallic and oxidizcd 
states. These are the most intense peaks o f  Fe and Cr. A calibration o f  the relative 
yields o f these clements in the oxide state was obtained from analyses o f synthetic 
FcuO., and Cr20 3 (Fig. I ), using the intensity o f  the oxygcn's peak as a jo in t refcrcnce. 
This is a good approxim ation because the two oxides have the same oxidation state, 
formula and crystal structure. The analyses were performed on oxide films formed on 
puré Fe and C r by oxidation in air for 15 min at 500 and 800"C respectively. The 
oxide film thickness was greater than the escape depth o f  the photoelectrons, bul in the 
caso o f chromium oxide it was tliin enough to prevent charging, which would have 
broadened the oxygcn and llie chromium peaks.4
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The total intcnsity o f  Fe, is expected to  be greater than that o fC r, lCr, becausc 
the yields o f  any clectronic level increase with the atom ie ntimber.®-® This is satisfted 
if ¡ntegrated intensitics tire estimated by multiplying peak height with half width. 
The half widths are 5-6 for F e34 and 2-9 eV for C r3f, and the peak hcights are in the 
ralio S(Fc)9+: S(Cr)3' =  I : 1-2. The intcnsity ratio obiainetl, }Fe : lCr =  16 , is 
in good agreement with Jiirgcnscn's yicld figures."

The broadening of the Fc3f peak is inherent in the clcctronit strueturc o f  the ion 
and is not expected to chango with its environment. Tlrereforc it appeared permissibíe 
to use peak height, (S), for comparison o f Fe3< with C r31- making allowancc for the 
diíferent half-widths by using a weight factor o f  12 for F c3+. Thus the integral Cr 
coiicenlraiion in the oxide phase is oblained as

c O »
r o « —

Cr +  l-Z

For the metailic State, the Cr and Fe peaks have almost the same half width. There- 
fore, one only has to corrcct for the yield ratio by rhultiplying the iron peak height with 
1/16 -  0-625:

c M

Cr S’£'r I 0-625

The tcrin integral conccntration is osed beciiusc the Cr contcnt may—and, as will 
be secn, docs in fací—vary with d'cplh below the oxide/gas interface. The intcnsity; 
l(~), from a film of thickness a may be wrilten as

ESCA-stuilics of the coniposiiicm piolita of tow ícmpcrature oxide 689

¡(z) =  K¡ C(x) F(z) exp (  -  dx,
o \  sin 38-5 . X (z ) /

(3)

wlicrc z is an índex for the electrón energy level and elemcnts, and x  is the depth 
coordínate, with origin at the outer oxide surlacc. C(x) describes the conccntration 
profilc in the layer. The absorption of the X-rays is assumcd to be constant tliroughout 
the tliin layer. The expression exp (- -  ,v/(sin 38-5".X(r))) is the probability that a 
photoclcctron from a dista/ice .v underneatli the surlacc will leavc the samplc w ithout 
energy loss. k  is the escape depth o f the photoelcctrons. The x-coordinate is divided by 
sin 38-5°, becausc 38-5° is the angle bctwccn the surfacc o f the specimcn and the 
entranee of the spcctrometcr including the electrón transmission funetion o f the 
analyser. The constant K represents a 11 other Tactors alTccting the intcnsity. P (r) is the 
pho(oioni¿ation funetion and is (lie only param eter which changos wlicn Feisexchangcd 
for Cr in analysing thick layers o f Fe20 3 and Cr20 3. N o investigatíon o f escape depth 
in the iron-chrom iüm -oxygcn system has been perform ed and a valué o f  X, m ust be 
guessed, using as a guidcline studies in the same energy región o f A u and  Al. The 
escape dcpths o f these elemcnts are 19 Á in the metailic state,10-11 and  13 Á 10 for Al 
in Al20 3. A bricf discussion o f mean frec paths is given by Powcll.12 The valué for the
2 p-Mi peaks of iron and chromium in both metailic and oxjdic state will be assumed 
to  be 15 Á.
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If  fhe thickness o f  an oxide film is o f the same orcler o f  magnitude as the electrón 
escape depth, a  metallie peak will be found beside the oxide peak. The fitm thickness 
can be estimated from the intensity ratio o f these peaks, applying the reasoning behind 
the expression for integral concentrations above. The calculation is most conveniently 
done in chrom ium  cquivalcnts, since the ratio between the yields o f Fe and C r is 
known, The intcnsitics from the layer and from the metal beneath then are proportional 
to  the expressions [1-exp ( — «/(sin 38-5°.X(z)))] and 2 exp ( —«/(sin 38-5°A (z») respec- 
tively with the same proportionality constant. The factor 2 in the second expression 
comes from the fact that the density o f metal atom s per unit volume in metal is roughly 
twice the density in oxide. The ratio between the intensity o f oxide and metal signáis is 
1/2 (exp («/(sin 38-5°.A.(z))) -  1). The thickness a  is calculatcd by equating this 
expression with the ratio o f the weighlcd, measured intensities, assuming an average 
valué of X =  15 A in both  the metal and tire oxide. Thus, the film thickness becomes

a =  k(z) In [2 . -1.'2 ■_^< ± ^rX_ +  n sin 38.5o f4)
0-625 . +  Sg +  J ' (4)

A similar expression has been used by C arlson.13 It will be noted that both in the
estnnation o f  íiim thickness and in the calculation o f the integral Cr contents, X has
the charactcr o fa  scale factor so that even if theguess o f  K shouf'd be wrong, theresults
to be presented bclow will be corrcct in terms o f a depth scale expressed in fractions 
o f K.
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prolik hdttw the siiifuce. The thickness o f  the remuining layer could be estimated in each case by the 
procedure dcscribed above. '

R E S U L T S

Figure 2 is a collection o f  the ESCA spectra recorded before and after oxidation 
fo r 2 h. The dashed peaks show ihe “ clcan”  surface after the ion cleamng Which 
preceded oxidation. The as-oxidized state is shown as solid curves, whíle the dotted 
peaks are the spectra recorded after roughly half o f the layer had been removed by ion 
bom bardm ent.

The spectra o f the ion-eleaned surface show Fe and C r in theír metallic states, 
but minority peaks o f oxide rcm ain. Small peaks o f  oxygcn and carbón are also 
■present. The latler appears as a double peak. The high binding energy coniponent o f  
this is found in all ESCA spectra owing to contam ination by hydrocarbons. The low 
energy com ponent appears only after ion etching, and its position agrees with the 
position of carbón in metal carbides.14 lt  appears that after ion cleanirtg, the impuritíes
O and C are present as islands or as a  thin layer (at m ost a monolayer) o f  com pounds 
with Cr and perhaps also Fe.

Afler oxidation at all times the spectra show that the top  layer consists mostiy o f 
iron oxide. The positions o f the iron and chrom ium  peaks are 711 and  576-5 eV 
rcspcclivcly, corresponding to the threc-valent states in the synthctic oxides (Fig. 1). 
Also the oxygcn peak position agrees with that found in the synthctic oxides. The

I ’ki. 2. I'SCA spedra of Fc-Cr nlli'ys ¡il'kT oxidalion for 2 li (solid tinos). Dashed 
peaks—clbaned sulfates before oxidation; doiled peaks—oxidized spccimcns after

15 min of ion etching.
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shoukfcr <m the teft-hand sidc o f  the oxygcn peak is attributed lo  surface contamina* 
tíoti by adsorbed oxygen and/or o ther oxygen-containing gases. This contam ination 
small, bu t part o f  it persists o r recurs cven after ion bom bardm ent.

Ion bom bardm ent reveáis an ¡«crease o f  C r content below the oxide/gas phase 
boundary. To evalúate the integral chromium content, the partial overlap o f  oxidic 
and mctaltic states in the recorded peaks m ust be deconvolutcd. The peaks o f  the 
metallic state are subtracted—after suitable scaling-down, and  with their experi- 
mentally recorded half-width and high-energy tails {Fig. 1)—from the recorded peaks. 
The heights o f the deconvoluted peaks are inserted in eqn. J to catculate the integral 
C r content in the remaining zones o f  the layer. Figure 3 shows the integral C r content 
(expressed as fraction o f al! cations) vs thickness o f the remaining layer (as determ ined 
from  equation 4) for films form ed during diíTerent exposure periods.

It appears that all films are poor in chromium a t the outer surfaee; in all three 
cases, the C r content is about ha lf that o f  the metal. In the centre o f the layer the 
integral chrom ium  content agrees roughly with the concentration in the metal, whíle 
a t the metal phase boundary it is slightly higher. The true C r gradients must be a good 
deal steeper than those o f  the integral Cr contents shown in Fig. 3.

The thickness o f the layer is found to depend very little on either the chrom ium  
content o f the alloy or the oxidation time. Only at the highest chromium content and 
the shortest oxidation time is a  slightly thinner layer formed. Othcrwise the differences 
are within the limits o f  error.

A t the present state o f  the art, quantitative composition analyses are seldom 
attem pted with ESCA. The absolute reliability o f the calculated valúes should not be 
overvalued. Rough verification is obtained by com parison o f the nom inal Cr-contents 
tif  the alloys with the Cr-signals recorded for the ton-cleaned specimens. These are 
Sfwwwi as horizontal lines to  the left of each ordinate in Fig. 3(a-c). Only in one case 
i í  1 %Gr stccl, specimen oxidized for 2 min) is the agreement perfect; in the remaining 
«¡ises, the ESCA signal indicates Cr levels which are somewhat low. Nevertheless, 
We resultsm ay be characterized as semiquantitatively correct. It m ust be remembered 
Wtrrt th e  metallic spectra were recorded from surfaces which may have been covered 
Híth a  very thm  oxide and/or Carbide film.

Fio. 3. Vniegral chrómiurfi contcnt ¡n metal and oxide: (a) 5-8%, (b) U/0%,- (c)
19 9 % chromium. 

xidation times: 2 min (------ ), 2 h (------ ), 46 h (---------■).
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_ F* 2p 3/2.31.. F?_2p 3/2.. ~ll Fe 2p 3/1 
As-Otidized t.B .for I5m. 1.0. lo rJO m . 
-----  -................................................... ........  Kfl/I

F#20 j I.B. (of 3 hr*. I.B. lo rt8  hr».
— ...........  — ........ -  ------ -----  —  Ke/t
........................ - ....... - ................. ........... - - . - 3 0

F k >. 4. R ow  I : D cconvo lu tion  o f  the  2/>,wi Icvcl o f  ulloy Fe-5-R C r  o x k li/cd  fo r 2 m in  
an d  nfter ion b o m b ard m en t fo r 15 nm i 30 m in. l 'h im ic te ris tic  penk p o sitio n s: tnctallic  

a t  707 eV , d ivalcn t a t 709 eV , an d  th rcc-va lcn t a t  7 H  cV.
R o w  2: S yn thetic  F e20 3 b efo re  a n d  a f te r  ion b o m b ard m en t fo r  i  an d  18 h.

F o r  b o th  row s: T h e  b ro ad en in g  a fte r  ion etch ing  h as been d econvo lu ted  in to d iv a le n t an d  
th ree-va len t peaks (d o tted  lines)

If the ratio o f nominal to  ESCA-detcrmined C r content ¡n each specimen ¡s applied 
as a correction factor to íhe integral Cr contents in the oxide film, the Cr profiles 
become almost identical and ¡ndependent o f oxidátion time. This implies that the film 
is built up very quickly, so that the shortest exposure time, 2 min, is already well 
within the stationary range.

Eigure 4, row I, shows the specimen containing 5 8% chrom ium  after oxidátion 
for 2 h. The peaks are recorded in the as-oxidizcd State (solid lines) and after 15 and 
30 min o f ion bom bardm ent. Thcy have been approximately deconvofüted in terms 
o f metallic and oxidized contributions. The peak o f metallic iron in Fig. 1 has been 
scaled down and subtractcd from the rccoided peak. The remaining peak is due to the 
oxide. In comparison with the Fe31 peak of Fig. 1, it appears somewhat broadened 
to the right, indicating a possible Fe2+ contribution. Dcconvolution o f the divalent 
and the three-valent peak was performed by subtracling the Fe3+ peak of Fig. 1, with 
variously reduccd scale factors, from the total peak until the rcm aihdcr hád the 
proper shapc for an ESCA peak. This remaining peak is found to lie at 709 eV, which 
agrecs very well with the standard position o f Fc2+.4 The rcsult is that Fe is present 
in the as-oxidized slate mainly as Fe3+, with a small admixture o f Fe2+.

After the top  layer o f the oxide has been removed, the ratio o f Fe2+ to Fe3+ 
mercases. If onc assumcd that the sputtering yields o f all elements were equal, and 
tha t no changó occurrcd in the chcmical statc of the remaining oxide, the rcsults
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would indicatc Ihat the oxide luyer consists o f Fe "  in the surfacc región, v&fo «i 
gradual íransition lowards Fe21 al the metal/oxide phase boundary. Howevcr, sM t 
ato assumplion is not immcdiatcly justitied because Ihere is cvidcnce that ion bombá*<f 
ment o f somc com pounds may change their valonee states. S. Hüfner15 has dcntcWi» 
strated that ion bom bardm ent o f Fe2Os m ay reduce the thrce-valent state o f  iron to ít»  
metallic state. K im 1" lias shown that the tendency lo rcductiun depends 011 th c Á A  
energy of the compounds. These studics indicale also that the rcduction depends on í t»  
kinctic energy o f the ions «sed, the sputtering rale and the pressute o f the residuo! 
oxygen.4

Figure 4, row 2, shows ESCA spectra o f synthetic Fe20 3 before and after ion bom- 
bardm ent for 3 and 18 h. The shape and position o f the peaks are quite similar to  
those of the oxidized state o f  iron in Fig. 1 (a). After ion bom bardm ent the peak 
broadens on the low binding energy side. Deconvolution in the same way as above 
reveáis the shoulder as a contribution from the divalent state. Howcver, even after 
18 h no metallic com ponent occurs, in contrast to H üfner’s results. The ratio between 
Fe21- and Fe3+ is approx. 0-4 after both 3 and 18 h o f ion bom bardm ent, suggesting 
that a steady State has been established. The absence o f metallic iron after bom bard­
ment may b e  due to  rc-oxidation o f the metal atoms to  the divalent state, in view 
of the low sputtering rale and the non-negligible partial pressure o f oxygen in the 
cham ber.4

Whilc ion ctching, as has been shoWn above, may produce a certain am ount of 
Fe21-, it is clear that not all o f the divalent ions revealed in the deeper zones o f the 
oxide films can have been produccd in this way. The ratio o f Fe24- to Fe3> is 0-6 in the 
film after only 30 min o f ion bom bardm ent, whiie much longer bom bardm ent o f the 
synthetic spccimcn brings this ratio to only 0-4. Furthcrm orc, the removal o f oxygen 
which must be the lirst cvcnt in the chain leading lo the form alion of Fe2' by sputter­
ing, is likcly to be more dilTicult in a (Fe,Cr)20 3 mixed oxide than in puré Fe20 3, con- 
sidering the dilTerencc in Ihe oxygen aflinity of the elements.

D IS C U S S IO N

This study coníirms earlier results1-4 Ihat oxidation o f stainless stcels a t roo'm 
temperatu'rc and normal pressure docs not load to films consisling prcdom inantly of 
chromic oxide. Howcver, proliling by ion bom bardm ent reveáis a chromium gradicnt 
in the film, and chromium appears to be considerably enriched near the metal/oxide 
interface. The cnrichmcnt must, in fact, be even more intense than indicated by Fig. 3, 
because if the proliles were converted from integral to actual (local) conccntrations, the 
gradicnt would bccomc still slceper.

Thermodynamically, Cr20 3 is more stable than Fe20 3; the free cnergies o f form ation 
o f the oxides are — 250-5 and — 176-8 kcal/mole rcspectivcly. Therefore the selective 
oxidation o f chromium would be favoured by a higher driving forcé. Because o f  the 
low atom ic mobility at room  temperature, it seems plausible that the very first layer 
formed on contact between metal and oxygen will contain iron and chromium in 
roughly the .same proportions as the alloy. Latcr on, howevcr, chromium atom s will 
rnove prcfcrcntially inlo the film, substituting for iron which in lurn will mígrale 
outw ards and form further oxíde. Dcplction of Cr in the metal next lo the oxide Ínter- 
face will acccnluatc the dccrease o fC r  conccnlralíon in the outer zones o f the oxíde
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íilm, which are formed at a later slage. fn this way, a film structurc with outwardíy 
dccrcasing chromiüm contcnt will be cstablishcd, in accordance with the ctassicál 
theory o f sdective alloy oxidation.

The build-up period of this structurc seems to be very sh o rt.in  any case shorter 
than the 2 min which was the shortest exposurc time in this study. Also the film thick- 
ness, as calculatcd from the ESCA peak ratio of oxide and metal, has almost fínished 
incrcasing after only 2 min o f exposurc.

While both iron and chrom iüm  are present in their three-val'ent states in the outer 
zones of the oxide, it has bcen shown in this stüdy that divalent iron appears in  the 
innermost, chromium-rich zone. Chrom iüm  is thrce-valent in all zones.

These fmdings can be considered to support the view17 that the room-ternperature 
oxidation o f Cr-containing stcels at normal prcssurcs produces a spincl-like com ­
position ncar the metal/oxide boundary, and a mixed Fc-Cr-scsqiiioxide at the oxide/ 
gas boundary. (It is not possibie to  say wlicthcr the spinel-tikc composition is present 
as a film or in the Porm o f islands.)

In room  tcm perature oxidation, oxygcn pressure m ust be o f  decisive importance 
for the composition o f the first-formed film. Obviousíy at very low oxygcn pressure 
there will be time cnough for the m ajority o f adsorbed oxygen atom s to  react pre* 
fercntially with chromiüm atoms.

The present conclusions fit well iitto the patterh cstablishcd by our earlier studies, 
which indícate that under conditions állowiiig more extensive difTusion, i.e. higher 
tcm perature and/or loitger time, the C r content o f the film increases also in the 
outer zones.
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ESCA STUDIES OF THE COMPOSLTION PROFILE OF 
LOW TEMPERATURE OXIDE FORMED ON CHROMIUM 

STEELS—II. CORROSION IN OXYGENATED WATER*

i. O lu f j o r d  a n d  H . F is c h m í- is te r  

D cpl-  o f  L n g i n e c r in g  M e lá i s ,  Chalmers U n iv e r s i iv  o f  Technology, S-402 20 Gotcborg, Swcdcn

Alis lrac t - HS( A (I .lee I r o n  S p c c l r o s c o p y  fo r  C h c m ic a l  A n a ly s i s )  l ia s  b ccn  u sed  lo  a n a l y s e  t h e  c h c m ic a l  
c o m íp o s i t io n  o f  pass ive  li lms f o r m e d  011 c h r o m i u m  s tee ls  w i lh  4  3()"'„Cr a l  25 a n d  70' ’C  ¡11 o x y g e n a t e d  
w a te r  fo r  d i l l c r c n t  l im es ,  T h c c o m p o s i t i o n - d e p t h  p ro f i le  o f  t i . . films h a s  b ccn  in v e s t ig a te d  by  s ucccss ive  
s t r i p p in g  o f  tiie film by  ion  c lch in g .

' I he  c o m p o s i t i o n  o f  th e  lilm var ios  w i th  e x p o s u r c  l im e :  s h o r t  l im e  y iek ls  a n  f c - C r  r a t i o  c o r -  
r e s p o n d in g  lo  llial o f  th e  a l l o y ;  p r o lo n g e d  e x p o s u r c  p r o d u c e s  i n c rc a s in g  e n r i c h m e n t  o f  c h r o m i u m  
t h r o u g h  th e  vvhole laye r ,  w i th  llic h ig h e s t  c o n c c n t r a t i o n  a t  th e  o u t e r  s u r fa c c .  T h e  p a ss iv e  film g c n era l ly  
seem s  lo  c o n s i s t  o f  tw o  laye rs :  o u l e r m o s t  o n c  o f  ( C r ( O H ) ;1) a n d  u n d c r n e a l h  o n c  o f  i r o n - e h r o m i u m  
o x id e  (l e , , , C r a , 0 , -  1 he  lo w  a l lo y  s lec ls  (3-9 a n d  7-8%C r) w c rc  pa ss ive  fo r  a  l im i tcd  t im e  d u r i n g  
w hich  ih c  C r  c n r ic h in c n i  w a s  h igh  (8 l im e s ) ;  a f t e r  b r e a k d o w n  o f  ih c  c h r o m i u m - r i c h  pass ive  laye r ,  it 
was  rep laecd  by 1-cOOM.

W h e n  a d i y - f o r m e d  o x id e  film, w h ic h  c o n s i s l s  m a in ly  o f  i ro n  o x id e ,  is e x p o s e d  to  w a te r ,  ils c o m -  
p o s i l io n  s lowly  c h a n g o s  uritil iha l  o f  a  w a t e r - f o r m e d  film is r e a c h e d .

I N  T  R O  D  U  C T I O  N

SiNcr lhe day s  o í  S d io n b c i n , 1 w ho  ¡11 1836 p o in lc d  o u t  tl ial iron  c n u ld  be m u d e  passive 
by a n o d ic  p o la r i z a r o n ,  s tnd ics  o f  the  c o r ro s io n  b ehav io t ir  o f  p u ré  m e tá is  a n d  alloys 
luí ve bccn p e rfo rm ed  moslly  by  elcc lrocl icm ical jnethod.. .  V cry  litt le is kn o w n  a b o u t  
tlie chcm ical co m p o s i t io n  o f  th e  passive lilms, in sp ite  o f  the  g rea t  im p o r ta n c e  o í  
al loys like sta inless steel,  wl.ose usefulncss d e p e n d s  o n  the ab il i ty  to  pass ivatc .  T h e  
main rcason  lies in the lac l  tl ial the  fililis a re  cx trcm cly  tliin. H llipsom ctric  investiga- 
lions" " lia ve sl iown tliat (he th ickness  o f  the  passive film on sta in less  steels a n d  F c - C r  
alloys is in the  región o f  10-60 A n g s tro m s ,  d e p e n d in g  011 the  po tcn t ia l  a n d  th e  com - 
position  o f  lhe  alloy  an d  the m é d iu m , F lce tro n  dil lVaction s tu d ic s” 11 revcaled  110 

clistinct c rys ta ll ine  dillVaction p a t t e rn ;  tlie a in o rp h o t i s  c l ia rac te r  o f  the  li lms m a k e s  
llicir analys is  by dillVaction m e th o d s  vcry dillieull.

Surlacc  sensitive e lec trón  sp cc lro scop ic  m e th o d s  sucli as H SCA  (F lc c t ro n  S p c c l ro ­
scopy for  C hcm ica l  A n a ly s is ) 12 a n d  A u g c r  spcc lro sco py ,  vvhicli have  b ccom e  ava ilab le  
duriiig  the last ycars , cnab lc  o n c  to  ana lyse  Ihc ch cm is t ry  o f  su c h  tliin layers. T h e  
special a d v a n la g e  o f  E S C A  is th a t  it easily  d is t ingn ishes  bc tw cen  the  d i l lc rcn t  va lcnce  
states ol a spccies. T h e  sensitiv ity  a n d  reso lu t ion  a re  g o o d  cn o u g h  to  d c te c t  a  frac tion  
o f  a m o n o la y e r  o í  oxygen  a d so rb e d  011 a n  ox ide  s u b s t ia te .  T h ese  p ro p e r t ie s  a re  
parlit ¡ilarly iisclul in pass iva tion  rcsearch  bccausc  tl iey a llow  an  e x p e r im en ta l  chcck 
of  the tw o  l iypo thc t ica l  m odels  o f  the  passive s ta te ,  i.c. the  ox ide  film Ih eo ry  a n d  tlic 
ad so rp t io n  tucory . '* lie fo rm er ,  go ing  back to  F a ra d a y ,  assum es  a solid diíTtision 
l ia incr .  Ihe c x i s l .m e  o f  which was liisl c sp c i im c n ta l ly  vcnlied  hv T i o n s t a d ,,! tising 
optical m e th od s .  T h e  a rg u m e n ls  fo r  the a d s o r p t io n  Iheory  a re  a n a lo g o u s  lo  th o sc  o f

* M a n u s c r ip t  rece ived  2 A p r i l  1'>75; in  revised  fo r in  2 .luly t'>75.
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Langinuir,15 who showcd that oxygcn ai low prcsstirc and high tcm pcrature docs no* 
rcacl with a metal, but is only clvcmisorbal at the surfacc, where il will chango tho 
electrón emission and alfect the furtfaer rcaction with oxygcn. This model is believed 
to fit da ta  for transition metáis such as chromium.'1 F ontana14 observed tha t stainless 
stecls in sulphuric acid and  seawater will loose passivity after vacuum treatm ent, bu t 
regain it after exposurc in air. This he interpreted as support of the adsorption theory. 
A link between these two thcorics is prescnled by M ueller15 who suggests a first stage 
in which the unprotected surface is covcrcd by a m onolayer o f oxygcn which dccreases 
the anodic dissolution, and a second stage with film formation by a chemicaJ com- 
pound.

This paper reporls an experimental investigation by ESCA o f the compositions of 
passive lilms formed on F e-C r stcels in oxygenated water for difierent times. It will 
be seen lh:t( this new technique yiekls essential and detailed insight into the process of 
pasivo lilm formation.

E X P E R IM E N T A L
The FSCA-inslrunicnt used is a IIP 5950 A, cquippcil with a home mailc spcciilicn preparation 

and haiulling systcm, which has ticen dcscribed tlscwhcrc.1” ”  The spccimcn.1! are syiithctic brnary 
Fe Cr alloys, from the same series as used in ihe jircccding communicatioii on dry-formed lilms."* 
Chemical analyses o f  the samples are shown in Talilc I .

698 I. O l i  i j o r i )  II. FiscilMttxrtu

T a i i l e  I. Tur. c i i i - m is i r v  o í  m i  s p ic im i n s  in  w t %

Cr C Ti Si Mn Ni Mo Cu P S N Fe

3-9 0002 0 13 <  0 02 < 0 1 0 <  0 02 - 0 0 6 000 6 0 007 00 0 4 0 002 Balance
5-8 0002 0 1 2 • 0 02 < 0 1 0 <. 0 02 0 06 000 7 000 7 <  0 003 000 4
7-8 0002 0 1 5 - : 0 02 < 0  10 <  0 02 <•- 0 06 0006 000 7 <  0 004 0002

I I O 0002 0 13 <  0 02 < 0-10 <  0 02 ■ 0 0 6 0007 0007 <  0 003 0005
15-7 0 001 0 1 2 •'0  02 • ; 0 10 <  0 02 - 0 06 0 006 0 008 <  0 003 0002
19 9 0-002 0 1.1 < 0 02 •r 0 10 '■ 0 02 - 0 06 0 006 0 007 <  0 003 0 002
29-9 0002 0 1 2 • . o o : •. 0 10 0 02 • 0 0 6 00 0 6 0007 <  0  003 00 02 t»

Titanium  was addcd (o the alloys iti order to biiul sniphur and to  prevent prccipitation o f F e -C r 
sulphiile, which can chance the clcclrochcmical properties o f the alloys. The spccimcns wcre passivated 
at 25 or 70 C' for 2 min, I h, 50 h and .100 li m oxygcn-saluratcd doublc-distilled water.

Precaulions wcre takcn to  prevent form ation of oxide lilihs in air lielbrc passivation, and slruetnral 
changcs ¡íl'ler passivation. After prcpolishing on emergy paper dow.i lo t í  400, tile final polisliing was 
pcil'onneil either in the passivating médium itself (for tlie room Icm pcratuic experiments) or in 
inethanol of p a. p.ratle (for experiments at 70 ( ). .

riu- sp a  iiuoii w.f. liten tm'ked up niutei lupml ni a sniiitl clip, the prolectiiig I¡i)iiid « a s  cxchanj.'.ed 
and lite spccunen rinsed hy um ning the passivating m édium thi ougli a íunnet to  the botlom  o í 1he 
cup. Afierw ards the specimen was transfened - again under liquid - to a heaker, where oxygcn was 
led throtigh a glass ttibe into the water in sucli a way that the specimen was snrrounded by a curtain  
o f oxygcn bubhles. After this Ircalment the spccimcn was Iransferred to Ihe spccimcn handling 
cham l'cr of the I Si A under a sircam  of pule niirogni lliiougli a speeial sluicc.

Analvsis of the spccimcns started h\ recording a long sean hclwccn 0 and I000 eV binding energy 
lo eheck for impiu i(íes. Thcrealter. nan o w  scans o f the 2 />:1(2 and 3 />levclsof Cr and Fe and the Is 
Icvcls o f oxygcn and carbón wcre reeorded. The com posítion gradient in the film was determined by 
alternating ion bomba rdm ents and ESCA analyses.

RI S U L TS
F igure  I show s cx am p les  o f  the  I S C A  spec tra  o b ta in e d  a l to r  p ass iv a t io n  fo r  I h 

a l  25 a n d  70 C. 'I he spcc im cns  rep resen t the  ex trem es  o f  c h ro m iu m  c o n te n í  in (he
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F i o .  I . H S C A  s p c c ln i  o f  F e  C'r s tee ls  ¡if lcr p n s s iv a t io n  f o r  I h a t  25 a n d  7 0 ' C  (so l id  
lincs).  Ü o i i e d  peaVs s h o w  s p e c t r a  a l ' ie r 15 m i n  o f  io n  b o m b a r d m e n t .  ( T h e  p e a k s  o f  F e  3/> 

a n d  C r  i p  a r e  sca led  u p  5 x ) .

series, i.e. 3-9 and 29-9%. The solid lines represent the as-passivated state, while the  
dottcd peal<s were recorded after the top layers o f the lilms had been removed by ion 
bom bardm ent. Further stages of ion etclving liavc been recorded but are not slíown to 
keep the figure olear.

In the as-passivated state, both metailic and oxidic statcs o f the metáis are found. 
The binding energies of the metailic components of Cr and Fe aro 574 and 707 cV 
rcspectively. whilc their oxidi/cd states lie about 3 and 4 eV higher. The prcscncc o f 
mctallic signáis indicates that the tiiickncss o f the layers is in the región o f a few tens 
of Ángstroms, whore photoelcctrons esoaping from the metal substrato can still pass 
through the oxide film. The ratio bctwcen the metailic and the oxidic components of 
the 3/> level is greater tluin for tito corresponding 2/; levol, which indicates that the 
layer is uniformly thiii.

Tlie integral chromium contcnt (in terms o f  the catión fraclion, Cr/{Cr 4  Fe)) 
in the fihns was dctermined for all spccimens in Tablo \ after passivation for 1 h at 
25 and  7(TC, by the method describcd in the prcceding com m unication.18 The figures
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prcsented «n the foHowing are the integral valúes; they differ from  the real¡ fbcal 
concentrations wherevcr ehemical gradients exist.

Figure 2 shows the chrom ium  content in  the films vs that o f  the alloys. The dots

Fio. 2. The integral chromium conlcnt (catión %) in the films after passivation for 1 h 
al 25 C (dots) and 70"C (crosscs). Crosscs and dots represent the as-passivated statc; 

ringed symbols are for ion clchcd surfaccs.

and the crosscs represent the as-passivated State after passivation a t 25 and 70°C 
rcspectivcly. The sloping tiñes are the least square fits o f the series. Thcsc dem ónstrate 
two things: lirst, at Icast at room tem perature the chrom ium  content in the surfacc 
región of the film is proportional to  the bulk chromium content o f  the altoy for all 
alloy compositions studied here; sccond, the cnrichmcnt o f  chrom ium  in the film is 
greater a t the higher tem perature (the enrichment factors are 1-7 and 2-5 a t low and 
high tem perature rcspectivcly). Analysis after removal o f  the top layer by ion bom bard- 
nient (ringed symbols) indicates an inward chromium gradicnt in the passive film.

D epth prolilcs o f the integral chromium contení in the films are shown in Fig. 3. 
The alloy compositions are marked by the black triangular fiags on the ordinates. 
The thickness o f the layers has been calculatcd by the approxim ative method explained 
in the prcccding com m unication.18

Figure 3 shows that passivation time has an im portant influence on the composition 
o f the layer. At the shortest time (2 min) the chromium fraction in  the film is approxi- 
malivcly constunt throughout the film, and cqual to that in tíic alloy. Passivation for
I h and longer times produces cnrichmcnt o f chromium in the film and a m arked 
gradicnt, with the highest chromium content in the outerm ost zone.

It appcars from Fig. 2 that the enrichment factor o f chrom ium  w ith respect to the 
bulk content o f the alloy is approximatcly the same for all alloys after 1 h exposure, 
but on prolongcd exposure the relation between the com positions o f the film and the 
alloy is no longer linear. After 50 h the enrichment factor o f  the low alloy Steel 
(3-9%Cr) is four times higher than that o f the high alloy Steel (29-9%Cr). The
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Fia. 3. Integral chromium content (catión per cent) at varioüsidcpths in the oxide film 
before and after ion bombardment.

A lloys: (a) Fc-3-9% Cr, (b) Fc-7-8%Cr, (c) Fe-15-7%Cr, (d) Fe-29-9%Cr.
Exposure times: é ------•  2 min V ------“V 50 h

o —  o  I h d . . . □ 300 h

chromium content o f the film on the high alloy stccls docs no t incrcasc markcdly 
when the treatm ent is cairied on to 300 h. On the other hand, it was not possible to 
keep the low alloy stecl (3-9%Cr) ¡n its passive state for m ore than  50 h. Thereafter 
passivity broke down and a thick layer o f corrosion product, formed on the surface, 
which yieldcd only iron and oxygen peaks. The 7-8 %Cr stecl passivated for 300 h 
shows a high concentration o f Cr in the outermost región o f the film. The metallic 
stales of Fe and Cr are just dctectable, indicating that the thickness o f the oxide is 
about 40 Á ; this is the only case where longer exposure in the passive state produced a 
thickcr film.

In all spectra ofas-passivaled spccimcns, the oxygen signáis have two componcnts 
ca. l-5cV  apar!-; their positions can be seen in (he lowcst and high chromium 
spccimcns shown in Fig.l. The low bindingencrgy(righthand) component corrcsponds 
to the position o í oxygen in Fe-C r oxides.18 The ratio between the intensitics o f the 
high and low binding energy componcnts varies not only with chromium content but 
also with ion bombardment.

The rccorded oxygen peaks wcrc dcconvolutcd into their two components. The 
ratio of the high binding energy peak intensity (0 (h.b.)) to the total signa! intcnsity is 
plotted in Fig. 4 vs the integral chromium fraction in the films. í t  is found to be closely 
rclatcd to the chromium content in the film, which invites a more detailed study.

The positivo shift of the oxygen peak, together with the proportionality with 
Cr content, suggest the prcsence o f a chromium-rich hydroxide, at leást in a surface 
layer. Support for the chromium hydroxide hypothcsis is obtained from two sepai-ate 
experiments. First, synthetic Cr(OH)3 was prccipitated on a gold píate and anaiyscd 
by liSCA. Sccond, puré chromium was passivated for a fcw minutes a t 25"C in the 
same way as the other spccimcns. Soíid Cr(OH)3 is a very poor conductor; therefore
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Pie). 4. T h e  ra l io  o f  th e  h igh  b ind ing  energy  co m p o n en t o f  oxygcn, 0 ( h .b .) ,a n d  the 
in tcnsity  o f  th e  to ta l oxygcn  peak  vs th e  ch ro m iu m  c o n te n t in the  to p  layer o f  th e  film.

the layer m ust be kept very thin to avoid spurious shifts duc to  specimen charging. 
This was achieved by precipitating Cr(OH)3 frorn a  soJution o f 0 0 i M CrCI3 into which 
onc d rop  o f N H 4O H  was introduced. The Cr(OH)3 sedimented in a very th in  layer 
(not visible to the naked eye) on to  the gold substrate. The am m onium  chloridc formed 
in the reaction was removed by dilution in such a  large volume o f water that neither 
nitrogen ñor chloride could be detected in the spectra (Fig. 5a).

C r  ^ p 3 /2 _____ II_____ O t S N Is
C rlO H lj — Cra 0 3

C12p I I Cr 2p3/2 || O ís
Cr(metat) — Cr(OH)3 — Cr203 

------- K c  /»-

580 575 535 530 ¿05 ¿00 200 t95 
BINDING ENERGY (eV)

580 575 535 530

F io . 5. E SC A  sp cc tra  o f : (a) C r(O H )a (solid  peaks) a n d  C r,O n (dáshed  peaks) fo rm ed  
by h ca tin g  C r(O H )3 to  300°C (a rro w s v  ind íca te  expected  peak  positions fo r N H ,C I) ; 

(b) C h ro m iu m  m eta l as-passivated  (solid  peaks) an d  a f te r  h ca tin g  to  300’C.

The solid peaks in Fig. 5(a and b) show the synlhetic Cr(OH)3 and the passive lilm 
formed on puré chromium. The position o f  the metailic C r peák in Fig. 5b is the 
normal onc for this element, showing that spurious shifts duc to suríace charging are 
absent. Since the peak positions o f the synthctic hydroxide agree with those of the 
passivated chromium, we may conclude that also Fig. 5a is free from spurious shifts: 
The agreement between Figs. 5(a and b) leads to  the interesting hypothesis that 
chromium passivatcs by forming a layer of Cr(O H )3.

This was tested in two ways. First, both samples wcre heated in vacuum to 300"C, 
which should Icad to the transform ation Cr(OH)3 -> CrOOH ->■ Cr20 ;). The dashed 
peaks in Fig. 5(a and b) show the spcctra recorded after hcating. In both cascs, the
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oxide peaks have niovéd to the position o f the low-energy peak in Fig. I, j.e. the 
fiormal position o f the O 2- peak in oxides. It was possible, in fact, to follow the steps 
p f  the reaction sequence at intermediate tepm eratures by the gradual decline o f the 
jligh-energy peák and the growth o f  the low-energy peak, inctuding the stage where 
cqual intensities of both peak components indicated the presence o f CrOOH. A second 
test was based on the intensity ratios o f the oxygen and the chromium peaks beforc and 
after heating. The ratio o f the photoelectron yields for oxygen and chromium can be 
determined from  the spectrum o f Cr20 3 (Ref. 18); it is found to  be ca. 0-4. This 
would give an oxygen/chromium intensity ratio o f 0-6 for Cr¡¡03 and o f 1-2 for 
Cr(OH)3; the observed valúes were 112 and 1-24 for the synthetic hydroxide and the 
passive film on chromium before heating, and 0-60 and 0-51 respectively after heating.

Thus the conclusión seems justified that chromium passivates by forming a layer 
of Cr(OH)a, and that the oxygen peak at 531-5 eV is to  be assigned to oxygen in 
hydroxyl ions. Objections coukl be raised against this argument, beca use the hydroxide 
componen! of oxygen ovcrlaps with adsorbed oxygen com ponents as H¡¡0, CO and 
CO§~. A contam ination layer o f these com pounds is certainly present. It shows a 
carbón peak, which disappears after a very short time o f ion bom bardm ent. However, 
no correlation exists between the intensity o f  the hydroxyl (plus adsorbed oxygen and 
hydroxide) peak and that of the carbón peak. The contribution o f a monolayer of 
adsorbed oxygen to the total observed oxygen peak intensity would be about 15°/,. 
more than 3 atomic layers would be required to produce the correlation obtained in the 
cases with high chrom ium  content in the surface región o f the films. It is not probable 
that the bonding between the moleculcs o f oxygen in a layer o f this dimensión is strong 
enough to keep it on the surface in vacuum.

With this baCkground, the “high binding energy com poncnl" o f the oxygen peaks 
in spcctra o f the outerm ost zonc o f  the layer formed on chromium stecls (Fig. I ) may 
be identilicd as a hydroxide peak.This leads to thcconclusion that the passivating film 
consists of an outer layer o f Cr(OH)3, possibly with small content o f thrcc-valcnt iron. 
The surface layer is obviously very thin, since the shape o f the oxygen peak changcs 
very quickly from hydroxyl to oxide on ion bom bardm ent. After dcconvolution o f the 
hydroxide and oxide components, onc can estímate the thickness ratio o f the hydroxide 
and oxide layers. With a total film thickness o f ca. 20Á (sec bclow), the hydroxide layer 
is found to be between 3 and 5 atomic layers thick. Bclow this llicre is a layer of oxide 
containing only O"- ions. The iron peaks in Fig. 1—both Fe 3p  and Fe 2/;3/2—cach 
show a m inor contribution o f the divalent State, recognizable as a broadening o f the 
peaks towards the right. This suggcsts that the bottom layer m ayconsist o f  a spinel 
type oxide l;e , , v(.'r¡¡ Aü 4, as in tlie case of dry-lormcd lilnis.IK

The total thickness o f the passive films can be determined by the method dcscribed 
in Ref. 18. It is found to depend both on alloy composition and on exposure time. 
Figure 3 shows that the films actually bccamc thinner with prolonged exposure, and 
thus with increasing chromium content in the film. The thinnest films (ca. 20 A) are 
found after long exposure on specimens with high Cr content. For purc chromium, 
the film is extremcly thin (ca. 10 Á).

Figure 6 shows the spcctra recordcd after exposure for long time o f the low alloy 
Steel. It shows iron in its thrcc-valcnt slate. No chromium can be dctcctcd. The doublc 
peak with cqual intensities o f O2-  and O H " indicatcs that the corrosion product is

ESCA Mttdfes o f tile composition profile of low temperature oxkle 703
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Fe 2P 3/? li C r  2 p 3 /1  JJ____O l í C 1 s
3,9 */. C r  Steel eorrod ed  fo r  300 hrs. at 2S*C

Fe 3p C r  3p

5 3 »  5 3 0  2 8 5  2 8 0
B IN D IN G  EN ER G Y  ( e V )

Jcrti" í r  ^ ^ " ' \ sf)lpc*r a *hc 3-9/¿chromium spccimcnaftercxposure fo r300 hat 2S°C 
l,nCS) and aflcr removal o f  « •  I00 A o f ,hc top layer by ion ctching (dottcd íincs^

Fe 3p scalcd u p 5 x .

FcOCW. The film is rnuch thickcr thaa  thosc formed in the passive stalc. Tl.c shapc 
the puiks did not chango allcr long ion bom bardm ent (I00-200 A removed), and  a 

discoloration was visible on the specimen.

. A r . Pa,nSOn ° f  the Pr° fi,es in Fig- 3 wilh those o f fi,ms formed in dry oxvgen18 
hows that the ennchm ent o f  chromium occurs at the opoosite phase boundaries In

chrom íf atl° n' Chr° m ' 7 ¡S depleted in the 0llter o f the film ; in aqueous médium, 
¡m nort'itu 'S '" Creasmgly enriched Wlth time in the outer part. This diííerence made it 

portant to Icarn whether an .1 ir-formed oxide film would adjust its composition 
piadient when exposed lo water. Spccimcns with 5 8 , 11 0 and 19-9% Cr wcre clcancd

aL7vsed°Thean i r " 1’ °Xld,ZCd ^  °XygC" *  °'2 ^  f°r 46 h’ and the toP layer
•t u  ? spccimcns were treated in oxygenated water a t 25°C for 3-5 h. 

e triangles in Fig. 7 shows the integral chromium contents a t the top layer after

melal

6 0

50

<0

3 0

20

exid*

10 20

o x id e  t h i c k n e s s  ( Á n g s l r u m )

F io ,7 Integral chromium contení (catión %) in the surfacc región o f dry-formed oxide 
(V) and com pasean  proliles after cxposure to water for 3-5 h.

(a) Fe 5-8 C r, (!>) Pe 11 Cr, <C) Fe I‘>9 Cr.
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oxidalion in purc oxygen. The proíilcs obtained after exposure to water are m arked 
by the solid lines. The figure dem ónstrales that air-formed oxide films, which consist 
m an ly  o f iron oxide a t the surfacc, slowly change their com position when treated in 
water. Tlic result is a superposition o f  the two gradicnts during the transitory stages 
o f this adjustment.

C O N C L U S IO N S

There is a  striking contrast in the composition profiles o f passive films formed on 
Cr-steels in oxygenated water and of films formed on the same steel in dry oxygen. As 
shown in the preccding com nninicalionls dry oxidation at room tem perature produces 
an average composition in the film corrcsponding to that o f the alloy. It also Icads to a 
tlcplclion o f chromium in the outerm ost región of the lilm and a stighl cnrichmcnt at 
the metal/oxide ¡nlcrlace in agreement wilh classical oxidalion theory.1" Whcn the 
metal is exposed to oxygenated water, the film composition at first also agrees with 
that o f the alloy, owing lo the lowdilTusivily at room tem perature. Prolongcd exposure, 
howcver, causes the chromium contení to mercase in accordance with the higher 
ailinity of chromium to oxygen. In contrast lo dry oxidalion, chrom ium  is now mainly 
enriehed in the outermost región o f the lilm, wherc the chrom ium  contení in fact 
approaches 100';,, after long exposure.

The passive film in its stationary State consists o f two layers: a bottom  layer of 
iron-ehrom ium  oxide, possibly o f spinel type FeH vCr2,^ 0 4, and a  very Ihin top layer 
of hydroxide Cr(OH)3. Support for this is found in the fol(owing: (i) the agreement 
helw m i the oxygen peak positions o f the liydmxide and the oxide com ponenls of the 
lilni spectra wilh the corrcsponding peaks from synthetic com pounds; (ii) the corre- 
lation between the chromium content in the outerm ost layer and the intensity o f  the 
hydroxide peak; and (iii) the separatc study of purc chromium which showed that the 
passive layer on that metal consists o f an extremely thin film o f Cr(O H )3. This last 
observation dem onstrates that chrom ium  hydroxide is a very eflective barrier to  the 
rcaction o f chrom ium  metal with oxygenated water.

It is known that the chromium content of iron-ehrom ium  alloys m ust exceed a 
threshold valué to allow the development o f persistent passivity. The results o f this 
F.SCA invesligation suggest a possiblc mechanism. The composition o f the first-formed 
lilm, wilh respect to the metal ions, will corrcspond to that o f the alloy, because the 
low atomic mobility in the metal precludes preferential reaction at short times. Later 
on, the composition changes in accordance with the greater therm odynam ic stabiiity 
of Cr-rich oxides. These changes, and the observation that the films actually become 
Ihinncr with time, can be explained by an exchange proccss, where iron dissolves 
preferenlially inlo the liquid, while chromium remains behind in the film. Such pre­
ferential dissolulion has becn dem onstrated by K ololyrkin,20 who m onitored the iron 
and chromium conccntrations in clcclrolylcs in c o n ta d  with ferritic chromium stccls 
in the passive región by aclivation analysis. C'ontinucd dissolution of iron at a faster 
rate than chromium will build up the observed chromium enrichment towards the 
outer surfacc o f the film. Preferential migratioii o f Cr may contribute to the enrieh- 
inenl since the dccrcase in film thickness is not fully in accordance with the degree of 
conversión.

The prese 11 ce o f hydroxide at the oxide/water interface sccms plausible for a
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syslem closc to  cquilibrium, wherc exchangc o f the ionic species m ust proceed at 
sinrHar ratcs in both  directions^Top layers o f  hydroxide hávc also been found in an 
ESCA study o f  films formed on puré iron passivated inaqueousenvironm entbym eans 
o f  ¡nhibilors.21 Initially, the top film o f  ferritic chromium steels may be assúmed to  be 
mainly FeOOH. As the chrom ium  content o f  the underíying oxide rises, this will be 
rcplaccd by Cr(OH)3 with varying, but finally very sm all.contents o f  iron. A t this stage, 
(he Iransport o f  iron through the double íayer will have reached a  low, stationary  
rute, corrcsponding to  the rate o f  dissolution and renewal o f the passive film. t< m ay be 
notctl in passing that the solubility product o f FeOOH is higher than that o f  Cr(O H );,.

The process ol prcfercntial dissolution o f  Cr, and the changc in composition o f  the 
hydroxide film, may be dcscribed as follows:

Cr(s) -1- xFeO O ll(s) +  J  0 2(g) +  ^  H20 (l)  -*  Cr(OH)3(s) +  x F c 3 t(I) +

3aOH (I)

where .v is a time dependent param eter (I <  x  <  2).
In the case o f the low-alíoy steels studied here, chromium is rapidly enriched in 

the film during the first stages o f  exposure, but depletion in the alloy underneatli the 
film and the low atomic mobility at room tem perature make it impossible to ttp h o ld  
the necessary chromium content in the film for prolonged periods. Consequently. the 
lilni will break down and be rcplaccd by the non-protecting corrosion product o f  the 
Cr-depleted m etal, FeOOH.

A t the present time, it sccms difficult to  decide whether the chromium hydroxide 
iayer plays an active role in establishing passivity in chromium steels by presenting an 
added icsistance lo the passage o f iron ions from the oxide to  the water, or whclher 
it is only a eorollary o f  the chrom ium  enrichmciit in the film.

M any investigators have proposed that chrom ium  is one o f the metafs which is 
passivated by adsorplion. This is not ncccssarily in condict vvilh the present results 
because inost ol the studies on chromium have been performed in acids; c.g. A rm strong 
el Inlerrcd that chromium is passivated in 0 5M ll¡¡SO,, by forming a monolayer 
o f oxygen on llic surface. On the other hand, an FSCA analysis o fO k am o to 2^ 2' has 
dem onstrated Ilie formation of compact layers on austenitc stainless steel in acids; the 
cnrichmcnt ol chromium was found to depend on the passivation polential.

For puré iron, the form ation o f a second phase within the passive film has been 
suggested earlier in the literaturc. Nagayama and Cohcn2r’ proposed an inner layer 
o f Fc30 4 and an outér o f y-Fe20 3 with high defect content, while Sato et al.M inferred 
Fe¡¡03.0'4 H20  with an inner anhydrous ferric oxide layer ánd an outer layer of 
hydrous oxide. The presencc o f  water molecules in the passive films cannot be excluded 
by the present study.

A c k tu n v la lu c n ir n tx  ■ I lie í i u th o r s  ;icc g n i l c fu l  U> S A N O V I K  A li fot' t h e  p r c p a r a l t o n  o f l i i c s a n i p l c s n i u l  
In  M r .  IJ. Jelvesl j i in  a m l  M is .  Y .  ()lof'joii.l f o r  th e i r  c n n i p c l c n t  exfie r in ienl i i l  a ss is lu n cc .  l - i n an c iá l  
s u p p o t i  f r o m  ih e  S w c d is h  B o a r d  lor I c ch n ¡ca l  D e v c lo p n i e n t  (S  I U )  is g ia lc fu l ly  acknowlcdgcd.
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ABSTRACT
T h e  su r fa c e  o f  M o n e l-4 0 0  a llo y  w a s e x p o se d  to  h ig h  pH , a q u eo u s co r ­

rosio n  a t 285°C, u n d er  b o th  o x id iz in g  and  red u c in g  e o n d itio n s . A fte r  e x p o su re s  
la s t in g  from  0.3 to  335 h r  th e  su r fa c es  w e r e  e x a m in e d  b y  x - r a y  p h o to e le c tr o n  
sp ec tro sco p y , sc a n n in g  e le c tr ó n  m icro sco p y , an d  o th e r  te ch m q u e s . U n d é í  r e ­
d u c in g  eo n d itio n s , n o  co rro sio n  film  fo r m s o n  th e  m e ta l su rfa ce , b u t u n d er  
o x id iz in g  e o n d itio n s , th e  first c o rro sio n  la y e r  w h ic h  fo rm s a t th e  so lu t io n  m te r -  
ía c e  is  e n t ir e ly  N i ( O H ) 2. T h is  h y d ro x id e , w h ic h  p e r s is ts  fo r  lo n g  t im e s  a t  
p H  ~  10 b u t w h ic h  r a p id ly  c o n v e r ts  to  N iO  at pH  ~  14, is  sh o w n  to  r e su lt  fro m  
a p r e c ip ita tio n  p rocess. T h e  c o m p o sitio n  o f  th e  co rro sio n  film  is  d e te rm in e d  
b y  th e  r e la t iv e  s o lu b ilit ie s  o f  riickel an d  co p p er  at th e  in te r fa c e . A  c o m p o sitio n  
p rofile  o f  th e  co rro sio n  la y e r  b e n e a th  th e  o u te r m o st film  sh o w s  a g ra d u a l ín -  
c re a se  in  cu p ro u s ion  eo n c en tra tio n  w ith  in c re a sin g  d ep th , p r o b a b ly  d u e  to  
s o l id -s ta lo  m igrn tion . T h is  su R gcsts th a t th e  a q u eo u s co rro sio n  o f  M o n el-4 0 0  
in v o lv e s  both  s o l id -s ta te  o x id e  g r o w lh  an d  an  iom c d isso lu tio n  a n d  p r e c ip ita -  
t io n  m ech a n ism .

M o n c l-4 0 0 1 ( 66% N i, 32% C u ) is  o n e  o f  th e  a llo y s  
u s e d  as h e a t -e x c h a n g e r  tu b in g  in  C A N D U -P H W 2 
p o w er  reactors. A s  part o f  a s tu d y  o f  th e  tr a n sp o rt o f  
r a d io n u c lid es  in  rea cto r  co o la n t sy s tem s , w e  h a v e  in -  
v e s t ig a te d  th e  a q u eo u s co rro sio n  b e h a v io r  o f  M on el-4 0 0  
u n d er  eo n d itio n s  o f h ig h  te m p er a tu r e  and  p ressu re  
w h ic h  s im ú la te  th o se  fo u n d  in  th e  c o o la n t  o f  a  p o w er  
reactor.

M ost a q u eo u s co rro sio n  s tu d ie s  o f  n ic k e l-c o p p e r  a l­
lo y s  h a v e  co n cen tra tcd  on film  g r o w th  ra tes ( 1 - 10 ) or  
on  th e  co m p o sitio n  and s tr u c tu r e  o f o x id e  film s w h ic h  
w e r e  fo rm ed  o v e r  le n g th y  p er io d s o f co rro sio n  ( 1 1 - 
13). O ne s tu d y  u sed  e le c tr ó n  d iffra ctio n  to  id e n t ify  
th e  corrosion  p r o d u c ís  N i (O H ) 2, N iO O H , and  N iO  
w h ic h  had fo rm ed  on  so m e  c o p p e r -n ic k e l a llo y s  a fter  
se v e r a l h ou rs o f  a q u eo u s co rro sio n  (1 4 ) .  W ith  th e  d e -  
v e lo p m e n t o f  o th e r  a n a ly t ic a l te ch n iq u e s  se n s it iv e  to  
su rfa c e  film s no th ic k e r  th a n  a fe w  á to m ic  la y er s , bo th  
co m p o sitio n  and  stru c tu re  can  be d e te rm in e d  q u a li-  
ta t iv c ly  and q u a n t ita t iv e ly  fo l lo w in g  v e r y  b r ie f  e x ­
p o su res  to co rro sio n  eon d itio n s .

In th is  w o rk , corrod cd  su r fa c es  w e r e  stu d ied  b y  
x -r a y  p h o to e le c tr o n  sp ec tro sco p y  (X P S  o r  E S C A ) as 
w e ll  as sc a n n in g  e le c tr ó n  m icro sco p y , and , w h er e  p o s-  
s ib le , b y  x -r a y  dilTraction. In X P S , p h o to e le c tr o n s  p ro -  
d u ced  b y  an im p in g in g  x -r a y  b ea m  e m e r g e  from  th e  
top  1 - 2  nm  of a su r fa c e  and th e ir  k in e tic  e n e r g ie s  are  
a n a ly z cd  ( ir.). T h e  e x a r l  k in etic  c n e r g y  o f th e  p h o to -  
e le c tr o n  r ed ec ís  n o l o n ly  th e  a to m ic  n u tn b er  o f th e  
o r ig in a tin g  e le m en t, bu t a lso  th e  c h c m ic a l e n v iro n m en t  
nf th is  e le m en t. I f  th is  tech n iq u e  is  c o m b in ed  w ith  ion  
sp u tte r in g  to r em o v e  su c c e ss iv e  la y e r s  o f  su r fa c e  film , 
it is p o ss ib le  to  o b tn in  a profile  o f th e  e le m e n ta l d is -  
tr ib u tio n  th ro u g h  th e  co rro sio n  layer .

X P S  p ro v id es  an a v e ra g e  a n a ly s is  o f  th e  e le m e n ts  on  
se v e r a l sq u a re  m illim e te r s  o f  su rfa ce . C o m p lem cn ta ry  
in fo r m a tio n  a b o u t th e  d is lr ib u lio n  o f  c r y s ta l l i lc s  w itliin  
th is  a rca  can be o b ta in ed  u s in g  sc a n n in g  e lec tró n  m i­
cro sco p y . A lso , w h e r e  a film  o f  su ííic ie n t  th ic k n e ss  
(-—0. 1 - 1  ¿¿m) h as form ed , x -r a y  d iffra ctio n  can  be  
u sed  to  con íirm  th e  X P S  a n a ly sis .

In tw o  p r e v io u s  X P S  stu d ies , co rrod ed  c o p p e r -n ick e l  
su r fa c es  h a v e  b een  e x a m in ed . H u lle t  and c o -w o rk er s
(1 6 ) e x a m in e d  film s on a 70:30  cu p r o n ic k e l a llo y  w h ich  
had b een  a n od ized  in sod iu m  c h lo r id e  so lu tio n s . A b o v e

K ry  w o rd s :  M oncl,  n icke l h y d ro x id e ,  a q u e o u s  o x ida t ion ,  piloto-  
o l e d  ro n  sp cc l ro s c o p y ,  co rro s ión .

1 T r . i d o  na inc  o f  th e  I n t e r n a t io n a l  N ickel C o m p a n y  of  C añ ad a  
I J rn i lcd .

* CANDU-PHW  =  C añ a d a  d c u t c r l u m  u r a n lu m - p r e s s u r l z c d  h c a v y  
w a te r .

th e  p a ss iv a tio n  p o te n tia l, th e  su r fa c e  w a s  fo u n d  to  
c o n s is t  p r im a r ily  o f  a n ic k e l-o x y g e n  sp e c ie s  w h o se  
id e n tity  co u ld  n o t b e  a b s o lú te ly  e s ta b lish e d . T h e  X P S  
core  l in e  sp ec tra  o f th e  n ic k e l-r ic h  su r fa c e  d id  not, 
h o w ev e r , co rresp o n d  to  s to ic h io m etr ic  N iO . C a stle
(1 7 ) ,  h o w ev e r , e x a m in e d  7 0 :30  c o p p e r -n ic k e l a l lo y  
su r fa c es  h e a te d  in o x y g e n  and  in  th is  ca se  w a s  a b le  
to  id e n tify  th e  n ic k e l p h a se  as N iO . T h e  su r fa c e  o f  th e  
o x id iz e d  a llo y  w a s en r ich ed  in  n ic k e l co m p a red  w ith  
th e  b u lk  m e ta llic  p h ase . B o th  cu p ro u s an d  cu p ric  o x ­
id e  p h a ses w e r e  id en tif ied  u n d er  d iffe re n t o x id iz in g  
eon d itio n s .

In th is  w ork , th e  co rro sio n  film s fo r m e d  on  M o n e l-  
400 w e re  stu d ied  fo l lo w in g  b r ie f  e x p o su r e s  o f  th e  a llo y  
to  a lk a lin e  (p H  =  —1 0 -1 4 ) , h ig h  te m p er a tu r e  (285°C )  
so lu tio n s  sa tu ra ted  w ith  r e sp e c t  to  e ith e r  h y d ro g e n  or  
o x y g e n . In ea ch  ca se  th e  X P S  sp ec tra  o f  th e  co rro sio n  
P rod ucts cou ld  b e  c le a r ly  id en tif ied  w ith  th e  sp ec tra  
o f k n o w n  n ic k e l or co p p er  sp ec ies . F ro m  th e  a n a ly s is  
o f th e  su rfa ce  co rro sio n  p ro d u c ís  and  th e  e le m e n ta l  
d ep th  profile , a m e ch a n ism  fo r  th é  a q u eo u s co rro sio n  
o f  M o n el-4 0 0  is  p rop osed .

Experimental
M ec h a n ic a lly  ab ra d ed  M o n e l-4 0 0  co u p o n s o f  3 cm 2 

su rfa ce  area w e re  e x p o se d  to  0.1 l ite r  o f  1.0  m o l /k g  
and 1 x  10 - 4 m o l /k g  L i(O H ) so lu tio n s  at 285°C in  a 
T e d o n -lin e d  tita n iu m  a u to c la v e . T h e  a u to c la v e  w a s  
in i l ia l ly  pu rged  and  íilled  to  a p ressu re  o f  0.1 M Pa at 
25"C w ith  r ea g e n t g ra d é  h y d ro g e n  or  o x y g e n . T he  
in n er  su r fa c es  o f  th e  a u to c la v e , in  co n ta c t w ith  s o lu ­
tion , w e r e  l in ed  w ith  T efion  s in c e  it  w a s  fo u n d  th a t  
ov en  a fter  th o ro u g h  c le a n in g  m icr o q u a n tit ie s  o f m e ta l­
lic  c o n ta m in a n ts  rem a in ed  on  th e  t ita n ia  su r fa c es  and  
w e re  r ea d ily  tra n sp o rted  to  th e  M o n el-4 0 0  su rfa ces  
d u rin g  ex p o su re . T h e  T efion  lin e r  w a s  p re trea ted  u n -  
tler rea e lio h  e o n d itio n s  for o v e r  50 h r  to  e lim ín a te  a n y  
Si^nificant co n tr ib u tio n  o f  ílu o rid e  and  c h lo r id e  ion  to  
liVc so lu t io n  and  th e  a b sen ce  o f th e se  im p u r itie s  on  
th e  M o n el-4 0 0  su rfa ce  a fter  tr e a tm e n t w a s con firm ed  
by p h o to e le c tr o n  sp ec tro sco p y . P h o to e le c tr o n  sp e c tr o ­
sco p y  a lso  co n firm ed  th e  a b se n c e  o f  e le m e n ta l im p u r i-  
ties, o th e r  th a n  ad so rb ed  o x y g e n  an d  m in o r  q u a n tit ie s  
o f  h yd ro ca rb o n , o h  th e  M o n el su r fa c es  pr ior  to é x -  
posure.

K llcrtiv e  e x p o su r e  p er io d s v a r ic d  from  0.3 to  335 hr. 
T he cITcctive p er iod  w a s ta k én  to be th e  l im e  at w h ic h  
th e  su rfa ce  w a s corrod cd  at te m p er a tu r e s  b e tw e e n  225° 
and 2íi.r>"C, and  a llo w e d  for th e  t im e  o f  a d d itio n a l c o r ­
rosion  d u r in g  h e a t in g -u p  and  c o o lin g -d o w n . F o llo w in g
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e x p o su re , co u p o n s w e r e  c o o led  in situ, w a sh e d  w ith  
d is t i l le d  w a ter , a n d  tra n sfe rr e d  to  th e  sp ec tro m eter . 
W h en  th e  e f le c ts  o f  d isso lv e d  h y d ro g e n  w e r e  stu d ied ,  
p a r ticu la r  care w a s req u ired  to p r e v e n t  p o ss ib le  o x i-  
d a tio n  o f  th e  su r fa c es  a fte r  e x p o su re , an d  th e  tra n sfer  
to  th e  sp ec tro m e te r  w a s  d o n e  u n d er  a n  a rg ó n  a tm o -  
sp h ere . .The to ta l q u a n titie s  o f  co p p er  an d  n ic k e l P ro d ­
u c ts  in  so lu t io n  from  ea ch  co rro sio n  r ea c tio n  o f  M o n el  
w e r e  d e te r m in e d  u s in g  fíam e or fla m e le ss  a to m ic  a b -  
so rp tio n  sp ec tro sco p y .

A  M cP h erso n  E S C A -3 6  X P S  sp ec tro m e te r  w ith  a 
c r y o g e n ic a lly  p u m p ed  sa m p le  ch a m b e r  w a s used . T h e  
e x c ita t io n  r a d ia tio n  u sed  w a s  e ith e r  th e  M g K « or  
A l K„ lin e . T h e  in str u m e n t w o rk  fu n c tio n  (3 .8 -4 .2  e V )  
w a s  s e t  so  th a t th e  A u ( 4 f  7 /2 )  p e a k  w a s  at 84.00 e V  
fo r  a g o ld  m e ta l su rfa ce . R a th er  la r g e  c h a r g in g  sh if ts  
(1 -3  e V )  w e re  e n c o u n te r ed  fo r  a ll M o n el su r fa c e s  e x -  
p osed  to  a q u eo u s o x id á tio n . T h e  su r fa c e  ch a r g in g  w a s  
co rr ec ted  b y  m e a su r in g  th e  sh if t  o f  th e  b a ck g ro u n d  
ca rb ó n  C ( l s )  lin e , w h ic h  n o r m a lly  o ccu rs a t 285.0 ±
0.2 eV . In so m e  ca ses a g o ld  film  w a s  e v a p o r a ted  o n to  
th e  su r fa c e  an d  its  e q u iv a le n t  ch a r g in g  s h if t  w a s  m e a -  
su red  (1 8 ) .  In  g e n era l, a g r e e m e n t b e tw e e n  th e  tw o  
m e a su r em e n ts , h o w ev e r , w a s  w ith in  ± 0 .2  eV . S u ch  co r-  
rec tio n s, h o w e v e r , su b s ta n t ia lly  a ffec t th e  p r e c is ió n  o f  
th e  p ea k  a ss ig n m en t and  th e  erro rs q u o ted  r e su lt  
fro m  ten  d e te rm in a tio n s  o f  th e  p ea k  p o sitio n .

A p p r o p r ia te  r e la t iv is tic  e n e r g y  c o rr ec tio n s  w e r e  
m a d e  to  a ll b in d in g  e n e r g ie s  rep o rted . A  10 k e V  argón  
ion  g u n  w a s u sed  fo r  d e p th  p rofile  s tu d ies . Ion  flux  
on  th ese  su r fa c es  w a s lim ite d  to 5 nA cm ~ 2 to  m in im iz e  
e ffec ts  o f  c h e m ic a l d e c o m p o sitio n  an d  p r e fe r e n tia l  
sp u tter in g . S u rfa c e  m o r p h o lo g y  w a s  d e te rm in e d  w ith  
a C a m b rid g e  “S te r e o sc a n ” M ark 2A  sc a n n in g  e le c tr ó n  
m icro sco p e . X -r a y  d iffra cto m etry  w a s  ca rr ied  o u t u s in g  
a P h ilip s  v e r t ic a l g o n io m e ter  w ith  m o n o ch ro m a ted  
C u K „ rad ia tion .

XPS Spectra
T h e  x - r a y  p h o to e le c tr o n  sp ec tra  o f  a n u m b er  o f  o x ­

id es and  h y d r o x id e s  o f  cop p er  and  n ic k e l h a v e  b een  
s tu d ied  in  th is  (1 9 ) and  o th er  (2 0 -2 2 )  la b o ra to r ies .  
T he b in d in g  e n e r g ie s  a sso c ia te d  w ith  th e  m ore  p r o m i-  
n cn t m eta l and  o x y g e n  co re  l in e s  a s  w e ll  as th e  e n e r g y  
o f th e  m a jo r  m eta l LM M  A u g e r  tr a n sitio n  are g iv en  
in  T a b le  I. In F ig . 1 and 2 th e  M (2 p )  and  M (3 s )  sp e c ­
tra  fo r  so m e  o x id e s  and  h y d r o x id e s  o f cop p er  and  
n ic k e l are  sh o w n . C u p ro u s o x id e  is  d is t in g u ish a b le  
from  cop p er  m e ta l o n ly  b y  th e  s h if t  o f  th e  Cu A u g er  
LM M  lin e . C u pric  o x íd e  and  h y d r o x id e  are  c h a r a c te r -  
ized  b y  th e ir  d iffe r in g  m e ta l and  o x y g e n  co re  b in d in g  
e n e r g ie s  as w e l l  as b y  th e  m eta l “s h a k e -u p ” sa te l l i t e  
sp ec tra  lo ca ted  on  th e  h ig h  b in d in g  e n e r g y  s id e  o f  
m o st cupric  co m p o u n d s (2 3 ) .  In th e  ca se  o f  th e  n ic k e l-  
o x y g c n  sy s tem , N iO  and N i ( OI 1 ) 2  can  b e  c le a r ly  d is -  
t in g u ish e d  u s in g  s im ila r  c r iter ia  as in  th e  cop p er  sp e c ­
tra. S p ec tr a  o f  a n o th er  n ic k e l-o x y g e n  sp ec ie s  h a v e  
b een  rep orted  b y  K im  and W in o fiia d  (2 2 ) fo l lo w in g  
th e  lo w  p ressu re  o x id á tio n  o f  p o ly c r y s ta llin e  n ick e l 
su rfa ces . T h e y  su g g e s t  th a t th is  sp e c ie s  is  a d e fe c t  
«truc-ture con tíiin in i; N ¡:" .  S im ila r  sp ertrn  hn vo  boen  
o b ser v e d  in  th is  la b o n jlo r y  (2 4 ) d u r in g  room  te m p er a -  
tu re  o x id á tio n  o f n ic k e l su rfa ces . A lth o u g h  th is  o x id e  
lu is m eta l and  o x y g e n  core  lin e  e n e r g ie s  ra th er  c ió se  
to th o se  fo r  n ic k e l h y d ro x id e , th e  sep a ra tio n  is s t i l l  
a d eq u a te  to  p r o v id e  ch a ra cte r iz a tio n  o f  e ith e r  sp ec ies ,

T o b le  I. Som e m e ta l a n d  oxygcn coro binding oncrgios of copper 
□nd nickel oxygcn compounds

Com- M(2p 3/2) M(3p 3/2) 0 ( lai)
l>uuml «¡V <-V oV

—

«V

C u  m e t a l 0.124 ± 0  » 75.1 ±0.1 919.0 ±0 .1
C u -.o 932 4 ±  O.l 75.1 ±0.1 530.5 ± 0.2 317.4 ±0.3
€ u O 9J J .7 ± 0 2 7fi.fi ±  0.25 52 >.G ± 0.15 917.7±  0.3
Cu ( 011 )a 9.14.2 ±  0.25 77.0 0.25 531.2 ± 0.2 —
Ni m c la l »r>2 5 ±  0.1 ±  0.15 — 042.3 ±0.3
NiO 854.0 ±  0.2 «¡7.4 .1: 0 2 52!l .6 ± 0.15 11:111.5 ±  0.4

055,'J ±  0.3 GU.l ±  0.2 531.4 ± 0.3 838.4 ±  0.3

BINDING ENERGY (eV)
Fig. 1. XPS  Cu(2p 3/2) ond Cu(Js) core line spectra for Cu  

m etal, C u O , and Cu(OH> 2 . Th e  arrows indícate satellite  peaks due 
to m ulti-electron excitation (shake-up) or m ultip let interaction  

processcs.

Nl(2p 3/2) Ni (3 s 1/2)

(a) NI metal

\

--------81N 0IN G  ENERGY ( eV )

Fig. 2. XPS N i(2p  3/2) and N i(3s) core line spectra fo r  N i 
m etal, N iO , and  N i(O H )2 . Th e  arrows indícate satellite  peaks due 
to m ulti-e lcctron  excitation (shake-up) or m ultip let interoction  
processes.
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p a r tic u la r ly  w h e n  c o m b in ed  w ith  th e  q u ite  d ifferen t  
s a te l l i t e  and A u g er  sp ectra  p ro d u ced  b y  each . T h e  
“su r fa c e  n ic k e l o x id e ” sp e c ie s  o f  K im  and V in o g ra d  
( 2 2 ) w a s  not o b ser v e d  d u r in g  th e  p r e se n t w ork .

Resufts
Exposure in 10~4 m o l/k g  L i(O H )— 0.1 MPa Hí over­

pressure .— A fte r  e x p o su r e  o f a M on el c o u p o n  in  285’ C 
so lu tio n s  (pH  ~ 1 0 )  u n d er  h y d ro g e n  for  p er io d s  u p  to  
335 hr, no e v id e n c e  o f  a n y  s ig n ifica n t o x id a tio n  p ro d u ct  
on th e  su r fa c e  w a s se e n  u s in g  X P S . S p ec tr a  o f th e  
C u (2 p  3 /2 )  and  N i( 2 p  3 /2 )  l in e s  fo r  a M o n e l su rfa ce  
w e r e  th e  sa m e  as th o se  fo r  p u ré  m e ta l su r fa c es  [F ig .
3 (a )  J. A s l it t le  as 0.3 o f  a m o n o la y e r  o f  N iO  or N i(O H ) í  
co u ld  b e  d e tc c te d  u s in g  th e sc  lin es . T h e  O ( l s )  sp e c -  
t iu m  o f th e  M onel su rfa ce  [F ig . 3 ( a ) ]  sh o w s  a sm a ll  
pea k  at 531.7 eV  d u e  to m in or  co n c en tra tio n s  o f  a su r -  
fa ce  o x y g e n  sp ec ies . S u ch  c o m p le x e s  a re  n o r m a lly  o b ­
se r v ed  o n  m e ta l su r fa c es  n o t tr ea te d  u n d er  v a cu u m  
prior to  e x a m in a tio n . T h e  c o p p e r -n ic k e l ra tio  o f  th e  
su r fa c e  w a s d e te rm in e d  from  b o th  M (2 p )  and  M (3 p )  
in te g ra te d  lin e  in te n s it ie s  u s in g  p rep a red  c o p p e r -n ic k e l  
a llo y s  o f k n o w n  co m p o sitio n  as in tc n s ity  sta n d a rd s  
(2 5 ) .  U s in g  th e  M (2 p ) l in e  r a tio s  a n ic k e l:c o p p e r  atom  
ra tio  o f  75:25  ±  10% (2 u) w a s  d e te rm in e d  w h ile  an  
a tom  ra tio  o f  65:35  ±  7% (2<r) w a s  fou n d  u s in g  th e  
M (3 p ) l in e  ratios. T h e  M (3 p ) p h o to e le c tr o n s  w ith  k i-  
n e tic  e n e r g ie s  o f  1200 eV  h a v e  a m ea n  e sca p e  d ep th  
( 1 - 2  n m ) arou n d  th r e e  t im e s  la rg er  th a n  th e  M ( 2 p) 
p h o to e le c tr o n s  w h ic h  h a v e  k in e t ic  e n e r g ie s  o f  300-400  
e V  (2 6 ) . A lth o u g h  th e  m o re  d e e p ly  sa m p led  su rfn ee  
la y e r  lias, w it liin  e x p e r im e n ta l error, c o p p e r -n ic k e l  
ratio  e q u iv a le n t  to th a t in  b u lk  o f M o n el-400 , th e  e x ­
tr em e  o u te r  su r fa c e  a p p ea rs to  b e  d e p le te d  in  copper. 
T h is  co u ld  be d u e  to a p r e fe r e n tia l d isso lu tio n  o f c o p ­
p er  or su rfa ce  se g r e g a tio n  as d iscu ssed  b e lo w .

T h e  a b sen ce  o f  a n y  o x id e  is c o n s is te n t  w ith  th e r m o -  
d y n a m ic  c a lcu la tio n s . C o m p arison  o f  c a lc u la ted  c q u i-  
lib r iu m  p a rtia l p ressu res  for  h y d ro g e n  red u c tio n  o f  
N iO , CujO, and CuO  (2 7 ) w ith  th e  h y d ro g e n  o v e r p r e s -  
su re  o f 0.1 M Pa u sed  in  th e se  e x p e r im e n ts  in d ica tes  
th at th e  m e ta llic  p h a se  is  th e r m o d y n a m ic a lly  sta b le  for  
b oth  n ic k e l and  copper.

Exposure in 10~4 m o l/kg  L i(O H )— 0.1 MPa 0¡ over- 
pressure .— T h e  e x p o su re  ó f  M o n el-4 0 0  u n d er  c o n d itio n s

as d escr ib ed  a b o v e  e x c e p t for an o x y g e n  o v e rp re ssu re  
r esu lted  in rap id  g r o w th  o f  a co rro sio n  film . A fte r  an  
eíT ective ex p o su re  of 0.3 hr, a sc a n n in g  e le c tr ó n  m ic r o -  
grap h  o f  th e  su rfa c e  [F ig . 4 ( b ) ]  in d ic a ted  a la y e r  o f  
a c icu la r  c r y s ta ls  0.1 nm in  d ia m eter . A  m icro g ra p h  o f  
th e  red u ced  su rfa ce  (F ig . 4 ( a ) ]  is  in c lu d e d  fo r  co m ­
parison . T h e  n e e d le lik e  m o rp h o lo g y  o f th e  c ry s ta ls  su g -  
g e sts  th a t th e y  w e r e  fo rm ed  b y  p r e c ip ita tio n  from  
so lu tio n  ra th er  th a n  b y  a so l id -s ta te  g r o w th  process.

O n ly  a n ick e l p h a se  w a s d e te c te d  on  th e  o u ter  su r -  
fa ce  u s in g  X P S . I f  co p p er  w a s p resen t a t a ll, i t  c o n -  
s t itu te d  le s s  th a n  5 a to m ic  p er  c en t ( a /o )  o f th e  co rro ­
sio n  la y e r  (e x p r e sse d  as C u O ). S p ectra  o f  th e  N i(2 p  
3 /2 ) ,  C u (2 p  3 /2 ) ,  and O ( l s )  l in e  r eg io n s  are sh o w n  in  
Fig. 3 ( b ) .  T h e  b in d in g  e n e rg ie s  o f  th e  p r in c ip a l lin es

ib)
Fig. 3. XPS Cu(2p 3 /2 ) ,  N i(2p  3 /2 ) ,  on d  O ( l s )  «oro line  spcc tro  Fig. 4. Sconning e lectrón  m icrograph of a Monel-400 surface 

for M onel-400 surface  exposed to  1 X  1 0 “  <M Li(OH) a t  2 8 5 ” for exposed to 1 X  1 0 - “M Li(OH) a t  2 8 5 X  for 0.3 hr, (a)  hydrogen 
r, (o) ydrogen overpressure , (b) oxygcn overpressure. overpressure, (b) oxygen overpressure.
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correspond within 0.2 eV to those given for bulk 
Ni (OH) 2 in Tablc I. Morcover, the cbaracteristics of 
the Ni(2p 3/2) shake-up spcctrufn (twin peaks at 5.1 
and 8.8 eV obove the principal láiefr stid Ni O s) spcc* 
trum (slrong satcltéte at 5.1 eV) are the same as those 
observed for Ni (OH) 2. Confirmation of this assignment 
of Ni(OH)2 as the outer layer was not possible by 
x-ray diffraction because of the very thin surface film 
developed, but diffraction ahalysis of Monel surfaces 
exposed for periods of 48 hr indicated the presence of 
Ni(OH) 2 as the solé detectable corrosion product phase.
Several possible mechanisms for Ni (OH) 2 formation 

were considered: (i) hydration at high temperature 
or during cool-down of a prcdominantly NiO surface 
phase could yield an external film of Ni (OH) 2; (ii) 
Ni(OH)2 is known to be unstable in a nonaqueous en- 
vironment at 285°C (28). Thus the Ni (OH) 2 observed 
could have formed during cooling of the autoclave; 
(iii) Ni (OH>2 could form at high temperature by di- 
rect precipitatión of an excess of nickel at the solid- 
liquid interface.
The first premise was tested by exposing a suspen­

sión of stoichiometric NiO under similar autoclave con- 
ditions for 48 hr, with oxygen or hydrogen overpres- 
sures. Under neither condition was there any indi'cation 
of a significant quantity of surface Ni (OH) 2, although 
when NiO was exposed to oxygen-saturated solutions, 
evidence of some change in the oxide structure was 
seen. Production oí Ni (OH) 2 on Monel surfaces by 
hydration of NiO is thus not considered likely.
Significant precipitatión of Ni (OH) 2 during cooling 

of the autoclave is also considered unlikely. Solubili- 
ties of Ni (OH) 2 in 10-4 mol/kg Li(OH) solutions have 
recently been determined experimentally in the tem­
perature range 25°-300°C (29). From these, it is esti- 
mated that the change in solubility of Ni (OH) 2 in 
cooling down from 300°C is less than 10~® mol/kg. 
Precipitatión of this magnitude would rcsult in a cov- 
erage of the sample surface no greater than 0.1 rnono- 
layers which is three to four orders of magnitude below 
the thickness of the Ni(OH)2 films observed in this 
work.
If Ni (OH) 2 is the major corrosion product at 285°C, 

its stability under such hydrothermal conditions is sur- 
prising considcring the knovfrn instability in nonaque­
ous conditions at these temperatures (28). Recently, 
however, Swaddle (30) has measured the stability of 
bulk Ni(OH)2 under hydrothermal conditions similar 
to those above. It was found that, although the Ni(OH)2 
phase did indeed decompose to NiO at 280,’-300°C, the 
rate was quite slow, typical half-lives being of the 
order of several hours. Thus, with contiriual precipi- 
tation on tlie Monel-400 surfacc it is possible to ration- 
ali/.e the existence of a significant layer of Ni (OH) 2 at 
theso temperatures.
Tho aqueous oxidation of Monel was also carriod out 

for periods considerably longer than 0.3 hr. In all cases, 
XPS studies of the outermost surfacc showed the 
major product to be Ni (OH >2, although sniall quanti- 
ties of copper in cupric form were sometimes observed. 
X-ray dilTraction of samplos exposed for these periods 
indicated the presence of Ni(OH)2, but no other cop­
per or nickel corrosion producís were dclectcd. Scan- 
ning electrón microscopy- coupled with energy disper- 
sive x-ray spectrometry showed that a second crystal- 
lite phase develops on the surface at these longer 
exposure times. This phase, indicated with an arrow 
in Fig. !>, eontains both copper and nickel and is quite 
localized, covering no more than 10% of the surface 
area.
The elTect of increased concentration of copper ion 

in solution on the surfacc composition was studied by 
adding a 300 cm2 copper foil to the autoclave. The 
surface composition was largely unaffected by the ad- 
dition exccpt that the surface concentration of cuprous 
oxide increased to 10-15 a/o compared to <5 a/o ob­
served with no copper source present. SEM photomi- 
crographs (Fig. 6) showed that the morphology of the

Fig. 5. Scanning electrón micrograph of a Monel-400 surface 
exposed os in Fig. 4(b) for a period of 48 hr. A  cupronickel phase 
¡s indicated by the arrow.

Fig. 6. Scanning electrón micrograph of a Moncl-400 surface 
exposed as in Fig. 5 with an add itianal copper source present in the 
autoclavo.

deposited copper phase is much different from the film 
observed 011 a Monel surfacc with no coppcr source 
present (Fig. 5). The addition of an external source 
of copper causes, at saturation, tho formation of rela- 
tively puro, localized, largo crystnllites of a coppor 
phase on the film, leaving the major surface area as 
Ni (OH)2.
Elemental intensity profiles of the Moiiel-400 corro­

sion films were obtained using argón ion bombardment 
and a typical one is shown in Fig. 7. Of particular note 
is the copper phase, undetectable or barely detectable 
at the original outer surface, but which increases in 
concentration until it reaches a valué about 25% of the 
nickel concentration [puré CU2O and Ni (OH) 2 used as 
intensity standards], The depth attained in this and in 
similar profiles was estimated to be 20-100 nm.
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Fig. 7. Elemental intensity profile as a funetion of integrated 
sputtering curren)' for a Moncl-400 surface exposed to 1 X  10~4M  
Li (OH) at 285°C for 0.3 hr under oxygen.

T h e Cu(2p 3/2), (3p 3/2) and Auger LMM energies 
indicated Ihc prcsence of only cuprous oxide. Although 
10 keV ion bombardment of cupric oxide has been 
found to result in some reduction to cuprous oxide, 
sonie contribution due to CuO usually remains, par- 
ticularly in the Cu(3p) spectrum. The Cu(3p) line, 
becausc of its higher kinctic energy, samples the sur- 
face to a greater depth than the Cu(2p) line and thus 
minimizes the effect of sputtering damage which occurs 
largely, but not completely, in the outer 1 nm of sur- 
face remaining.
As each film was initially sputtered (0-10 ̂ A-min), 

rapid changes in metal and oxygen binding energies 
indicated a partial dehydration of Ni (OH) 2 to NiO. 
'l’his can also be seen from the shatp chango in slope 
of the O(ls) intensity in Fig. 7. The presence of at 
least some of the NiO is almost certainly due to sput- 
tering-induced decomposition, for it is likely that such 
a major amount of NiO distributed throughout tlie film 
would have been detected by x-ray difTraction. Dur- 
ing the remainder of the sputtering profile the ratio 
NiO/Ni(OH)2 gradually increased, and it is not clear 
whclher this represents the appearance of an NiO phase 
which was actually present in the original film during 
formation, or whclher it is due to additional ion bom­
bardment damage.
The e/Tect of exposing an oxidized Monel-400 surface 

for a second period in the autoclave with a hydrogen 
overpressure was studied. The coupon initially was 
exposed for 0.3 hr in 0.1 MPa oxygen followed by re- 
placemcnt with a hydrogen atmospherc and continued 
exposure for 335 lir. SKM photomicrographs showed 
that features of the surface film wcre basieally un- 
chunged from tho.se seen in Fig. 4(b). XPS analysis of 
the outer surface indicated that both NiO and NiíOIDj 
wcre present in comparable quantities, but that no 
metailic nickel was present on the surface. Thus, aside 
from some decomposition of N¡(OH)2 to NiO, the sur- 
face film was not greatly aílectcd by long exposure to

hydrogen, indicating that the reduction of Ni(OH)s 
(and NiO) to elemental nickel Is very slow under 
these aqueous conditions.

Attempts to estím ate solution concentretions of cop- 
pet* and  n ic k e l d u r in g  th e  h lg h  te m p e r a tu r e  e x p o su r e s  
g a v e  u n rep ro d u c ib le  r esu lts  r a n g in g  fr o m  1 0 -1 0 0  ng/ 
lite r  for  both  e le m en ts .

Exposure in  1.0 mol/kg L i(O H )— 0.1 MPa 0 2 over- 
pressúre.— To further understand the role played by 
solution phenomena ín the corrosion of Monel-400, 
experiments were also carried out at 285°C in 1.0 mol/ 
kg Li(OH) (pH ~14). At this pH, solubilities of both 
copper and nickel were found to be much higher than 
at pH 10, and autoclave solution concentrations could 
be eslimated and correlated with film surface composi- 
tion. After a 48 hr autoclave exposure, a film several 
micrometers in thickness had developed with a mor- 
phology much diíTerent from the acicular crystals found 
at pH ~10. A SEM photomicrograph of a typical región 
is seen in Fig. 8. XPS showed that the surface con- 
sisted entircly of NiO. No Ni(OH)2 or copper phases 
were identified on the surface ñor was any copper 
phase revealed when the surface was sputtered to a 
dopth of nt'vm tl nnnom rtPi’N, T h e  film wiin Nuíflciently 
thick tliat strong x-ray difTraction lines were obtained 
showing the bulk corrosion film to be entirely NiO. 
The detection limit of additional oxide phases such 
as Ni (OH) 2, CU2O, or Cu (OH) 2 was ~5% in this case.
The observation of NiO rather than Ni (OH) 2 is still 

consistent with n precipitation-based mechanism for 
film formation. The rate of decomposition of Ni (OH) 2 

at this pH and temperature has been shown by Swad- 
dle (30) to be very high, and is around two orders of 
magnitude faster at pH ~14 than at pH ~10.
Solution analyses following Monel exposure at pH 

~14 showed the copper concentration to be about 75 
times higher than that of nickel (30,000 ̂ g/liter of cop­
per vs. 400 ig/liter of nickel).

Exposure in gaseous oxygen.— The compositions of 
corrosion films formed on Monel-400 under aqueous 
conditions were compared with those formed under 
gaseous oxidation at the same temperature. Abraded 
Monel-400 surfaces were exposed at 250°-300°C to 0.1 
volume per cent (v/o) dry oxygen in argón for 0.3 
hr. The resultant XPS spectrum, shown in Fig. 9(a), 
indicated that NiO and CuaO were present on the outer

Fig. 8. Scanning electrón micrograph of a Moncl-400 Surface ex­
posed to 1.0M L i(OH) a t 285' C  for 48 hr.
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su rfa ce  in  a p p r o x im a te ly  th e  2:1  a to m ic  r a tio  e x p e c te d  
from  th e  a llo y  com p o sitio n .

N o a lte m p t w a s m a d e  to  d e te r m in e  w h e th e r  th e  
cuprous oxide an d  nickel oxide formed by g a sc o u s  cor­
rosion of Monel-4<M) prre in ^ U d  solution or o r e  present 
as sep a ra te  oxides^ a n d  Cu¿0. A cco rd in g  to
S ch n a l and M u ller  (3 1 )  th e se  n x id e s  are  m u tu a lly  in -  
so lu b le , and  h e n e e  o n e  w o u ld  e x p e e t  a m ix tu r e  to  
form . H o w e v er , X P S  sp ec tra  sh o w  o n ly  o n e  p ro m in en t  
O ( l s )  lin e . S in c e  th e  ó x y g e n  b in d in g  e n e r g y  in  CuoO  
is d ifferen t from  th a t in  N iO  b y  0.8 e V  (1 9 ) ,  o n e  woulc^i 
h a v e  e x p e c te d  to  se e  a co n tr ib u tio n  from  both  o x y g e r \  
in C ujO  an d  N iO , i f  se p a r a te  p h a ses w e r e  p resen t. T h u s  
at le a s t  on  th e  su rfa ce , a m ix e d  cu p r o n ic k e l o x id e  m a y  
be form ed .

Discussioh
T h is w o r k  sh o w s th a t, u n d er  th e  e x p e r im e n ta l coíh- 

d itio n s  used , th e  a q u eo u s o x id a tio n  o f M o n el-4 0 0  is at 
lea s t  p a r tly  • c o n tr o llcd  b y  o d is s o lu t io n -p r e c ip ila lio n  
m ech a n ism . A t pH  —10, th e  n ic k e l-r ic h  o ü te r  co rro sio n  
film  is  b e lie v e d  to  b e  a re su lt  o f  N i (O H ) 2 p r e c ip ita tio n  
from  a so lu tio n  not y e t  sa tu ra te d  W ith r esp e ct to  a n y  
co p p er  sp ec ies . W hen th e  cop p er  d e e s  e v e n tu a lly  rcach  
sa lu r a tio n  in th e  c lo sed  sy s tem , it n u c le a tc s  in lo ca lized  
arca s on  th e  h y d ro x id e  su rfa ce , le a v in g  th e  m a jo r  su r -  
ííicp co v o ra g o  as Ni (O ID  .., A l p l l  ~  14, th e  co p p o r-  
n iek e l s o lu b ility  d ilfo rc n c e  is m u ch  largor  and  th e  r e -  
s u lta n t  co rro sio n  film  is co m p o sed  e n t ir e ly  o f  a n ick e l 
p h a se  (N iO )  a fter  48 hr. L o n g er  e x p o su re s  w o u ld  
e v e n tu a lly  re su lt  in sa tu ra tio n  w ith  r e sp e c t to cop p er  
sp cc ies , and  a g a in  a cop p er  p h a se  w o u ld  b e  e x p e c te d  
to n u c le a te  and  g ro w  at th e  n ic k e l p h a se -w a te r  in te r -  
face.

T h e  p o s s ib il ily  w a s c o n sid ered  th a t n ick e l e n r ic h -  
m e n t in  th e  su rfa ce  p h a se  co u ld  a lso  a r ise  fro m  a 
h ig h er  o u tw a rd  d iffu sio n  ra te  o f  n ic k e l ion s in  th e  so lid  
la ttice . H o w ev cr , th e  o x id e  film  p ro d u ced  b y  so lid  d i f ­
fu s io n  in th e  g a se o u s o x id a tio n  e x p e r im e n ts  on  M o n c l-  
400 co n ta in s  co p p er  and  n ic k e l in  q u a n tit ie s  p ro p o r-  
t io n a l to th e ir  c o n c en lr a tio n s  in th e  a llo y . T hu s, u n d er  
th e se  t im e  and  tem p era tu re  co n d itio n s , it ap p ea rs th a t  
th e  r e la t iv e  d iffu sio n  ra tes o f  co p p er  and  n ic k e l are a p ­
p r o x im a te ly  th e  sa m e  and are u n lik e ly  to  r e su lt  in su r -  
face  n ick e l en r ich m en t. CJtstle (1 7 ) p r e v io u s ly  stu d ied  
th e  o x id a tio n  la y e r  o f a 50:50  C u /N i a llo y  and  a fter  
h c a tin g  th e  sp ec im en  in 13 k P a  o f  o x y g e n  for  0.5 hr 
at 500°C, th e  su rfa ce  la y er  w a s  fo u n d  to  b e  so m e w h a t  
r ich er  in  cop p er  th a n  in  n ick e l.

BINOING EN ERG Y leVJ

Fig. 9. Comparativo XPS spectra of a Moncl-400 surface ex- 
posed in (a) oxygen and (b) I X  10 ’ M  L i(OH) with an oxygen 
overpressure. In (b) the shoulder on the N i(3p) peak ind icatcd by 
the arrow rcsults from a multi-electron excitation.

One o th e r  p o s s ib ility  w h ic h  m ig h t íea d  to  o n ly  a 
n ic k e l o x id a tio n  p ro d u ct o n  the su rfa ce  i s  th e  pr ior  
e n r ic h m e n t o f o h e  c o m p o n en t o f th e  a llp y  d u e  to  phase 
separation. Copper-nickel altoys aire known to  exhibit 
phase separation in th is  temperature ra n g o  (3 2 ) ;  how­
e v cr , the analyses of Mohel-400 surfaces e x p o se d  ifn d ér  
h y d ro g c n  a t 285”C sh o w  th a t if sep a ra tio n  d o e s  ta k e  
p la ce  its  e x te n t  is c le a r ly  in su flic ien t to e x p la in  the 
m a jo r  c o m p o sitio n a l c h a n g e  o b ser v e d  h ere  d u r in g  o x i ­
dation .

U n d er  th e  o x y g e n  p a r tia l p ressu re  and  te m p er a tu r e  
used  in th e  a q u eo u s co rro sio n  e x p e r im en ts , film  g r o w th  
m u st o ccu r  b y  b o th  s o l id -s ta te  d i ííu s io n  and  b y  d is -  
so lu tio n -p r e c ip ita t io n . A n  o x id e  o f  cop p er  ap p ears  
ra p id ly  as th e  o u te r m o st la y e r s  o f  co rro sio n  film s  
fo rm ed  a t pH  ~ 1 0  are  r em o v e d  b y  sp u tter in g . It is  b e -  

f l ie v e d  th a t th is  cop p er  is  p r e se n t in  th e  film  b y  v ir tu e  
of A d iffu s io n  p ro cess s in ce , as sh o w n  a b o v e , cop p er  
f ir c r ip ila t io n  lias n ot b e e n  fou n d  to o ccu r  in s ig n ifica n t  
<|tlnh lities e v e n  n ito r  . le n g th y  e x p o su r e . T h e  r is in g  
c o n c en tra tio n  o f  cop p er  in  th e  co m p o sitio n  p rofile  
sh o w n  in  F ig . 7 is l ik e ly  c o n tr o lled  b y  th e  d iffu s io n  
ra te  o f th e  ion  and  p o s s ib ly  b y  th e  ra te  o f  lea c h in g  
o f co p p er  b y  th e  u n sa tu ra ted  so lu tio n . O n th e  o th er  
han d , w h ile  th e  p r e se n c e  o f  a s ig n ifica n t d iffu sio n  
p ro cess is b ased  on  th e  o b ser v a tio n  of cop p er  in  th e  
u iu te r ly in g  o x id e  lnyer, th e  ev id en en  for t\ d is s o lu t io n -  
p r e c ip ita lio n  p ro cess is b ased  on th e  id en tif lea tio n  o f  
N i ( OH >2, a p h a se  w h ic h  can  o n ly  form  b y  th is  m e c h ­
an ism . T h e  o ccu rren ce  o f  N i( O H ) 2 in  a film  th ick  
en o u g h  to  b e  m ea su red  b y  x - r a y  d iffra ctio n  h e lp s  to  
c sta b lish  th a t th e  p r e c ip ita ted  la y er  is  n o t ju s t  a n e g li-  
g ib ly  th in  la y o r  form ed  011 top  o f a la y e r  fo rm ed  
la r g c ly  b y  so lid  d iííu s io n , b u t ra th er  th a t it  c o n s t itu te s  
an  a p p rcc ia b le  p o r tio n  o f  th e  to ta l co rro sio n  p rodu ct. 
A t pH  ~  14. it is c lea r  th a t th e  m a jo r  co rro sio n  p ro cess  
is d isso lu tio n  p r e c ip ita tio n  s in ce  no co p p er  p h a ses  are  
d o tected  by a n y  m ea n s in  th e  film .

S in c e  th e  co m p o sitio n  o f  th e  su r fa c e  p ro d u c ís  d e ­
p en d s at a n y  tim e  o n  th e  so lu t io n  co n c en tra tio n s  o f  
cop p er  and  n ic k e l, th e  e íle c ts  o f  e x p o s in g  M on el-4 0 0  in  
a “o n c e -th r o u g h ” a u to c la v e  sy s te m  are e x p e c te d  to  be  
d iffe re n t  from  th o se  o b ser v e d  for. th e  “c io se d ” sy s te m  
in th e  p resen t stu d y .

M a n u scr ip t su b m itted  D ec. 8, 1975; r ev ise d  m a n u -  
scr ip t r ec c iv e d  M arch 29, 1976. T h is  w a s P a p er  75 
p r e se n to !  at th e  T o ron to , C añada, M eetin g  o f  th e  
S o c ic ty , M ay 11-16, 1975.

A n y  d isc u ss io n  o f  th is  p a p er  w il l  ap p ea r  in  a D is -  
cu ss io n  S e c t io n  to  b e  p u b lish e d  in  th e  J u n e  1977 
J o u r n a l .  A ll d isc u ss io n s  for  th e  J u n e  1977 D iscu ss io n  
S e c tio n  sh o u ld  b e  su b m itted  b y  F eb . 1, 1977.

Publication cosls of this article w ere assiáted by  
Atom ic Energy 0} Cañada Lim ited.
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