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Chapter 5

AUGER ELECTRON SPECTROSCOPY

A. JOSHI, L.E. DAVIS and P.W. PALMBERG

I. Introduction

During the last few years, the technique of Auger electron spectroscopy
(AES) has emerged as one of the most widely used analytical techniques for
obtaining the chemical composition of solid surfaces. A high sensitivity for
chemical analysis in the 5—20 A region near the surface, a rapid data acquisi-
tion speed, and the ability to detect all elements above He mark the basic
advantages of this technique. The Auger spectrum provides reliable quantita-
tive information and in many cases the status of chemical bonding. '

While AES was initially used purely as a research techmque, it is now a
routine analytical tool. Its range of applications comprises numerous fields,
such as semiconductor technology, metallurgy, catalysis, mineral processing,
and crystal growth. The range of these applications is growing rapidly and
the fundamental mechanisms in AES are becoming better characterized. Sev-
eral reviews describing the technique and some of its applications have ap-
peared recently [1]. This chapter, while dealing briefly with the principles
involved 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 whlle working
with X-rays. The technique of using electron-excited Auger electrons to
identify surface impurities was suggested by Lander [3] in 1953. The high
sensitivity of the technique was not realized, however, until 1968 when
Harris {4] demonstrated the use of differentiation of 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 electron spectrometers. Most present day Auger spectrometers employ
the cylindrical mirror analyzer [6] which was shown by Palmberg et al. [7]
to increase greatly the speed and sensitivity of AES. Quite often, AES is used
in conjunction with inert gas ion sputtering to obtain compositional varia-
tions as a function of depth [8]. In more recent developments [9], finely
focused electron beams with conventional deflection and rastering capability
are utilized to obtain two-dimensional compositional analysis of surfaces. In
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combination with inert gas ion sputlering the scanning system makes three-
dimensional elemental imaging possible. While other sources of excitation,
such as X-rays [10] and ions [11], can also be used to excite Auger elec-
trons, electron sources are the most. widely used. The applications discussed
in Section V are limited to electron-excited AES. i

I1. Fundamentals

The' fundamental mechanisms involved in AES are ionization of atomic
core levels by the incident electron beam, the radiationless Auger Lransition,
and the escape of the Auger electron into the vacuumn where it is detected
with an electron spectrometer. The Auger electrons are manifest as small
peaks in the total energy distribution function N(E), such as that in Fig. 1,
which is prodtuced from a silver target by a 1 kV incident electron beam. The
Auger peaks are cvident in the N(E) function, but become more pronounced
by eclectronic differentiation which removes the large background consisting
mainly of bhackscattered primary electrons and inelastically scattered Auger
clectrons. The N(L) function also includes a low energy peak, corresponding
to ejected laltice elecirons, a pronounced peak at 1 kV consisting of elasti-
cally reflected primary electrons, and several small peaks corresponding to
characteristic energy losses of reflected primary electrons.
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Fig. 1. Bnergy distribution N(£) and dNJdE Tor a silver target with primary beam of

electrons at 1000 ¢V.
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A. THE AUGER PROCESS

The Auger process can be understood by considering the ionization pro-
cess of an isolated atom under electron bombardment, When an incident
electron with sufflicient primary energy, K, , ionizes a core level, the vacancy
is immediately filled by another electron, as depicted by an L; -» K transi-
tion in Fig. 2. The energy (I — F,;,, ) from this {ransition can be released in
the form of characteristic X-rays (the basis for X-ray fluorescence spectro-
scopy) or be transferred to another electron, e.g. in the L, level, which is
ejected from the atom-as an Auger electron. The measured energy of the
electron is approximately equal to Eyx — Iy, — Fy, — ¢, where ¢, is the’
work function of the analyzer material. This ejection process is termed the
KL, L, Auger transition. Several such transitions (KL, L;, KL, L,, MaM,-
M,...) can occur with various transition probabilities. The Auger electron
energies are characteristic of the target material and independent of the
incident beam energy.

It is obvious from .the above discussion that at least two energy states and
three clectrons take part in an Auger process. lence, H and He atoms cannot
give rise to Auger clectrons. Similarly, isolated Li atoms having a single
electron in the outermost level cannot give rise to Auger electrons. In a solid,
however, the valence electrons are shared and the Auger transitions of the.
type KVV occur involving the valence electrons of the solid. Thus, the Auger
electrons from Li have been observed in various compounds containing Li.

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

Ewxy = Ew(Z) — Ex(Z) —Ev(Z + A) — ¢,

The work function of the analyzer material is represented by ¢, and Z’is the
atomic number of the atom involved [1(d)]. The binding energy values may
be obtained from the X-ray emission energy tables. The term A is introduced
because the energy of the final doubly ionized state is somewhat larger than
the sum of the encrgies for individual jonization of the same levels. Experi-
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Fig. 2. Enerpy level diagram depicting relaxation by an L level electron dropping into
the K level and emission of an Ly electron as an Auger electron.
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mental values for A lie hetween 1/2 and 3/4. Another expression [12] for
estimating Auger lransition energics is

Ewxy = Ew(Z) = 112 {Ex(Z) + Ex(Z + 1)} — /2 {Ex(Z) + Exy(Z + 1)} = ¢4

Very few caleulations have been attempted [13,14] to determine the
Auger energies from first principles. Difficulties involved in these calcula-
tions retate to the coupling schemes governing the transition from a singly
ionized to a doubly ionized state of the alom. The calculations generally
involve [15] the magnelic interaction fields produced by the spins and the
orbital angular momenta of the partially filled shells in addition to the other
electronic interactions (coulomb and exchange). The magnetic interactions
are dominant for core electrons of heavy elements, and the electronic con-
figuration follows the jj coupling scheme. LS coupling dominates for light
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Fig. 3. Most prominent Auger transitions observed in AES.
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elements and for the transitions involving low energies. It is necessary to add
a spectroscopic term (e.g. 'P;) 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 of relaxation energy into the intermediate coupling scheme
led to very accurate KLL Auger energies.

The most pronounced Auger transitions observed in AES are given in
Fig. 3. These involve electrons of neighboring orbitals, e.g. KLI,, LMM,
MNN, NOO, MMM, and OOO families. The Auger elecltron emission and
X-ray emission are competing processes in bringing the initially excited atom
to a low energy state, but under the conditions normally employed in AES
(observed Auger peaks generally involve electron binding energies less than
2.5 keV), the probability of X-ray emission is negligible [1(f),10]. As indi-
cated in Fig. 3, the most prominent Auger peaks result from KLL transitions
for elements with 7 = 3—14, LMM transitions {or elements with Z = 14—40,
MNN transitions for elements with Z = 40—79, and NOO transitions for
heavier elements. For convenience, the Auger peak energy is commonly
identified by the maximum negative excursion in the dN(FE)/dE peak. Com-
plete Auger spectra for most elements and some compounds are available in
the literature [17]}.

B. AUGER ELECTRON ESCAPE DEPTH

The high surface sensitivity of AES is due to the limited mean (ree 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
uniform background upon which the Auger peaks are superimposed. Since
phonon losses are small compared with the natural width of Auger peaks,
they do not affect the Auger escape depth. Hence the Auger yield is not
dependent on sample temperature.

The Auger clectron escape depth is generally determined empirically by
depositing atomically uniform overlayers on metallic substrates, while moni-
toring the diminution of Auger peaks from the substrate. The Auger peaks
decay exponentially with overlayer coverage which is consistent with an
exponential dependence of escape probability on the depth of the parent
atom. A compilation of data from a variety of experimenters has been used
to generate the “universal’ escape curve shown in Fig. 4, which indicates
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 electron density is not a widely varying function
of material. As discussed in Section IV, the small variation of escape depth
with material greatly simplifies quantitative analysis.
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Fig. 4. Auger eleetron escape depths va. energy for various materials, ®, M.L. Tarng and
G.K, Wehner, Phys, Elect, Cont,, 1972, ¢ DK, Eastman, P E.C. Alhurquerque, 1872,
Ao JWT Ridgeway and Do Haneman, Surface Sci., 24 (1971) 451, 26 (1971) 683,
=, P.W. Palmberg and T.N. Rhodin, J. Appl. Phys., 39 (1968) 2425; ®, K. Jacobi and
d. Holz, Surface Sci., 26 (1971); %, Y Baer ¢t al., Solid State Commun., 8 (1970) 1479;
B R.G. Steinhardt et al., Proc. Int. Conf. Electron Spectrosc., Asilomar, 1971, p. 557;
+, M.P. Seah, Surface Sci.,, 32 (1972) 703. (Modified version of figure compiled by
J.C. Tracy, General Motors Corporation.) Alter Palmberg {44 ],

CCORE LEVEL TONIZATION PROBABILITIES BY ELECTRON IMPACT

Since the Auger transition probabilily and Auger electron escape depth
are independent of the incident clectron beam energy, K., the dependence
of the Auger peak amplitude on Ep is governed completely by the ioniza-
tion cross-section of the initial core level. lonization occurs primarily by the
incident electrons during their initial passage through the escape depth re-
gion (~5--20 A thick), but backscatlered primary electrons can also con-
tribute to the Auger yield when the incident beam energy is substantially
greater than the binding energy of the core level involved. In gaseous speci-
mens, where the contribution of scattered primary electrons is regligible, the
ionization cross-seetion vs. I, characteristics may be determined directly by
measuring the Auger clectron intensity as a function of primary encrgy.
Hence the contribution of backscattered primary electrons to the Auger
yield may be assessed by comparison of characteristic curves from gascous
and solid samples. Vrakking and Meyer [18] have measured the L-shell
ionization cross-sections, g, for gaseous S, P, and Cl, and compared these
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results with Auger yield vs. £p curves on solids Lo evaluate the backscatiering
factor for silicon. ‘

DuCharme and Gerlach [19] have measured the cross-section behavior as
a function of Ep by measuring the KLL Auger current emitted by a mona-
tomic layer of C, N, O, and Na atoms covering a W(100) surface. As K, /Fy
(Fy is the hinding energy of the core level) increases from unity, o rises
rapidly from zero to a maximum at F./F ~ 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 |20} of Burhop and the Coulomb—
Born theory formulaled by Rudge and Schwartz [21]. While the latter
theory generally gave a better fit with the data, the measured values were
generally higher for [, > 2.5 Ey¢ . Similar results were obtained for L-shell
cross-sections estimated [19] by studying the LMM Auger transitions of S,
Cl, Ti, and Cu. oo

The contribution to ¢ from backscattered electron excitation is required
in these experiments to evaluate single event cross-sections. The calculated
encergy distribution of the backscattered primaries within the escape depth
region is theoretically very complex. Gerlach and DuCharme [22] have used
simplifying assumptions Lo estimate that the backscatlering contributions for
C on a W(100) substrate from secondary events is about 25% for 1200 eV
(Ep/Fy = 4.23), normally incident primary electrons. Calculations made by
Bishop [23] predict an increasing contribution to ionization with both in-
creasing atomic number and primary energy. The backscattering contribu-
tion to ionization is expected to show relatively small variation with the
angle of incidence of the primary beam [10]. Experimental hackscattering
contributions of 10% for Be [24] at Ex = 1.0 keV, 20% for Si [25] at
Ev/Ex =10, and 25% for Ag [25] at Kp/F = 4 have been reported.

An estimate of the possible Auger current, /5, can be made for C on W
from the formula, [, = oluN, where 0 = 3.2 X 1071? em? for £, = 1136 eV
{22], Ip = 10 pA, and N = 10'® carbon atoms/cm?2. The result is an Auger
current of 3.2 X 10~ A or an Auger yield of 3.2 X 1074,

The acceptance angle and the transmission of the analyzer further reduces
this quantity. For a 90% reduction, the magnitude of the detected current is
32X 107 1'% or 2 X 10% electrons/sec.

165

D. MATRIX EFFECTS

Since Auger electron emission frequently involves valence clectrons and
always involves the binding energy of core levels, the line shape as well as the
most probable energy is strongly influenced by chemical environment. If
strong (e.g. ionic) chemical bonding of two or more atoms occurs, the core
electron levels may shift several eleciron volts. In ionic bonding, electron
levels of electronegative elements are shifted to lower binding energies, and
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those of electropositive elements are shifted to higher binding energies due
to the net charge transfer. A corresponding chemical shift in Auger electron
kinetlic energy is observed. When the electron density of states in the valence
band is altered with chemical environment, a change in shape of Auger peaks
from transitions involving valence electrons is observed.

In practlice, 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 of ~0.6 eV for the
LM, 3M,3 Auger peaks from vanadium oxides as a function of oxidation
number. Conversely, energy shifts of valence electrons from the Lz M,,V
transition could not be related to the oxidation states. This result suggests
that energy shifts of Auger peaks involving valence electrons reflect more the
redistribution of the density of states in the .valence band than core level
energy shifls.

Wagner and Biloen [27,28], 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 of 7.0 eV was reported [28]
for the KL, 3L,4 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,,) 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 atomic relaxation (polarization) energies arising primarily from
polarization of the electron clouds of adjacent atoms toward the core level
vacancies. Calculations made by Kowalczyk et al. [29] predict that the extra
atomic relaxation energy can cause an energy shift of approximately 10 eV
for LM, ;M, . 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 of the difference in Auger and photoelectron energies to charac-
terize the chemical state of oxides and compounds since, in most cases, this
is more easily measured than a shift in photoelectron binding energy.

For some time, spectra of valence Auger electrons [1(h), 30—33] have
heen used to characlerize the chemical state of solid surfaces empirically.
Figure 5 (Ltop) is an Auger spectrum of a silicon wafer after oxidation. The
low energy (60—100 eV) Auger distribution is composed of LVV transition
electrons and is characteristic of SiO, (75 eV). In this case, the Si peak
associaled with SiO, 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 of 91 eV.

An interesting example [30] of characterizing surface chemical states
using AES is shown in Fig. 6 for the KLL carbon Auger spectra of CO on
W(112), W, C, graphite, and diamond. Hybridization of L shell electrons and,
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Fig. 5. LVV Auger spectra of 8i0y and pure polycrystalline silicon.

Fig. 6. Spectra of the carbon KLL Auger transitions for CO on W(112), W, U, graphite,
and diamond. After Haas et al. [30].

thus, changes in the transition probability density is suggested as the cause
for the differences in peak shapes.

The shape of the Auger electron line is not a direct measure of the density
of states, but rather is a reflection of the transition probability density.
Thus, first principle calculations to determine density of states from Auger
spectra, or vice versa, is a complex problem. Amelio [34] compared decon-
voluted valence spectra of silicon with the theoretical density of states.
The comparison of reduced experimental data and theoretical calculations
showed considerable agreement in the major maxima and minima features of
the density distribution.

Hagstrum {35] and Becker and Hagstrum [36] by deconvoluting Auger
line shapes have delermined Auger Lransition probability density functions
for the chalcogenides of nickel from ion neulralization spectroscopic studies.
They have shown that features in the probability functions correspond to
molecular orbital structure characteristic of surface chemical bonds. Sickafus
[37] has shown that it is possible to apply similar treatments to electron-
stimulated Auger electron line shapes, Specifically, good agreement with ion
neutralization spectlroscopic results was found for clean nickel and
Ni(110)—-C(2 X 2)S.

The fine structure apparent in the Auger spectrum is not always entirely

References pp, 218 222



/10

168
1 4»i > *2
i
| !
; .
o il ~rf'
- 0 Mg
13
x5
7.._‘_,,,_ o A
I
Mg
Mg

¢ 400 800 1200 1600
ELECTRON ENLRGY. eV

Fig. 7. AES and characleristic loss structure of vacuum-cleaved MgO (top) and evaporated
Mg film on cleaved MgO (bottom). :

due to the valence band electron density distribution. Auger electrons
escaping the surface may lose discrete amounts of 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 electron energy. Because plasmon
losses dominate in Auger fine structure, only these excitations will be dis-
cussed.

Plasmons ure created by energetic electrons losing discrete amounts. of
energy to excite collective oscillations of valence electrons under the influ-
ence of positive atomic cores [38]. The characteristic frequency w, corre-
sponding to the loss energy can be expressed classically as (4 mne?/m)'/?
where n is the electron density, e is the electronic charge, and m is the mass.
From this expression, it can be seen that the plasmon loss energy is charac-
teristic of 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 some of 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 pure silicon apparent at 73 eV in Fig. 5 (bottom) is
attributed to a bulk plasmon loss.
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HI. Experimental methods

AES instrumentation in its simplest form involves a vacuum system, an
electron gun for target excitation, and an electron spectrometer for energy
analysis of the emitted secondary electrons. Because the AES technique is
surface sensitive, an essential requirement is a UHV system capable of an
ultimate vacuum in the 10 "' © torr range. Il every incident gas particle sticks
to a surface, a mortolayer is adsorbed in aboul one second at 10 "¢ torr.
Even at a vacuum of 10719 torr, an appreciable fraction of a monolayer of
C and O can adsorb on active surfaces in a period of 30 min. Contamination
from the vacuum system environment is obviousty most 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 hence the vacuum requirements are much less strin-
gent. A vacuum in the low 10~ 2 torr range is usually sufficient for analysis .
on passivated surfaces. As discussed in Section III.C, the vacuum require-
ments are also relaxed for profile measurements in which the surface is
continuously eroded by an argon ion beam during Auger analysis.

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

A. ELECTRON ENERGY ANALYSIS

In the development of AES as a practical tool for surface analysis, several
types of eleciron energy analyzers have heen employed. These include the
127° cylindrical analyzer used by Harris [4] .in his pioneering work in AES,
the LEED—Auger apparatus first employed by Weber and Peria [5], and the
cylindrical mirror analyzer [6,7]. Because of its superior signal-to-noise
capability, the cylindrical mirror analyzer (CMA) is used almost exclusively
for modern AES apparatus.

The two parameters which characterize electron velocity analyzers are the
transmission, T, and the luminosity, L, where L = [f T(x,y) dxdy. T is the
probability that an electron of proper energy originating from a point (x,y)
on the sample will be transmitted through the analyzer. The output signal, /,
is then given by

I'={fj(x,y) T(x,y)dxdy 1)
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where j(x,y) is the spatial distribution of Auger electrons emitted from the
target surface. When the target is excited uniformly over the region where T
has appreciable value, eqn. (1) reduces to { = jL, where j is the Auger current
densily emitted over the acceptance area of the analyzer. In this case, it is
the luminosity rather than transmission which is the proper figure of merit
for the instrument.

When the diameter of the electron beam used to excite the target is very
small (typically <100 um) compared with the region over which T has
appreciable value, eqn. (1) reduces to [ = TJ, where J is the total Auger
current emitted from the sample. Therefore, the highest signal levels will be
obtained from an instrument with the highest possible transmission rather
than the highest luminosity 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 operation of a CMA for-obtain-
ing Auger spectra is shown in Fig. 8. The cylindrical mirror analyzer includes
an internal electron gun mounted with its optical axis coincident with the
CMA symmetry axis. The electron beam is focused to a fine point on the
surface of the specimen which is positioned at the source point of the CMA.
Electrons cjected from the point of excitation move radially outwards until
they pass through a grid-covered aperture on the inner cylinder. A negative
potential applied io the outer cylinder directs electrons with specific energy
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Fig. 8. Operation of the eylindrical mirror analyzer as an Auger spectrometer.
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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, of the
CMA is proportional to theé potential applied to the outer cylinder. The
range of electron energies, AE, which are transmitted is determined by the
resolution R given by R = AE/E. For commercial Auger spectrometers, K is
typically 0.5%.

The secondary electron energy distribution, N(E), is generated by plotting
the output of the electron multiplier vs. the negative 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 electron multiplier with a lock-in amplifier. The
Y-axis of the X—Y recorder is then proportional to dN(E)/dE, and the X-axis
is proportional to the kinetic energy of electrons emitted from the specimen.

B. SIGNAL-TO-NOISE CONSIDERATIONS

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

1,=0.3TIp AE/Ep (2)

where /p is the incident beam current and AF is the energy wmdow of the
analyzer. The transmitted Auger current is given by

In=Bly,TAE/y (AE<v) or I, T (AE> v) (3)

where § is the Auger yield for the Auger transition of interest and v is the
inherent width of the Auger peak. In the shot noise limit, the equivalent
noise current is given by [40]

Iy =(2 11;93)1/2 (4)

where e is the electronic charge, 3 is the measurement bandwidth, and [ is
the current exiting from the analyzer. In the shot noise limit, the Auger
signal-to-noise ratio is derived from eqgns. (2)—(4).

IA/In = (B]7) Up TAE Ep/0.6 eB)Y2  AE < y

(5)
I Iy = By TER/0.6 AEeB)?2  AE> v
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In eqn. (5) it is evident that the maximum signal-to-noise ratio is achieved
when the energy window of the analyzer is approximately equal to the natu-
ral width of the Auger peak. Typical parameters are [, = 10 uA, Ep =5 kV,
T=0.1,8=10"%, v = 3eV, and B = 1 Hz. Under these conditions, the
maximum signal-to-noise ratio is 1.3 X 10%, which means that the limit of
detectability is approximately 77 ppm. The optimum signal-to-noise ratio is
normally not achieved, however, because AE and <y are not malched. A
Ltypical detection limit is 1000 ppm. o

From the above considerations it is apparent that the energy window of
the analyzer should match the natural width of 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 of 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 of 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 ANALYSIS
In combination with ion etching, the inherent surface sensitivity of AES

may be utilized to profile the elemental concentration with depth in thin
films. As illustrated in Fig. 9, the ion beam forms a crater which is large

ION
ELECTRON
BEAM BEAM

Fig. 9. Illustration of simultaneous ion beam milling and Auger analysis for thin film
profiling.
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compared with the diameter of the electron beam probe. In-depth profiling
is accomplished by continuously sensing the elemental composition of the
crater bottom during sputter erosion. Simultaneous ion bombardment has
little effect on the Auger measurement, since the number of secondary elec-
trons created by the ion beam is small compared ‘with the secondary electron
current created by the electron beam, ‘The static pressure of 5 X 10~% torr
Ar required to operate the sputter ion gun also has a negligible effect on the
Auger spectrometer operation,

A major advantage of 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 contamination is greatly reduced. In

" typical profile measurements, the surface is sputter eroded at a rate of sev-
eral atomic layers per second. If the partial pressure of active gases can be
maintained at 10~ torr or below, the maximum arrival rate for surface
contaminants is 0.1 monolayers/sec. Under these conditions, the concentya-
tion of surface contaminants cannot exceed a few percent of an atomic
layer. When active gases are removed from the static pressure of ‘Ar by a
liquid nitrogen cooled Ti sublimation pump, the surface concentration of
residual gas impurities can be maintained at a considerably lower level.

In early depth profile measurements {8], the data were acquired by repeti-
tively scanning the pass energy of the CMA over a range sufficiently large to
encompass all Auger peaks of interest. The variation in amplitude of the
Auger peaks of interest was ascertained from a time base recorder output.
The technique is generally quite inefficient, because only a small portion of
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 of only a few elements are of interest, a multiplexing system
greatly reduces data acquisition time and provides a more convenient-display.
of the data. An illustration of a multiplexing technique is given in Fig, 10.
Energy windows are adjusted to encompass only the peaks of interest, name-
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 of the corresponding Auger peak is electronically
measured and plotted automatically on the Y-axis of an X—Y recorder, when
the upper limit of the energy range is reached. The displacement of 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 of 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 of the AES/ion etching pro-
filing technique. These include ion beam uniformity across the sampled area,
the Auger electron escape depth, and sample inhomogeneity. Loss of depth :
resolution from ion beam non-uniformity is negligible if the ion beam is large
compared with the electron beam. The contribution from the Auger escape
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Fig. 10. Aﬁger spectra {rom nichrome thin film before sputtering and after etching to
depths of 100 and 200 A. Energy windows indicate regions scanned in the multipléxing
technique. ’

Fig. 11. In-depth profile of nichrome thin film on silicon.

depth is only 5—20 A and remains constant with sputters.. ... .... Sadpe
inhomogeneity is the most important factor limiting depth resolution and
can occur as a non-uniform thickness of thin films over the sampled area, as
polycrystalline grains which are. comparable in dimension with the thickness
of the film, and as precipitation of constituent elements inte particles. A
non-uniform film thickness obviously limits the depth resolution to a value
less than the percent uniformity of the film thickness over the sampled area.
The depth resolution is determined by the relative sputtering rates of 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 of the AES/ion etching technique is limited to about
10% of the sputtered depth, but can approach 3% in optimum cases.
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Fig. 12. In-depth profile of optical coating.

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

D. SCANNING AUGER MICROSCOPY

When combined with a finely focused electron beam for target excitation,
AES can be used to perform two-dimensional surface elemental analysis. The
first attempt of this type was made by MacDonald [9] who combined a
CMA with a commercial SEM and demonstrated point analysis [9] as well as
elemental maps [41] with sub-micron spatial resolution. The_second ap-
proach to scanning Auger microscopy was made by Pocker and Haas [42]
who installed a field emission electron microscope gun on a standard UHV
AES system. A severe limitation in their system was a poor signal-to-noise
performance because of unstable beam current from field emission sources.
A third approach to scanning Auger microscopy [43] involves optimization
of an electrostatic gun inside of the CMA. The primary advantage of this
approachis greatly simplified sample alignment.

A schematic diagram of a scanning Auger system [43] which utilizes an
internal electrostatic gun is shown in Fig. 13. The electrostatic gun-contains
four electron optical compornents: a triode source with a tungsten filament, a
condenser lens, an objective lens, and deflection plates. The electron 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 electron beam on the specimen, the deflection
voltages for the record display and storage monitor, and the TV interface
electronics. Electronics required to monitor and display the target current,
secondary electron current, and the Auger signal are included in the scanning
system control.
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Fig. 13, Block diagram of clectron gun and controls used for scanning Auger microseopy.

The electron gun operation is similar to that in a conventional SEM. Two
lenses demagnify the crossover formed by the triode source, and the deflec-
tion plates raster the beam on the sample. At a minimum beam size of about
three microns, the beam current is in the range of 0.1 pA. By relaxing the
condenser lens voltage, the bheam current can be increased up to about 10 A
with a corresponding increase in heam size. The magnification of the scan-
ning system is contirolled by the voltage amplitude applned to the deflection
plates.

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 of the concentration of a selected surface element. The
usual low energy secondary electron or absorbed current displays are used to
monitor the surface topography and locate the areas of interest on the
sample. To obtain an elemental map (Auger image), the intensity of the
display is controlied by the magnitlude of the selected Auger peak. The most
negative excursion in the differentiated Auger spectrum is takén as a measure
of the Auger current.

To demonstrate the operational modes of a scanning Auger system, Mac-
Donald {43] has performed three-dimensional analysis of a microelectronic
circuit. The TV display is first used to locate the areas of interest on the
circuit chip. Absorbed current micrographs (Fig. 14) are then recorded on



177

|€¢—125 ym—»|
Fig. 14. Absorbed current micrographs of an inlegrated ¢circuit (top) and an area on the
integrated circuit that includes a Lransistor (bottom). Ip = 0.4 WA, Ep = 6k V.

the record display. The dark areas on these micrographs are metal intercon-
nections consisting of a Au/Mo thin film composite; lighter areas are P/Si.-
Point analysis is accomplished by slowly reducing the scan voltage on the
electron gun deflection plates to zero, while maintaining the area of interest
at the center of the TV display. The surface composition of the SiO, layer is
determined by recording an Auger spectrum as shown in Fig. 15.

A two-dimensional elemental map of the surface is obtained by setting the
pass energy of the electron spectrometer at the negative excursion of the
Auger peak of interest, and using the output of the lock-in amplifier to
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Fig. 15. Auger spectrum for a point analysis of phosphorus-doped SiO5 on an integrated
circuit., :

intensily modulate the record display as the electron 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 of
the element analyzed. The recording time for these Auger images was 6ne
minute using a beam current of 0.4 uA and a beam voltage of 5 kV.

Fig. 16. Auger images of Si, O, P, and Au on an integrated circuit transistor.
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Fig. 17. Three-dimensional analysis of a Si—Mo—Au thin film showing the Au Auger

image, the Mo Auger image, after sputter etching into the Mo layer, and a schematic of
the composite structure.
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Fig. 18. Absorbed current micrograph of a transistor with a line sca..
Auger line scan, and an Al Auger line scan (bottom).
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Three-dimensional analysis using a combination of scanning Auger micro-
scopy and sputter etching is illustrated in Fig. 17. The scanning Auger image
for Au was obtained before sputtering to delineate the Au electrode pattern.
Ion sputter etching was then performed while monitoring the Mo Auger
peak. After sputtering one micron of Au from the sample, the Mo peak
appeared, the spuiter etching was terminated, and the Mo Auger image
shown in Fig. 17 was recorded. These data demonstrate that the Mo layer,
which serves to enhance adhesion between the Au electrode and the Si
substrate, is uniformly distributed.

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

Iv. Quantiiative analysis

In practical applications of AES, semiquantitative determination of the
elemental composition is often sufficient. AES has been exiremely successful
in failure analysis, for example by simply using comparative analysis, i.e.
demonstrating a difference in the surface composition between good and bad
devices. In the evaluation of new processes and chemical characterization of
new materials, however, it is frequently important to obtain accurate quanti-
tative information. In this section the fundamental aspects and ultimate
capability of AES for quantitative analysis are examined.

A. BASIC MECHANISMS AND ABSOLUTE MEASUREMENTS

To achieve absolute quantitative analysis in AES it is necessary to relate
the Auger current from a specific element to the population density of that

Y F——
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Fig. 19. Schematic representation of source volume of Auger electrons and the primary
excitation volume.
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element in the surface region. The Auger electron source volume generated
by an incident electron heam of diameter d and energy E, is depicled
schematically in Fig. 19. The emitted Auger current produced by a WXY
Auger transition in element « can be expressed as [44]

Fp o
JAWXY) = [ [ [ IM(E2) 04 (B.Ew) No(2) ¥a(WXY) exp [(=Z/\) dQEAZ]
1 Ky O . (6)

where Ip(E,Z) is the excitation flux density, o,(E,Ew ) is the ionization
cross-section of the core level W, N, (2) is the atomic density of element « at
a depth Z from the surface, exp(—Z/\) is the Auger electron probability for
escape, and 7v,(WXY) is the WXY Auger transition probability factor. For _
simplicity, two-dimensional homogeneity of the elemental composition pa-
rallel to the surface has been assumed.

To simplify eqn. (6), three-dimensional homogeneity of the chemical com-
position will be assumed for the region in which the escape probability has
significant value. It is also useful to separale the excitation flux densily into
lwo components, Ip(&,2) = Ip + I5(£,Z), where I3 (E,Z) is the excitation
flux due to backscattered primary electrons. With these assumptions, the
detected Auger current can be expressed as [44]

[(WXY) = IpTNYo(WXY) 0o (Lp, Ew) M1 + Rp) (7)

where Ry is defined as the backscattering factor, and T is the transmission of
the analyzer.

To carry outl accurate quantitative analysis from first principles 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 complication
1s surface roughness which generally reduces the Auger yield relatiyve to a flat
surface [45]. Since these requirements are generally not met for routine
Auger analysis, quantitative analysis using first principles is not considered
practical at-the present time. In the following sections, two methods which
offer considerable possibilities for quantilative AES are discussed.

B. MEASUREMENTS WITH EXTERNAL STANDARDS

In this method, Auger spectra from the specimen of interest are compared
with that of a standard with a known concentration of the element of
interest. The concentration of element « in the test specimen (NT) can be
related to that in the standard (N5) using eqn. (7).

NaING = (I3/13) (SIAT) [(1 + R§)/(1 + RE)] (8)
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An important advantage of this method is that ionization cross-section and
Auger yicld data are not required, and the Auger current is reduced to a
relative measurement. When the test sample composition is similar to that of
the standard, the escape depth and backscattering factor are also rémoved
from egn. (8) and quantitative analysis reduces to a relative Auger current
measurement. [t is, of course, essential that the two measurements be made
under identical experimental conditions.

When the composition of the standard is not similar to that of the test
specimen, careful consideration must be given to the influence of matrix on
both the backscattering factor and the escape depth. Also, a variation in
matrix which alters the shape of the Auger peak invalidates the use of the
Auger peak-to-peak height in the differentiated Auger spectrum-as an accu-
rate, relative measure of Auger current [46]. | .

As discussed in Section I1.C, estimates of the hackscattering factor can be
obtained by comparing Auger yield vs. I'p curves with theoretical ionization
cross-section vs. £, curves or with Auger yield vs. £, data from gaseous
specimens where the backscattering factor has negligible value. As expected,
experiments of this type [18] demonstrate that the backscattering factor
increases with the weight density of the matrix and the primary beam ener-
gy, relative to the binding energy of the atomic core level involved. An
obvious method of 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-section. A more practical solution is
the development of formulas based on empirical data derived from the type
of experiments mentioned above. It seems probable that an empirical back-

*scattering factor of the form Ry (K, ,E,, ,D), where D is the weight density of
the matrix, could be sufficiently accurate for quantitative analysis.

An elegant experiment which clearly illustrates the influence of backscat-
tering on the Auger yield has been reported by Tarng and Wehner [47].
They deposited Mo uniformly on W while monitoring various Auger peaks
from each element. As indicated in Fig, 20, the 120 eV Mo Auger signal rises
Lo a value about 20% greater than that from pure Mo at an overlayer thick-
ness of about eight monolayers. This overlayer thickness is slightly larger
than the escape depth, bul small compared with the penetration depth of the
incident electron beam. Under these conditions, the backscattering factor is
predominately delermined 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 11.B, available Auger data appear to lie close to a ‘‘uni-
versal”’ escape depth curve, but the accuracy of the data is not sufficient to
rule out matrix effects of sufficient magnitude to preclude quantitative
analysis. More precise measurements on the matrix dependence of the escape
depth are required for improving the quantitative capability of AES.
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Alter Tarng and Wehner [47].

C. MEASUREMENTS WITH ELEMENTAL SENSITIVITY FACTORS

A less accurate but highly useful method for quantitative analysis involves
the use of elemental sensitivity factors. Assuming that meaningful sensitivity
factors can be assigned to ail elements, the atomic concentration of element
X can be expressed as [17,44] '

Cx = (Ix/Sx)/Za> (I/Sa) (9)

where S, is the relative sensilivity of element «. The use of matrix-indepen-
dent sensitivity factors obviously neglects variations in the backscattering
factor and escape depth with material, and hence the method is normally
only semiquantitative. Two important advantages of this method are the
eliminationi of 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-
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berg et al. [17] in which Auger spectra of pure elemental standards were
obtained under identical experimental conditions. 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 elerhental sensitivity factors relative
to Ag for use in eqn. (9). Since the data were taken in the conventional
dN(F)/dE mode, 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
matrix [46].

D. EXPERIMENTAL RESULTS

To test the validity of the elemental sensitivity factor approach, an In-
conel alloy was prepared for a ductile fracture inside a UHV system {48].
The Auger measurement included examination with a scanning Auger system
to locate the incident beam on a region which was free from intergranular
fracture surfaces. The Auger spectrum in Fig. 21 demonstrates that the only
surface impurity in detectable quantity was carbon. Sensitivity factors based
on available data [17] were applied to the MNN peak-to-peak heights of Ti,
Fe, Cr, and Ni and the atomic concentrations determined from eqn. (9). In
Table 1, the calculated atomic concentration levels from ductile fracture
measurements of stainless steels and Inconel are compared with spectro-
scopically determined bulk concentrations. The experimental values derived
from AES are in good agreement with the spectroscopically determined bulk
" values and are not affected appreciably by sputtering with argon ions. The
agreement is expected since the Auger peak shapes remain nearly constant in

Ni
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Ti
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Fig. 21. Auger spectrum from ductile fracture surface of Inconel.
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TABLE 1

Comparison of bulk atomic concentrations and values calculated from peak-to-peak height
measurements obtained from ductile fracture surfaces [48]

Alloy Element 8§, Atomic copcentration

Bulk atomic  Surface AES After sputtering AES

absorption

304 Stainless Cr 0.31 0.2056 0.24 0.23
Fe 0.21 0.702 0.68 0.67
Ni 0.26 0.093 0.09 0.10

316 Stainless Cr 0.31 0.200 0.18 0.22
Fe 0.21 0.656 0.71 0.67
Ni 0.26 0.127 0.10 0.10
Mo 025 0.018 0.01 0.02

600T Inconel Cr o 0.31 ~ 0.177 0.20 0.21
Fe 0.21 0.084 0.07 0.07 -
Ni 0.26 0.736 0.72 0.71
Ti . 0.44 0.003 0.01 0.01

#Relative elemental sensitivity factors S, obtained directly from Palmberg et al: [17].

metal alloy matrices, and the similarity of 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 signals.

In the case of ionic compounds such as oxides, however, the peak shape of
the metallic component is often significantly altered relative to the pure.
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 of vacuum cleaved MgO and evaporated Mg on cleaved MgO were
compared to demonstrate characteristic differences in Auger fine structure
[44]. If the Auger yield is independent of matrix and the peak-to-peak
technique is a valid measure of the Auger current, the density of Mg in the
pure metal must be only half that in MgO. The actual atomic density of
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 eliminate electron beam artifacts when making
standardized measurementis on oxides, fluorides, chlorides, etc. with intense
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Fig. 22. Electron beam fragmentation of sapphire. Ep =°5 kV.

Fig. 23. Double integral amplitude profile of anodized niobium.

electron beam sources [49]. As an example, aluminum and oxygen peak-to-
peak amplitudes from Al, O; were measured as a function of time with and
without 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 arid release of the oxygen from the sap-
phire surface. Subsequent studies showed that beam damage is negligible for
electron beam current densities of 10™4 A cm™2 or less.

It has been pointed out [50] that in those cases where the shape of the
peak is altered by the chemical matrix, measuring the total Auger current
could be an improved method of measurement. In a recent study [51], the
differentiated Auger signals of metal oxides were doubly integrated elec-
tronically and compared with pure metals. The electronic scheme 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 of time while sputtering a 1000 A anodized niobium film. Assuming
that the anodized region is predominantly Nb, Oy, the ratio of the niobium
atomic density in pure niobium to that in Nb, Oy is 2.8. In Fig. 23, the ratio
of the Nb signals in pure Nb to those from Nb, Oy is 1.5. Since the weight
densities of the two matrices are similar, the backscattering factors should be
nearly equal and, therefore, cannot account for this large discrepancy. The
discrepancy must be related to differences in the electron mean escape
depths between the metal and metal oxide. These results suggest that abso-
lute mean escape depth measurements may be required for quantitative
analysis.

The results presented here demonstrate that quantitative analysis with an .
accuracy of a few percent is possible with elemental sensitivity factors when
the matrix of the test specimen is similar to that of the specimens used to
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derive the sensitivity factors. In more routine analysis where matrix varia-
tions are large, the accuracy is reduced to 30—50%. Future developmentsin
quantitative analysis will require precise measurement 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 some caution due to preferential sputtering. The validity of
any of these techniques can be easily tested by examining several composi-
tions of the alloy system of interest [52,53]. :

V. Applicitions

Numerous applications of AES have appeared in the literature during the
past few years. While the initial applications were mostly fundamental in
nature, recent trends and developments in high sensitivity and versatile in-
strumentation have led to many practical applications. In the following sec-
tions, numerous examples of typical AES applications in several fields are
presented.

A. FUNDAMENTAL SURFACE SCIENCE

Initial applications of AES were primarily related to fundamental surface
studies because of the simplicity of converting the LEED systems to -AES
instruments. In most of these studies, LEED was used to determine the
atomic structure and AES for chemical analysis. In more general applica-
tions, AES is used to monitor the elemental composition of surfaces during
physical property measurements. Several phenomena such as adsorption,
desorption, surface segregation from the-'bulk, measurement of diffusion
coefficients, and catalytic activity of surfaces have been investigated. AES
has also been used to study the surface compositional changes in alloys
during ion sputtering which is covered in greater detail elsewhere [53}.

1. Identification of anomakous structures

LEED provides direct information of the two-dimensional translational
symmetry of surface atomic arrangements, but does not identify the chemi-
cal species giving rise to the structure. In combination with LEED, AES has
often been utilized to provide chemical identification of surface species. An
example of this application is the identification of “ring” structures on the
Pt(100) surface {1(a)]. The structure forms irreversibly when the specimens
are heated in the 600—800°C range. The Auger spectrum [Fig. 24(a)] ob-
tained from a Pt(100) surface before any heating shows primarily carbon.
Little or no Pt is detected indicating that the carbon layer is sufficiently
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Fig. 24..Auger spectra from P1(100): (a) Immediately after insertion into vacuum, and (b)
after heating at 800°C. After Palmberg [1(a)].

thick to prevent the escape of Pt Auger eléctrons. A very weak 1 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 of the C Auger peak are observed. These
results coupled with observations of the ring pattern suggests that heating
causes the carbon to aggregate into graphite. islands. Several other super
structures on the single crystal surfaces have been related to the presence of
inpurities [1(a)].

2. Adsorption—desorption 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 ellipsometry. Palmberg [54] used the peak-to-peak amplitude in
the dN/JE curve as a measure of surface coverage in a study of Xe adsorp-
tion on a Pd(100) surface. The variation of Xe peak height as a function of
surface coverage at 77°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 of work function, A¢, with surface coverage. Many other studies of
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Fig. 25. Change in work function (A¢) and Xe Auger peak-to-peak amplitudes as a func-
tion of Xe exposure on a Pd(100) surface. After Palmberg [54].

adsorption and desorption of gases [55—60], as well as other elements [61-——
63] on solid surfaces, have appeared in the literature.

Adsorption—desorption studies are sometimes complicated by dissociation
or desorption caused by electron beam irradiation. For example, the decom-
position of CO into C and O makes the adsorption kinetics of CO impossible
to study by using electron beams [64]. In most cases, however, the electron
beam effects can easily be recognized in the experiment. Utilization of low
primary heam energies and current densities and pulsed current techniques
|65] often reduces electron beam effects sufficiently Lo allow examination
by AES.

3. Surface segregation

Harris [4,66] was the first to report observations of surface segregation
using AES. The specimen was positioned in front of the analyzer and heated
from the back by electron bombardment. Harris observed that S segregates .
at the surface when Ni containing small amounts of S is heated between
600°C and 900°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 of Ni, it was concluded that the extent of surface segregation was only
one or two atomic layers. Harris has also observed that S segregates at the
free surfaces of Ti, V, Fe, Cu, Nb, Mo, Ta, and W and that Cr and Sb
segregate at the free surfaces of steel. Jenkins and Chung {67] observed C
and S segregation to Cu(111) surfaces at 750°C. In the latter study it was
also shown that segregated S occupies preferred sites on the surface, thereby
giving a+/7 X +/7 surface structure. Taylor [68] reported S and P segregation
at the surface of 304 stainless steel.

Results of a recent scanning Auger study of S and P segregation in 304
stainless steel are shown in Figs. 26 and 27. 1t is clear from Fig. 26 that S
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Fig. 26. Variation of surface composition during heating a 304 stainless steel foil speci-
men at 750°C.

diffuses to the surface more slowly than P (the bulk concentrations are
known to be approximately 0.07 atomic percent each).

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

Auger Images ~ Auger Line Scans

4 *

IFig. 27. Surlace distribulion of 8 and P after healing: Auger images and line scans.
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Fig. 28. Diffusion profile for Cu in Al thin film obtained after annealing for 85 min at
175°C. The solid circles show the unannealéd profile. After Wildman et al. [73].

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

Diffusion parameters have been determined in some systems by studying
the desorption and dissolution [69] or the segregation [70] kinetics of
solute at the external surfaces. AES measurements of diffusion and surface
segregation of deposited species from one side of a thin film to the other
have been reported by several workers [71,72]. From such measurements
the diffusion of Si through W [71] and of Cr through Pt [72] in the
temperature ranges examined were determined to occur primarily via grain
boundaries. Concentration variation-of the diffusing species within the thin
film has been measured by utilizing ion sputtering and AES [72,73]. Results
of a-diffusion profile for Cu in Al at 175°C after 85 min of annealing are
shown in Fig. 28, where Y is the penetration distance measured from the
center of 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 of Cu in Al.

Equilibrium segregation, which refers to the increase in surface concentra-
tion of one or more components as thermal equilibrium is established under
conditions that correspond to a one-phase ficld in the phase diagram, has
been studied in many systems [57,568,75—81] by monitoring the surface.
composition as a function of time at different temperatures. The thermo-
dynamics of such segregation can be expressed [82] as

02/(1 = 032) = | X2/(1 — X3)] exp(Q/RT)

Ieferences pp, 218222



192

r T T T T T
o Nb-2.3 %0
e Nb-0.5 %0
6 Nb-0.3 %0
& {Hb-0.17%0
o Nb-~0.i % O

T TTT1TT

T T TTTHI]

TITTT

RaXLL|
~

il )

0.02

~

0.01

0.005

L1l

0.002

I TN T T

] ] i L g pon
9 " 13 15 33

%no“m")

0.00!
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alloys. 0y is the fraction of occupied sites to those actually available. After Joshi and
Strongin {58]. : .

where 0, is the ratio of the number of surface sites occupied by compo-
nent 2 to the total number of available surface sites, X, is the ratio of the
number of lattice sites, and @ is the energy change involved in transferring
one mole of solute from the interior to the free surface of the sample.
Equilibrium surface segregation of O in Nb—O and Ta—O alloys has been
observed in the 800—1700°C temperature range. The temperature depen-
dence of oxygen segregation to surfaces in a series of alloys is shown in Fig.
29. In the low temperature region, surface saturation and kinetically limited
diffusion occur, while in the high temperature region, loss of solute due to
" evaporation of Nb oxides is evident. In the intermediate temperature range,
the surface reaches a steady equilibrium state from which the distribution
coefficient, K = K, 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 of O. The AES studies performed in conjunction with ion
sputtering [58] clearly indicated that the segregation is confined to the one
to five atomic layer region near the surface. |
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Scgregation of carbon at Ni surfaces has been studied extensively [78,
79,83—85]. 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 plots, Iseit and Blakely [79] obtained three different heats
of segregation corresponding to different amounts of surface coverage, sug-
gesting changes in surface chemical bonding,

Ferrante [77] reported equilibrium segregation of Al in Cu—Al alloys
(discussed in Section V.B.1.c) and obtained [76] @ values of 1.38 kcal/mole
for Al segregation in the Cu—10 at.% Al alloy. Bonzel and Aaron [75]
studied equilibrium surface segregation of Ag on a Cu—14.3 wt. % Al alloy.
The Cu—Al alloy was plated with silver on one face and then equilibrated at
various temperatures in UHV, while the composition of the other face was
monitored with AES. From the temperature dependence of the equilibrium
surface composition, they arrived at an enthalpy of adsorption for Ag on the
Cu—Al alloy of 14.6—14.9 kcal/mole.

4. Surface reactions

Several examples of ‘“‘gas—metal’ as well as “gas—surface impurity’ reac-
tions have appeared in the literature. Reaction of oxygen with S segregated
on Ni(111) surfaces was studied by AES in copjunction with mass spectrom-
etry [86]. By studying the rate of growth of the oxygen Auger peak and
the disappearance of the S peak at various temperatures and partial pressures
of oxygen, Holloway and Hudson [86] have observed that the surface reac-
tion consists of three steps, viz.

O,(gas) » O, (ads.)

Oz(ads.) + S (ads.) > SOy(ads.) +n o
and

SO, (ads.) - SO, (gas)

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

AES in conjunction with LEED has been utilized for studying the inter-
action of O with C on a Mo(111) surface [60] and with CO on Pd(111)
surfaces [59]. Adsorption and interaction of O and N on Nb surfaces have
been studied by Farrell et al. [57].
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B. METALLURGY AND MATERIALS SCIENCE

Chemical properties such as corrosion, stress corrosion, oxidation, and
catalytic activity and mechanical properties such as fatigue, wear, adhesion,
resistance to deformation processes, and surface cracking depend on surface
propertics. Similarly, grain boundary ‘chemistry’ 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 of external contamination or segregation from the
bulk.

It is well known that free surfaces and.interfaces are characterized by
atomic structure and energies which are different from the bulk. The free
energy of these surfaces is often reduced by adsorption or segregation of
impurity or alloying elements from the bulk. When the segregation is in
thermodynamic equilibrium with the bulk (i.e. not diffusion limited), it is
viewed as equilibrium segregation. Since surface forces govern such segrega-
tion, the extent of 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 freczing and solid state phase {ransformations, segregation resulting
from drag of alloying elements 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 extremely 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 some 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 propnrtles of
materials.

1. Surfuce 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 of boron-doped Fe. They observed maximum
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segregation rates for B in the 700—800°C range, where precipitation treat-
ment is carried out in steels, and confirms the likelihood that B is one of the
elements involved in embrittlement of steels. In addition to B, they also
observed segregation of N and S on the surface of Fe.

The temperature dependence of surface segregation has been examined by
ALS in zircaloy specimens [88]. Surface segregation of carbon and subse-
quent metal carbide formation above 300°C was inferred from the occur-
rence of a C Auger peak and the detailed shape of the C peak. The formation
of a brittle carbide surface layer is belicved to contribute to the ductility
minimum observed al certain strain rates in the' 300—350°C range.

Surface segregation and formation of surface phases in alloys within
limited temperature ranges strongly 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
" products, and poor adhesion properties during final plating operations.

Thompson et al. utilized AES to study the role of lead [90] in the
machining of steel. By measuring the composition, 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 of a leaded steel and is responsible for
reducing the metal—metal contact between the work material and the tool.
The presence of appreciable quantities of oxygen on the chip surface is
helieved to result from surface oxidation caused at the machining tempera-
tures.

b. Corrosion and oxidation

The addition of small amounts of Zr substantially improves corrosion
properties of some systems. For example, as little as 100 ppm Zr added to
liquid Bi prevents liquid metal corrosion of low alloy steel containers. It has
also been found that preferential corrosion of Nb grain boundaries by liquid
Li can be retarded by adding 1% Zr. The effect of Zr in inhibiting corrosion
is believed to arise from the formation of stable compounds with C, N, and
0.

AES studies were performed [91] on a commercial Nb—1% Zr alloy to
examine the formation and stability of these surface compounds during heat
treatment. Some of the results of this study are shown in Fig. 30. Prior to
AES analysis, the specimen was cooled 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 values, observable
surface segregation of oxygen first occurred in specimens cooled from 500°C
and reached a maximum 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 Lo be stable on the
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the sample was cooled to room temperature. After Joshi et al. [91].

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

Wehner and co-workers [92] have studied surfaces of 304 stainless steel,
Inconel, and CoCrAlY alloys corroded by fused salt eutectic mixtures of (a)
NaCl + NaNO, and (b) KF + NaF + KNOj solutions. AES analysis and

“in-depth profiling gave compositional information of corrosion products on
the surface and in the near surface region of the specimens. In some speci-
mens which were corroded for a long time in mixture B, the corrosion
products did not adhere well and could be peeled off easily. Scanning Auger
analysis on these specimens provided chemical information near the reaction
zones. Pitting and the formation of mesas and holes with a distinctive sur-
rounding halo were studied in microscopic detail. An example of the type of
information obtained in this study on 304 stainless steel specimens is given
in Fig. 31. The Auger images were taken afler sputter removing approximate-
ly 1500 A. In addition, information on the compositional variation as a
function of depth in various areas on the surface has led to a better under-
standing of the corrosion process.

Several studies on the initial stages of oxidation using AES have appeared
in the literature. Ferrante [93] studied the oxidation of a Cu—19.6% Al
alloy in 5 X 10~ torr oxygen at 700°C and observed complete coverage of
the surface by aluminum oxide. Studies of oxide growth at various tempera-
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Fig. 31. Pit in 304 stainless steel after immersion in molten KF—NaF--NaNOj at 350°C
for 7 days. After Wehner et al. {92].

tures indicated that a thermally activated diffusion process was important in
oxide formation. Oxidation kinetics of Re in the 300—2200°K range were
studied in the 107 to 1078 torr range of oxygen pressure using a quadru-
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Fig. 32. Depth profile for a 304 stainless steel sample heated in air at 20Q°C for 2 h.
Sputter rate = 5—10 A/min. After Betz et al. {96]. ‘

pole mass spectrometer in conjunction with AES. In a different study, AES
and ellipsometry were used to follow the growth of PbO on lead [94].

Studies on air oxidation of several commercial alloys [95,96] have been
performed using AES. Betz et al. {96] have examined changes which occur
at surfaces of 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 200°C caused formation of iron
oxides within a narrow region near the surface, while oxidation at higher
temperatures resulted in chromium-rich oxides. These results were explained
on the hasis that the chromium-rich oxide is the thermodynamically stable
phase in the oxidation products of these alloys. The formation of an iron-
rich oxide at low temperature occurs, because the kinetics of Cr migration to
the surface is limited.

c. Adhesion, friction, and wear .

Buckley [97] used a LEED—AES apparatus to study surface contamina-
tion and its influence on the adhesive properties of Fe single crystals. He
showed that the effects of methane or ethane [98] on the Fe—Fe junction
strength are minimal, while O [97] and H,S [99] reduced the junction .
strength to values 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 atomic layer of ~100% Al. The enhanced adhesion ob-
served for these alloy surfaces relative to pure copper was correlated
[77,101] with the segregation of Al at free surfaces.

Adhesive properties of paint on galvanized steel surfaces has been studied
as a function of pretreatment [102]. Auger analysis of steel showed that
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surfaces cleaned in a kerosene—acetone—alcohol mixture were nearly free of
surface carbon” and exhibited excellent adhesion qualities. By performing
AES analysis on several surfaces, Gjostein and Chavka [102] arrived at an
empirical expression for an Adhesion Index (A.l.)

A.L = (Zn) (O)/(C)

where the quantities in parenthesis are the Auger peak heights of 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 adhesion to Ta, N—TiPdAu [ilms, while etched specimens or an-
nealed sapphire exhibited poor adhesion.

AES has succeeded in identifying contaminants in the plating industry
which cause peeling, bulging, poor adhesion, or discoloration of platings.
Electrodeposited Ni laminate material containing undesirably weak and frac-
ture-sensitive Ni—Ni bonds was examined using an AES—SEM system
{104,105]. Auger analysis of 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 of wear properties {102] in
friction materials. In a sintered Fe base brake material consisting of a wear
additive MX, AES showed that the wear surface contained M in a ¢oncentra-’
tion seven times larger than the bulk. The extent of segregation was esti-
mated at 35 A from an ion sputtering profile. These results demonstrate 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, adhesion,
wear, and wetting, Watterson and Simons [{106] conducted AES investiga-
tions on the surface segregation of S, P, N, C, Sn, Sb, and Ca in heat-treated
steels: Sulfur segregation was the most dominant {éature, and the argon ion
sputtering showed that the extent of segregation from the surface is very
small. However, no direct correlations with any of the properties were re-
ported in this study.

2. Grain boundary phenomena

Numerous mechanical propertiecs and corrosion phenomena are related to
grain boundary chemistry. Grain boundary embrittlement, 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
external surfaces so formed are envelopes containing grain boundary facets,
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analysis of these fracture surfaces by AES is representative of grain boundary
or near boundary chemistry. The fractures are usually carried out in a UHV
and analyzed immediately to minimize contamination from the ambient.
Pressures in the range of 1079 torr or better are essential to prevent exces-
sive contamination on the active surfaces. In most cases, fracture and analy-
sis are preceded by a bakeout of the entire system. In this section, AES
studies of fracture surface chemistry are reviewed and related to various
properties. Also included are studies on some powder metallurgy materials in
which the surface preparation of particles plays a dominant role in the
properties of final sintered compacts. '

a. Embrilllement in ferrous alloys

AES has been highly successful in identifying grain boundary segregation
of impurities in many steels and other Fe-base alloys. The first experiments
[107,108], on low alloy steels with a nominal composition of 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 of Cr
and Ni at the grain boundaries was also detected. Segregation was not detect-
ed in steels fractured in the intergranular mode after a non-embrittling or de-
embrittling treatment. The extent of segregation [109] was estimated by ion
sputtering in conjunction with AES; it was shown that all impurity elements,
including Sb [107—-111], P [109,111,112], and Sn [111,113] were concen-
trated within a very narrow region (1—4 atomic layers) near the =ra— hnun-
dary (Fig. 33). Segregation of Ni near the grain boundaries extende¢ { 1 su,i.5,

1.0

v
s » $on AISI 5140
o SonfFe-0.65H
o Pon AiSI 5140
08 |- © $bon AISI 3340
e o ShonFe-2.2Sb
olo v ShonFe-0.65h
\ ePonFe-Ni-Cr-C-P
o7 ° » SnonFe-Ni-Cr-C-Sn

06 |

0.4 |-

NORMALIZED CONCENTRATION, [C(A} - Cop 7€{0) - Cp ]

0.2 F °
p2J
v 'y D.-O
v—* [}
" " Pl dsooe |
0 5 10 15
DEPTH, A

Fig. 33. Normalized concentration of segregated solute on fracture surface vs. average
amount removed by ion sputtering. After Marcus et al. {111]. Reproduced by permission
of the ASTM.
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Fig. 34. (a) Specimen current micrograph showing the fracture surface of an embrittled
3340 steel, and (b) Auger elemental images of Fe, P, Sb and Ni obtained from the surface
shown in (a).

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

The lateral distribution of segregated species on fracture surfaces from a
3340 steel has been examined with scanning AES [114]. These results,
illustrated in Fig. 34, show that P segregates uniformly on all grain bound-
aries, and that Ni and Sb segregate preferentially on specific grain facets.
Spectra obtained {rom two such facets are shown in Fig. 35. These observa-
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Fig. 35. Auger spectra obtained from the low Sh and Sb-rich grain boundary facets.

tions suggest a very strong dependence of segregation on grain boundary
structure and energy. In most cases, the degree of embrittlement could be
directly related to the observed segregation at grain boundaries; the variation
in grain boundary composition as a function ol the duclile Lo brittle transi-
tion temperature is shown in Fig. 36. Similar studies made in Ni—Cr—Mo—V
steels [115] also indicate a direct correlation of segregation to the embrittle-
ment.

The combined presence of Ni and Cr in low alloy steels leads to more
segregation of Sb, P, or Sn to grain boundaries than when either is present
alone [110,111]. The addition of Mo [111] to a Sb hearing steel only
changes the kinetics of embrittlement, while extended aging at 480°C en-
hances segregation and consequent embrittlement. In a Sb steel containing
additions of 0.1% Ti, however, Sb segregation was found to be diminished
upon prolonged aging [116].

AES examination of grain boundary embrittlement in Fe—P and Fe—P—S
alloys showed that P and S irreversibly segregated to grain boundaries in the
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entire ferrite range, while no segregation occurred in the austenite. It was
also shown that, in the absence of C, the elements Ni and Cr are not required
for the embrittlement and that the presence of P, S, or possibly Sb at the
grain boundaries is sufficient to cause extreme brittleness in Fe. Irreversible
embrittlement in Fe—Te alloys [118] was shown to be due to Te segregation
to grain boundaries.

Segregation of Si, Sn, and S to grain boundaries of 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 10*, respec-
tively, are inversely related to maximum solid solubility, a phenomenon that
was found to be consistent with other measurements of interfacial activity.

b. Embrittlement in non-ferrous alloys

Tungsten made by powder metallurgical methods is often extremely brit-
tle with ductile—brittle transition temperatures as high as 825°C. It was
believed that the embrittlement was associated with the segregation of oxy-
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 function of
the transition temperature as indicated in Fig. 37 [120]. The P concentri-
tion at grain boundaries was found to be a function of grain size of the
material examined and in all cases the P enrichment was localized to <20 A
near the grain boundary.
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AES [121,122] was used to establish a correlation of embrittlement in
copper, containing various amounts of Bi, with Bi segregation at grain
boundaries. The concentration of Bi in the grain boundary region. was esti-
mated at 30 at.% and, extended over a very limited region. In a different
study, embrittlement in Cu containing 25—100 ppm Te was studied using
AES [123]. A solution-treated material aged at 540°C for one day resulted
in grain boundary segregation of Te and consequent embrittlement. Further
aging resulted in a second phase formation in b6th the matrix-and grain
boundary region. This.second phase formation resulted in de-embrittlement,
which was believed to result from desegregation of Te from grain boundaries.

Polycrystalline Ni charged with hydrogen results in brittle, intergranular
fractures when tested in slow tension. From AES studies, the embrittlement
of Ni by hydrogen was correlated with segregation of hydrogen recombina-
tion poisons at the grain boundaries [124]. It was suggested that the entry
of hydrogen into the Ni specimens occurs preferentially in the proximity of
grain boundary intersections with the free surface. The Sb and Sn present at
grain boundaries act as hydrogen recombination poisons and stimulate ab-
sorption of hydrogen by the metal.

In another AES study [125] on S-doped Ni base alloys, it was shown that
embrittlement 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 of elements such as Hf, Zr, and La
was associated with a reduction in grain boundary sulfur concentration.

The role of TiC precipitation in the thermal embrittlement of 250 series
maraging steels has been elucidated by AES [126]. 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 of B.

c..Embrittlement in powder metallurgy materials

Under identical conditions of pressing and sintering, compacts of iron
powders prepared by various methods differ in density and tensile strength.
Differences in mechanical properties were believed to-arise from variations in
initial surface preparation techniques or from changes that occurred during
sintering. The interface chemistry between particles can be examined with
AES by in situ fracture which occurs primarily along interparticle interfaces.
In a recent AES study [127], the density and tensile strength of various
specimens were related to the fracture surface concentration of impurity
elements; the results are presented in Fig. 38. The relationship. between the
concentration of impurity elements and the density of 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 region of segregation extending well over
300 A. In a scanning AES study [70] of 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 compound form. The distribution of O and C were not
highly correlated on the fracture surface of a high-density Fe specimen.

~
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I'ig. 38. Variation of 8, Cl, C, and O at the fracture surface of powder metallurgy iron vs.
tensile strength.
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d. Intergranular corrosion

Austenitic stainless steels that have been solution-treated are often sus-
ceptible to grain boundary corrosion after heating in the 450—900°C tem-
perature range. This phenomenon, known as sensitization, was strongly be-
lieved to result from precipitation of chromium-rich carbides at the grain
boundaries. Since the carbides were chromium-rich, it was expected that the
region adjacent to the grain boundaries would be depleted of Cr; impoverish-
ment in Cr was hypothesized to be the reason for poor corrosion resistance.
This explanation appeared satisfactory for explaining the corrosion hehaviors
in weakly oxidizing solutions, but does not account for observed intergranu-
lar corrosiori of 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 indicate
that Cr depletion and the strain theories [130] cannot account for all the
observed properties. In order to understand the cowyosion behaviors in
austenitic stainless steels better, Joshi and Stein {131} conducted an AES
study on freshly fractured surfaces of selected alloys and related the grain
boundary ¢hemistry to the corrosion behavior in strongly and weakly oxi-
dizing solutions. The results of the study are briefly summarized below and
in Table 2.

Sulfur, a common impurity element and sometimes an additive in stainless
steels, segrégates Lo 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 of Cr and enrich-
ment of Ni. The corrosion properties, measured as weight loss/cm?/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 H,SO4—CuSQ, solutions, on the other
hand, strongly depended upon Cr depletion, but not on S or Si segregation.
The minimum Cr content at grain boundaries, required to provide good
resistance to intergranular corrosion, was estimated at 13 wt.%. In other
steels examined the segregation of P and N was observed and believed 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
effects Tully. Another interesting area of application for AES studies is in
materials where the penetration of liquid metals along grain boundaries
seems tc depend on the composition of the boundary.

H
e. Stability of grain struclures V

Powcer metallurgy tungsten wire produced from WQ,;, which is doped
with potassium silicate and aluminum chloride prior to hydrogen reduction,
is used extensively for filaments in incandescent lamps because of its resis-
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tance to creep at high temperatures. The cause of this phenomenon has been
attributed to an interlocked grain structure which is formed as a con-
sequence of either mullite particles, as suggested by Walter [132], or bub-
bles, as suggested by Moon and Koo [133]. An AES study performed on the
intergranular fracture surfaces of 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 [134]. The results demonstrate that the bubbles are formed by
elemental K and that K, rather than mullite, is responsible for the inter-
locked grain structures. Additions of ~1000 ppm of MgO to Al,0; are
known to increase the sintering rates and substantially increase the density
of sintered Al,0;. The role of MgO was thought to result from reduced
grain boundary motion caused by solute segregation at grain boundaries
[135]. An AES study of intergranular fracture surfaces showed no large
increase in Mg over bulk levels [136,137] ; the grain boundaryjconcentration
was estimated at 0.4 at.% Mg2?* in a specimen containing 0.2 at.% Mg2?* in
the bulk [138]. The only other element present in significant amounts at
fracture surfaces was Ca. A closer examination [89] of 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 of a relief
polished section of slow-cooled Al,O; sintered with MgO is shown, and in
Fig. 39(b) the Mg Auger imuge of the fracture surface of a similar specimen
demonstrates that the precipitates are indeed Mg-rich.

AES studies [137] in NiO-doped Al, O3 showed no significant segregation
of the additive, but did exhibit heavy Ca segregation, which was observed in

Fig. 39. (a) Micrograph of reliefl polished alumina, and () Mg Auger image obtained from
a fracture surface of alumina. (Courtesy of W.C. Johnson, Ford Scientific Laboratory.)
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- CaO-doped Al, 03, as well as commercially pure Al, Oz. Sputtering studies
indicate that the segregated species were localized in the first 5—10 atomic
layers near the boundaries.

Fracture studies of hot-pressed MgO doped with NaF and LiF have also
been studied utilizing AES [137]. 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 mechamsm
and responsible for changes in physical properties.

C. CATALYTIC ACTIVITY

Catalytic activity of many materials is a surface phenomenon and hence a
strong function of surface structure and chemistry. It is likely that surface
impurities influence catalytic activity through induced changes in sufface
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 of C
and S to a depth of several atomic layers [142,143]. These are believed to be
products of decomposition 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 O, at 1 atm for 4 h removed the C and S
from the surfaces. The Pt surface thus formed contained no more than a few
monolayers of oxygen and was passive toward contamination in atmosphere
that normally occurs on untreated Pt surfaces.

The kinetics of CO oxidation on a Pt(110) surface {145] was investigated
using ALS in conjunction with LEED and residual gas analysis. The experi-
ments demonstrate that two different catalytic reaction mechanisms prevail
in the oxidation process. At low temperatures, 100°C < T < 200°C, CO
remains adsorbed on the Pt surface resulting in a competitive adsorption by
oxygen and an induction period for the onset of CO, formation which is a
strong function of 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 of ammonia and
in the synthesis of 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
~100 ppm H,S for 110 h during continued HCN production. An examina-
tion of such a catalyst using AES [139] indicated that the surface consists of
large amounts of C along with Rh, Ag, S, and N. Sputtering studies indicated
that C extends over a greal depth, while S and N are concentrated in the first
few layers. This shows that treatmenl with H,S does not produce bulk
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contamination with 8. Silver, the origin of which is unknown, was also pres-
ent to depths on the order of several thousand angstroms. It was also
noticed that Rh was present in excessive amounts near the surface compa{ed
with the bulk.

~ Copper catalysts that are used in a variety of oxxdatlon and dehydrogena-
tion reactions were examined [146] by ALES to determine 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 that of
a good catalyst surface. Lead is'a known poison for many copper catalysts
and apparently migrated to the surface during the manufacturing operation.
In a similar study [147] on a Pd—alumina catalyst used for selective hydro-
genation of diolefins in an olefin—aromatic—paraffin stream, it was-found
that small amounts of Fe acted as a poison by preferentially masking the
active Pd surface. :

Surface composition, which can differ significantly from bulk composi-
tion with little or no external influence, plays an even more im“{)ortant role
in alloy catalysis. AES analysis of Ni—Au alloy foil surfaces [148] indicated
that Au enrichment occurs at the alloy surfaces upon thermal equilibration

AUGER IMAGES AUGER LINE SCANS

Fig. 40. Auger images and corresponding Auger line scans for Ni and S from spent .
methanation catalyst,
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Fig. 41. Auger spectra from areas (5 um diam.) of h‘igh and low sulfur (con.centration on
the spent catlalyst. '

Fig. 42. Dcpth—composition profile of the spent catalyst.

at high temperature. Chemisorption of hydrogen or oxygen at room temper-
ature caused the surface concentration of 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 region is expected.

In a 50% Ni—50% Al alloy catalyst used in methanation of natural gas, AES
experiments have shown [89] that deactivation resulted from coverage of
the surface by a small amount of S. A scanning Auger system was used to
study the actual sites of S enrichment at the surface. The Auger images (Fig.
40) of Ni, S, Al, and O clearly show that Ni and S are present in the same
localized regions. The spectra of Fig. 41 taken from areas of 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) of.the spent catalyst
demonstrate that the S is localized within a depth of about 30 A on the Ni
surfaces. .
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D. SEMICONDUCTOR TECHNOLOGY

Semiconductor technology was one of the first areas for application of
AES to failure analysis and is now one in which AES plays a critical xole in
process development. In many respects, semiconductor 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 interfacial contamination, as well as
inter-diffusion with excellent in-depth resolution. Scanning Auger micro-
scopy can be used to localize the area of examination on a bonding pad, an
oxide window, a resistor, or any other feature of interest.

1. Failure analysis

Failure of a device can often be traced to ilnpurity poisoning of a surface
during a particular process step. For example, impurities such as hydrocar-
bons and alkalis left on the surface after cleaning can lead to poor thin film
adherence or poisoning of the device. Incomplete removal of a photoresist
also can cause poor adherence between metallic thin films. Similarly, incom-
plete removal of the passivation layer over a metallic 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 forimation of 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 metallic elements
{such as Fe, Ni, Cr, Ag, Cu, etc.) within the gcld layer are potential bond
inhibitors. Similarly, metallic components may diffuse to the surface from
the underlying layers and form oxides at the gold surface. Usually, these
oxide layers are less than a few hundred angstroms in thickness and thus a
surface-sensitive technique is required for positive identification. .

The role of AES in detecting and identifying the impurities detrimental to
bonding is exemplified in'a recent publication by Wagner et al. [149]. A
thick gold film on an alumina substrate was examined and found to have a
high surface concentration of copper oxide, even though the manufacturers
had specified 99% purity. Wagner also showed that ultrasonic bonding of
aluminum wires to electroplated gold failed ‘“‘pull” tests because of impuri-
ties (C, Ca, Ag, Cd, and O) at the surface following thermal treatment of 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 [150]. 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 atomic layers of the surface. A com-
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Fig. 43. Correlation of thallium Auger signal amplitude with bondiag characteristics on
gold-platgd lead frames.

Fig. 44. Depth—composition profiles of Al~Si contacts; low resistance contact (top), and
high resistance contact (bottom),

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

The formation of oxides at the surface or an interface can cause electrical
as well as mechanical failure. Using AES, Morabito [151] has shown that.
zinc oxide at the surface of 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.
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Depth—composition profiles of aluminum/silicon-alloyed 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 at the
aluminum/silicon interface in the poor contact area and very likely increased

Fig. 45. Elemental analysis of particles on gold-plated lead frame showing Auger images
for Fe, Cl, and C. After MacDonald [43].
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the contact resistance. The source of contaminauon was traced to the
accumulation of impurities from the vacuum envuonment on the silicon
surface prior to aluminum evaporation.

An example of a scanning AES application in evaluating a bonding failure
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Fig. 46. Three-dimensional analysis of particles on a gold-plated lead frame. Au Auger
images as a function of sputter etch time. After MacDonald [43].
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is given in Fig. 45 which is a two-dimensional compositional map of a gold-
plated beam lead frame [43]. As indicated, AES analysis revealed localized
iron, chlorine, and carbon impurities at the surface. Three-dimensional
analysis of the impurity particle is demonstrated in Fig. 46. Gold images
taken after sputtering 5, 15, and 35 min (~700 A) define the particle geom-
etry as a function of depth. The ability to identify particulate contamina-
tion and measure the thickness of the particle led to the particular process
step in which the contamination was introduced.

2. Process evaluation

AES surface analysis and depth composition profiling provide a useful
means for evaluating and developing specific device processes. The surface or
interface composition may be characterized before and after a cleaning pro-
cess. By direct comparison, the inter-diffusion 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 of MOS/LSI circuits can affect the operation of the final
device. AES characterization of the surface was instrumental in the develop-
ment of improved cleaning processes. From a depth—composition profile it
was possible to show that the disceloration of a thin film metallization
system used for terminating a tantalum nitride resistor was caused by copper
and sulfur contamination of a palladium overlayer [151]. 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 of depth—composition profile analysis of a thin film metal-
lization system is shown in Fig. 47. This particular composite is made up of
three separate metallic layers bonded to alumina. (Thin layers of chromium
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 of evaluation that may
be performed. For example, the test may be focused on the inter-diffusion
of the chromium and titanium layers as a function of annealing temperature.
In this case, several test specimens or even the actual package devices could
be treated at different temperatures. The depth—composition profiles could
then be compared for the penetration of chromium throughout the gold film
or into the ceramic substrate. In another approach, the profile could be used
as a quality control monitor of chromium 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 of 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. 47. Depth—eomposition profile of Au, Cr, and Ti metallization system on Al;03.

mum allowable contamination at the titanium—alumina interface. Corre-
lating adhesion tests and/or contact resistance measurements with depth
composition profiles of carbon and oxygen, for example, could serve as a
quality control of 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 of 300—400°C.
Their study showed that the inter-diffusion of Pt and GaAs was directly
observable from AES depth profiles by comparing treated and untreated
specimens. A depth profile of a sample treated at 400°C for wne. hour
showed that Ga and As were present on the Pt surface and that Pi had
diffused into the GaAs substrate. X-ray diffraction data showed that com-
pounds of PtAs,, Pt; Ga, and PtGa were formed after heat treatment.

In a depth—composition study of ohmic contacts, Robinson and Jarvis
[1563] examined nickel and gold—germanium thin films on GaAs substrites
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 electron
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 of gallium depends on the crystalline orientation of the GaAs.

In a later study of ohmic contacts, Robinson [154] applied the same
techniques and method to investigate the formation of palladium silicide on
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single crystal silicon. In a comparison of X-ray diffraction data of a thick
Pd, Si layer and the low-energy silicon Auger spectrum, it was possible to
associate distinguishable electron peaks with free silicon and silicon in the
compound form of Pd,Si. In total, the results indicated silicon enrichment
at the surface and diffusion-limited formation of the Pd, 8i layer. .
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1he Auper spectra of the iron oxides have been investigated. the relative am-
phitudes of the Nuger lines rom onveen and iton have been determined for e,
I'e304. 0-l e 03, y-Fep O3, und FeOOLL. 1t was found that the amplitude ratio s
of the O (510 eV)/l'e (783 ¢V) tines was, to a first approximation, directly propor-
tional to the ratio of oxygen and tron in the chemical formula. Structure was ob-
served in the spectra resulting from the Fe My 3 VV transition. Different spectra
were observed for e beO, eyl e Oy, and FeOO; however, the same spectra
were obtained for a- and y4¢,03.

1. Introduetion

There fave been mnnerous investigations of the protective oxide til formed on
iron exposed to both gascous environments §1 3 and to aqueous sotutions {3 6},
[t hias been well established that the high temperature oxidation of iron (up Lo iup-
proximately $707C) results in the formation of a two layer fitm consisting of Fe 0y
and ey O cathigher temperatures a thiee fayer film of FeQ), Fe 04, and Fe,Ojyis
Tornied.

The oxide film formed at low temperatures is less well characterized with several
different structures having heen observed in diffraction patterns from the films
17 101 Salewnnn and Pattinson 111] have naoted changes in the Auger valence band
Yectra ofiron when a clean surface is exposed to oxygen at room temperature:
they give no interpretation, Seo, Lumsden, and Stachie [12] have observed similar
changes in spectra from the passive (ilm: they suggest that one type of structure in
the spectra can he attributed to Fe, 05 and a second type to Fey0y4. Recenily Veda
and Shimizu | 13] have also conjectuned that different low energy spectra can be at-
tributed to Fe 0 3 and Fe 04 however, their interpretation is still unclear.

There is no general agreement on the nature of the oxide film formed on iron in
aqueous solutions. Thermodynamics | 14§ as well as experimental results §3.15,16}
can he used to support either a two phase or a single phase model; the interpreta-
ton depends upon the investigaton .

In the work reported herein AES has been used 1o investigate the oxide films

Present address: Llectrochemistry Laboratory, fFacally of Engineering, Hokkaido University,
Sapporo, Lapan.,
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AUGFER ANALYSIS OF THE ANODIC OXIDE FILM ON
IRON IN NEUTRAL SOLUTION*

N
M. Sto and NF. SATO

Electrocheinistry Laboratory, Faculty of Engincering, Hokkaido University,
Kita 13, Nishi 8, Kita-ku, Sapporo 060, Japan

and
J. B, Lumspenand R, W, Stasinr

Department of Metallurgical Engineering, The Ohio State University,
Columbus, OH 43210, U.S.A.

Abstract - The composition depth-profile of anodic oxide films on iron at various potentials in a
boric acid sodium borate solution of pH 8.4 was measured by the sequential use of Auger electron
spectroscopy (AES) and sputter-ctching. It was found that the anodic oxide film consisted mainly of
oxygen and iron with minor impuritics such as boron, sulphur and carbon. The composition ratio of
horon or sulphur to oxyen exhibited @ maximum viflue at a certain depth in the ovter layer of the
lilm and the mavimum value of (B/O) increased with increasing potential up to S00 mV (SCL). The
film formation mechanism is discussed from the observed dependence of boron content in the film.,

INTRODUCTION

Stunies of the anodic oxide film on iron in neutral boric acid-sodium borate solution
have been carried out by many researchers. Nagayama and Cohen! made electro-
chemical measurement 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 cllipsometry to this system has succeeded in the direct measurement of the
thickness and the optical constant of the anodic oxide film. Noda et al.? proposed a
model consisting of anhydrous 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® of Auger Electron Spectroscopy (AES) and sputter-
etching of solid surfaces has made possible the measurement of the composition profile
of a surface layer in depth: the composition gradient of surface layer in depth can be
determined by repeated sputtering with Art ion-bombardment followed by Auger
analysis. The application of this technique to the anodic oxide film on metals 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 use
of AES and sputter-ctching and these Auger results were compared with the results?
previously obtained by ellipsometry and coulometry.

*Manuscript reccived 24 January 1976; in revised form 20 February 1976.
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EXPERIMENTAI. METHOD
Preparation of specimeir ) .

The iron specimen used in this study was a vacuum melted electrotytic rod, 0.2 in. in dia. and
0.4 in. in length (purity 99.96°%), which was anncultd in an atrosphiere of argon at 750°C for 3 h and
then electropolished in a solution of glacial acetic acid and 70% perchloric acid (20 : 1). The efectrolyte
solution used was an equivolume mixture of 0.15N Na,B,O, - 10H;0 and 0.15N H;BO, (pH 8.4),
which was de-acerated in a solution reservoir by prepurificd argon before introduction into an electro-
tytic cell. The clectropolished specimen was cathodically reduced in this solution at § gAfcm? for
30 min to remove any oxide films from its surface. The solution was changed after cathodic reduction,
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-distiled water, dried with anhydrous methanol under argon atmosphere and
stored in a glass tube filled with prepurificd argon to prevent from further oxidation in air. The
cylindrical surface of rod specimen was used for AFS measurement.

AES measurement

The ALS chimber consisted of a cylindrical mirror analyser (Varian) with a co-axial clectron gun,
an jon-bombardment gun, and an ultra-high vacuum system. The specimen was sct on a sample
holder in this chamber, in which prepurified argon had been filled at a pressure higher than the
atmospheric pressure. After rough-pumping with zeolite-filled cryosorption pumps, the chamber was
evaciated to a vacuum of 10 ® Torr or better, using ion and titanium sublimation pumps. No bake
out of the chamber was usced, in order to avoid changing the composition of the films,

Spectra were taken by using a 2 keV, 50 A primary clectron beam and a 2 V modultation ampti-
tude with a frequency of 17 KHz. Argon ion-bombardment was performed at a pressure 8 x 10-* Torr,
using prepurified argon. After the admission of argon the chamber was pumped with the titanium
sublimation pump to climinate the possibility of contamination by active residuatl gases.
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Fii. 1. The Auger spectra of the anodic oxide film formed on iron at —300 mV(SCﬁ)
for 1 hin the boric acid--sodium borate solution. The sensitivity of the lock-in ampiifer
was so changed that all the Auger spectra was represented in a single figure.
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Auger anadysis of the anodic oxide lilm on iron in ncutral solution

A 500 ¢V ion beam was used for ion-bombardiment it an ion current density less than | 2Afem?,
{'he sputtering rate ol the anodic oxide il oniron was estimated tobe 1 ~ 1.5 f\/min by comparing
the time required Tor the Glm (o be sputtered completely and the film thickness measured by etlipso-
metry. b

EXPERIMENTAL RESULTS AND DISCUSSION

Auger spectra of anodic oxide filims on-iron

FFigure | shows the Auger spectra ol iron specimen anodically oxidized at —300mV
(SCE) for 1 h. The anodic oxide film consists mainly of oxygen and iron with minor
impuritics such as boron, sulphur and carbon. The Auger peak observed at ca. 155 eV
in Fig. 1 can be regarded as an overalpped peak of boron and sulphur since recent
Auger results® have revealed that the Auger peak of boron in the film splits into two
peaks (157 and 178 ¢V) aad the lower encrgy peak is close to the sulphur Auger peak
(152 eV). An appearance of the argon Auger peak (215 ¢V) during sputtering results
from argon pencetration in the film due to argon jon bombardment. The composition
of the anodic oxide film changes with sputtering time. A low energy iron Auger peak
(47 ¢V) of pure metallic iron corresponding to M, 4 VV transition splits into two peaks
(43 and 51.5 ¢V) as a result of the formation of the anodic oxide film; the height and
location of two peaks change with sputtering time. This chemical shift will be discussed
later in detail.

Composition depth-profile of anodic oxide films formed at various potentials

The peak to peak height (p.p.h.) for cach component in the anodic oxide film on
iron was plotted versus sputtering time to observe the composition profile in depth.
The major Auger peaks ol oxygen (510 ¢V) and iron (703 ¢V) were used to monitor
their concentrations in the film. To climinate experimental errors caused by a fluctua-
tion of Auger operational condition, it is desirable to normalize the observed p.p.h.
ol cach component as a ratio 1o the p.p.h. ol iron. Figures 2 and 3 show the normalized
composition proliles of the anodic oxide [ilms formed in the potential range from —630
to 750 mV (SCE) for 1 h; the maximum active dissolution current density in the
polarization curve of iron in the boric acid-sodium borate solution of pH 8.4 appears
630 mV (SCE) and the passivity of iron, which starts at. -500 mV (SCE), extends
over a wide potential range up to | 900 mV (SCE).

The ratio of oxygen p.p.h. ot iron p.p.h. (OfFe), . initially decrcases with
sputtering time, but there is a plateau region where it remains almost constant before
the film is completely sputtered. ‘The presence of the plateau suggests that the film
has a constant composition wegion in its thickness, provided that a preferential
sputtering® of the film components does not oceur. The plateau value of (O/Fe), 4,
for the anodic oxide fitm formed at 500 and 300 mV (SCE)Y is 2.1 | 0.1, Accord-
ing to previous AES results® of standard iron oxide fitms, it is magnetite, 14,0, which
cofresponds to the ritio, €O/Fe), . 2.1, The film Yormed at potentials above
0 mV (SCE) has a wide platean in which (O/Fe),, . .. slightly decreases with sputtering
time, and the mean value of (Offe), .y in the platean region inercases from 2.7 to
32 as the potential is more noble, which corresponds to the composition ot Fe, O, -
1,0 0.6 ~ 1.8). The gradual change of (OfFe), ,, . dcross the lilm/iron substrate
interfice may suggest the possibility of extensive oxygen diffusion into the iron sub-
strate, althoupgh an alternative explanation may be made by the knock-on cllect? of
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G, 20 The norndized compaosition protiles of the fitms formed on iron at relatively
tess noble potentials in a range from 630 to 300 mV(SCE) for f h and the chemical
shift of low energy Auger peaks of iron.

ion-bombardment or by the heterogencous spultering of the film which also makes its
interface unclear.

The values of (C/Fce), .y, in the composition prolile decreases cxponentially with
sputtering time and increases again when the irop substrate is exposed. Almest no
_boron was obscrved in the {ilms formed at - 630 and —500 mV (SCE). Some amount
of boron, however, was observed in the films formed at potentials more noble than
~-300 mV (SCE), and its content increases as the potential rises up to +500 mV (SCE),
although the presence of boron is limited to an outer layer of the film. The distribution
of boron and sulphur in the film is diflerent from that of carbon. The difference in
distribution may be more evident in terms of (B/O)ypn., (S/O)ppn,. and (C/O)ppn.
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Fii. 3. The normalized composition profiles of the films formed on iron at relatively
more noble potentials in a range from 0 to 750 mV(SCE) for | h and the chemical shift of
low ¢nergy Auger peaks of iron,

as shown in Fig. 4. The presence of maximum values of (B/O), 5 4. and (S/0), n. at
a certain depth in the film means that sulphur as well as boron has come from the
sotution, whercas carbon has come from another source, for example, air, anhydrous
methanol used for washing the specimen or residual gas in Auger chamber. The
maximum vatucs of (B/O), . in the fifms were plotted versus an anodic potential in
Fig. 5. The increase in maximum value of (B/O),,p. up to {-500 mV (SCE) is in
accordance with the increase in the outer Tayer thickness of iitm; the film thickness has
been measured by ellipsometry.? Figure 5 also shows that boron is contained in the
film formed in the active dissolution region. Such a potential dependence of boron in
the film may be refated to the film formation mechanism which will be discussed later.
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Chemical shift of low cnergy Auser peak of iron in anodic filis

Figures 2 and 3 show the chentical shift of fow cnergy Auger peaks of iron in the
anodic oxide lilms formed in the potential range from —630to 750 mV (SCE) for 1 h.
A modulation voltage of 0.5 V was used for an accurate measurement of the low
energy Auger peaks of iron. Two low encrgy Auger peaks at 43 ~ 44 ¢V and 51.5 eV
were always observed in an initial sputtering stage of the film. As the composition of
the film approaches to (O/Fe), o - 2.2, a third peak appears at 46 ~ 46.5 ¢V besides
the two peaks at 44 and S1.5 ¢V. After the composition of the ilm attained to
(O/F¢)p . 2.2, the peak height of 46.5 ¢V increases rapidly, whercas the peak
height of 51.5 ¢V decrcases reverscly and the peak of 44 eV disappears completely.

According to previous Auger results® concerning standard iron oxide films,
(O/FeY,pn. - 2.2 corresponds to an intermediate composition between y-Fe,Oy
[(O/Fe)ppn. == 2.3V and Fe 0, {(O/Fe), o n. == 2.11. The presence of two peaks (43 ~ 44
and 51.5 eV) means that iron ions in the film are trivalent, whercas the presence of two
peaks (46.5 and 51.5 ¢V) means that iron ions in the fitm are divalent. It is thus possible
to determine the distribution of Fe?* and Fe®t in the film from the chemical shift of
low energy Auger peak of iron. Tt can be seen from Figs 2 and 3 that a significant
amount of Fe?* is contained in the inner layer of the film formed at potentials below
0 mV (SCE) but that Fe2* ions remuin only at the film/iron interface for the fitm formed
at potentials above 500 mV (SCE).

Revie, Buaker and Bockris'™ have fecently reported that the anodic oxide film on
iron, which was transferred from an clectrochemigal cell to an Auger chamber without
any damage, had only one low energy peak of 51.5 ¢V. Thus their results! appear to
differ from our results. Leygral and Ekelund® have supgested that the low energy
Auger peaks of 43 ~ 44 eV and 51.5 eV are related to Fe?+ and Fe3t, respectively.
According to thcir suggestion, Revie, Baker and Bockris!?® concluded that the
anodic oxide film contains Fe?! and no Fe?'. Ertl and Wandelt,” however, have
recently found that the 43 ~ 44 ¢V peak corresponds to the cross-Auger transition
between M, level of iron and 2p level of oxygen, whereas the 51.5 eV peak cor-
responds o the cross-Auger transition between My, level of iron and 3d level of
iron. Therefore, the interpretation made by Revie, Baker and Bockris' for the 51.5 eV
peak seems to be doubtful.

Formation mechanism of anodic oxide films on iron

The film formed at the lowest passive potential { —500 mV) contains no boron,
whercas the film formed at higher potentials contains some amount of boron, the
presence of which is however limited to the outer Tayer. This suggests that the forma-
tion mechanism of the outer layer is different from that of the inner layer. Markovac
and Cohen! found that an anodic-deposited film on platinum in a boric-borate
solution containing ferrous ions contains a farge amount of boron. Our Auger results2
with a deposited film formed under the same condition as that of Markovac and Cohen™
showed that the distribution of boron in depth is constant and (B/O)p.p.h. i5s0.18. The
presence of boron in the outer layer of the anodic oxide films, therefore, proves that the
outer layer is formed by anodic oxidation of ferrous ions dissotved from the iron
specimen in an initial period of passivation.
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It is known' that boric acid and sodium borate in the solution are dissociated
according to the following equitions.

BIOH), | H,O | [BOM),] | H! ' H
NiB8,05 1 A0 ONat | 201D, | | 28O0, )

Dissociated ion, {B{OH),] -, can rcact with ferrous ion to form ferrous borate complex
ions such as [FeB(OH),]’,

et | [BOI),]  |FeB(OH),]'. (3)

Ferrous borate complex ion [EeB(OH),]" may be oxidized anodically to form a
deposited oxide film of which the composition may be represented by FeOH[B(OH),},
or Fe(OH), [B(OH),] as shown in equations (4) and (5).

[FeB(OH),J' | BOIL, | 21,0 FecOH[BOH),}, | 20! |- ¢ 4
[FeB(OH),]* -+ 2H,0 == Fe(OH),{B(OH),] 4 2H* + e. 5)

The presence of boron in the film formed at the active dissolution region (—700 mV)
may suggest that the film consists of a hydrated ferrous borate oxide deposited such
as FCOH[B(OH),}. )

The absence of boron in the inner fayer of the anodic oxide film, on the contrary,
may prove that the inner layer is formed by a direct anodic oxidation of iron. Noda,
Kudo and Sato,? using ellipsometry and coulometry concluded that the inner layer
of the anodic oxide films on iron is y-Fe,O,, in which almost all the overpotential of
film formation exists; its thickness increases lincarly with the potential. Tt is difficult
to estimate from the AES results the region of a phase oxide with constant composition
for the inncr layer, because of diifuse profile of composition in depth of the film. The
Auger results, however, suggest that the film formed at potentials below 0 mV contains
a significant amount of ferrous ion and has a narrow constant composition region
corresponding to Fe,0,. Thus it can be estimated that the inner layer of the film formed
at potentials below 0 mV (SCE) is Fe,O,, if it is a phase.

Recent electrochemical analysis by Sato, Kudo and Nishimura has revealed
that the inner layer of the film formed at potentials below the Flade potential
(—150 mV (SCE) in pH 8.4 solution), which is close to 0 mV (SCE), consists of
Fey,0,. Wagner'® has ascribed the passivity of iron to a thin film of iron-deficient
magnetite with the limiting composition in the range from Fe;O, to y-Fe,O, and he has
interpreted the Flade potential as the potential at which the composition of the oxide
is equal to the intermediate composition between two the limiting compositions. The
Auger results of the anodic oxide films on iron is consistent with Wagner’s inter-
pretation,

CONCLUSION
The composition depth-profile of anodic oxide films on iton at various potentials
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in a boric-borate solution of pH 8.4 was mcusurcd by a sequential use of AES and
sputter-etching.

The outer layer of the anodic oxide film contains a significant amount of boron,
which increases as the potential rises ap to 500 mV (SCE), suggesting that the outer
layer is formed by anodic oxidation of {errous ion dissolved from the iron specimen
during an initial period of passivation.

The inner layer of the films was found to contain no boron. This may suggest
that the inner layer is formed by a direct anodic oxidation of metallic iron. From the
measurement of chemical shift of low cnergy iron Auger peak, a significant amount
of ferrous ion was found to be contained in the inner layer of the films formed a
potentials below 0 mV (SCE), which is close to the Flade potential. The inner layer
of the films formed at potentials below the Flade potential was thus estimated to be
an iron oxide containing ferrous ion, probably magnetite. The inner layer of the films
formed at potentials above 500 mV (SCE) was estimated to be a ferric oxide such as
v-Fe,0, because no ferrous ion was found in the film except in a region very close to
the film/iron interface.
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ABSTRACT: The composition of passive films formed on austenitic stainless steels
have been determined using Auger electron spectroscopy. The films were found to
be enriched in chromium which is consistent with the understanding of the relative
insolubility of chromium compared to that of ifon and nickel. However, the films
were depleted in both silicon and molybdenum which are thermodynamically more
stable than chromium in the solutions used. Thus, it is not possible to rationalize
the improved resistance to acid solutions and sofutions containing chlorides
obtained by the addition of silicon and molybdenum to stainfess steels using a
selective-dissolution-enrichment model.

KEY WORDS: spectroscopy. iron, stainless stecls, protective coatings, chemical
analysis

Metals owe their chemical integrity to the presence of thin fayers of
reaction products on the surface. The amount of protection afforded by
these layers depends upon their insolubility, adherence, and defect
structure. This film is sometimes called a passive film; a metal is said to be
passive if it is thermodynamically unstable under the conditions to which
it is exposed. but, nevertheless, corrodes at a very low rate.

Faraday {/|* was one of the first to investigate this phenomenon when
he studied the corrosion of iron in nitric acid. He found that iron dissolves
rapidly in dilute nitric acid; however, in concentrated nitric, where
according to thermodynamics iron should also dissolve, the metal be-
comes stable and is unattacked. Figure 1 shows the attacked and

' Adjunct assistant professor and professor, respectively, Department of Metallurgical
Engineering, The Ohio State University, Columbus. Ohio 43210.
2 The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. |—Effects of dilute (a) and concentrated nitric acid (b) on iron.
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unattacked surface of iront in dilute and concentrated nitric-acid. The
Auger electron spectroscopy (AES) analysis of these surfaces (Fig. 2)
shows that in both cases the product layer film has the same composition,
thus indicating the complexity of the phenomenon.

This work is particularly concerned with rationalizing the role of alloy
species with respect to their critical influences on the protective quality of
the films on stainless steel. Alloying iron with chromium and nickel to
form austenitic stainless steel renders it passive under a wide range of
environmental conditions including dilute nitric acid solutions. The addi-
tion of silicon and molybdenum produces a further resistance to attack in
acid solutions and a substantial improvement in resistance to pitting in
chloride containing environments {2,3].

For the various alloying elements to exert a significant effect, presum-
ably they should be associated with the protective film. Rhodin |3-5}
determined film compositions by chemical analysis of the isolated film.
He used a film stripping procedure in which an aggressive reagent (an
anhydrous methanol-bromine solution) was employed to attack the metat
and float the film away. The improved corrosion behavior of stainless
steels was found to correlate with the ennchment of silicon and molyb-
denum in the surface films.

The technique utilized here to obtain film compositions is AES, which
permits the relative amounts of chemical species in the surface layers to
be determined. Barnes et al [6] have used AES to determine the surface

dN
dE |

Concentroted HNO,

Electron Energy

FIG. 2—Auger electron spectroscopy spectra from the atiacked and unattacked iron
surfaces on Fig. 1.
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composition of stainless steels containing molybdenum. It was found in
these studies that mill procéssing (the exact nature of the surface
treatment was unknown) produced a surface concentration of molyb-
denum which was a factor seven larger than that of the bulk. In contrast.
the study reported herein considers the formation of films resulting from
exposure to aqueous environments.

Experimental

The alloys used were the austenitic stainless steets AIS! Types 304,
316, 347, and a duPont experimental alloy, SP-2, which is a silicon
modified Type 316L stainless steel. Compositions are given in Tabie 1.

The specimens were first vacuum annealed and then metallographically
polished down to 0.3 wm and passivated. One passivation procedure was
identical to that used by Rhodin. It consisted of first pickling the
specimens in 10 percent nitric acid (HNO;)-2 percent hydrofluoric
acid(HF)-1 percent hydrochloric acid(HCI) at 80°C for { min. After rinsing
the specimens in demineralized double distilled water, the passive films
were formed by treating the pickled surface in 5 percent HNO,-0.5 percent
potassium dichromate (K,Cr,0,) at 60°C for 30 min. In order to examine
the effect of the dichromate ion on the protective film. the specimens were
also passivated by immersion-in the 5 percent HNO, solution without the
K.Cr,0,.

In order to examine the influence of chloride ions, passive films were
formed potentiostatically in a pH 7, 1.0 M sodium chloride (NaCl) + 0.1
M sodium sulfate (Na,SO,) solution. After mechanical polishing, the
specimens were reduced cathodically and then polarized at 0 mV against
the saturated ¢alomel electrode (SCE). The solution was open to the air.

Comprehensive reviews of AES have been given elsewhere [7.8};
therefore, this technique will not be discussed here. The AES spectra
were taken using a cylindrical mirror analyzer with a coaxial clectron gun.
A 2 keV, 50 A electron beam was used having a diameter of approxi-
mately 50 A. The modulation amplitude was 2 V peak to peak,
and a frequency of 17 kHz was used. ,

The composition profiles of the passive films were obtained by the
sequential application of sputtering by argon ion bombardment and AES
analysis {9]. Ions of 600 eV energy and current densities in the 107¢ A/cm?
range were used. The estimated sputtering rate was 2 to 4 A/min. A base
pressure of 8 x 107! torr or less was always used. A typical spectrum is
shown in Fig. 3.

Results

The AES results for the specimens passivated in the HNO,-K,Cr;0,
solution are shown in Figs. 4, 5, 6, and 7. Peak-to-peak heights versus
sputtering time are given for the silicon (92 eV), columbium (167 eV),
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F1G. 5—Depth-composition profile of the film on Type 316 stainless steel passivated in a
nitric acid-dichromate solution.

molybdenum (186 eV), oxygen (510 eV), chromium (529 eV), iron (703
eV), and nickel (848 eV) lines; also given are the normalized peak heights
versus sputtering time, where the peak-to-peak heights of each of the
above lines have been divided by the sum of the peak-to-peak heights for
iron and nickel.

The results indicate that there was no enrichment of the molybdenum or
silicon in the film. In fact, a depletion of these elements is observed. They
were not detected in the surface or near surface layers of the films even at
a sensitivity level ten times that used to obtain the remaining portion of the
spectrum; likewise, there was no enrichment of columbium in the film on
Type 347. This too was not detected until the metal substratc was

TABLE 1—Composition of stainless steel alloys, percent.

Cr Ni Si Mo b
Type 304 18.9 8.8 0.33 0.46
Type 316 16.9 12.8 0.66 2.3 L
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-composition profile of the film on Type 347 stainless steel passivated in
u nitric ucid-dichromate solution.

approached. The results also show that there was a substantial enrich-
ment of chromivdm in the Tilms. The peak-to-peak heights of the chromium
line is greater than that of iron 4t several points within the films on all four
alloys. Comparing thec ratio of the normalized iron peak amplitude to
chromium at the maximum chromium level in the film with the same ratio
at the last point of the profile, an ‘‘enrichment factor’ can be defined.
This factor has the value of 3.5, 3.5, 3.2, and 3.3 for Types 304, 316, 347,
and SP-2, respectively. The normalized nickel line changes little through-
out the profile.

The compositions of the films formed in the 5 percent HNO, solution
without the dichromate ions are shown in Figs. 8, 9, 10, and 11. These
results are very similar to the previous ones. The differences are that the
chromium enrichment was somewhat less and the normalized oxygen
peak heights are also less. The enrichment factors in this case are 2.7, 2.7,
2.4, and 2.8 for Types 304, 316, 347, and SP-2, respectively. But here
again no enrichment of molybdenum nor silicon was observed in the films,
and the surface layers were depleted of these clements.

Figure 12 shows the current density-potential curve for Types 304, 316,
and SP-2 in the sulfate-chloride (SO, -Cl ) solution. This shows the
increase in the range of stability as the molybdenum and silicon contents
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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 AES to analyze
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 protective films
which result from passivation in HNO,; and HNQ, plus K,Cr,0O; solutions.

3. There is little, if any, chromium enrichment in films formed poten-
tiostatically in a pH 7 SO,=-C! " solution.

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

5. The films formed by electrochemical polarization and in the HNQ;,
solution containing the dichromate ion appear to have higher oxygen
levels that those films formed in the HNO; solution without the dichro-
mate ion. ‘

The enrichment of chromium is consistent with: the-understunbimg of: the:
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relative insolubility of chromium compared to that of iron and nickel in
these environments and has been predicted in previous studies [I0}];
however, these results cannot be explained simply from thermodynamic
considerations since silicon and molybdenum 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 HNQ), solutions without dichromate ions |3|.

Considering the compositions of the films on Type 316 and SP-2, one
must be concerned about the role of molybdenum and silicon since they
do have a major influence on suppressing the pitting behavior; however,
the AES analysis of these films gives no evidence that molybdenum and
silicon are present to any substantial extent in the films on Type 316 and
SP-2. Indeed. these elements are depleted in the outer layers of the film;
therefore, it appears one must look in other directions for rationalizing the
role of molybdenum and silicon.
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ABSTRACT
Auger electron spectroscopy has been used to investigate the influences

of pH, Cl

addition, and potential on the composition of passive films on

Fe-Cr-Mo ferritic stainless steels. it was found that the improved corrosion
resistance properties obtained by the addition of molybdenum cannot be ex-
plained by its enrichment of the protective film. Molybdenum was not found
in the film even at thosc potential and pll values at which its oxide is the
stable specdies. However, the relative iron and chromium content in the film
followed predictions based on their solubilities in aqueous solutions, These
results also indicate changes in bouding in the filin as a function of distance

from the substrate.

The development of high purity Fe-Cr-Mo ferritic
stainless steels of low interstitial content stimulated the
commercial use of ferritics after the results of several
studies demonstrated the excellent corrosion resistance
of this class of alloys. The improved corrosion resist-
ance is derived mainly from the addition of molyb-
denum.

The beneficial effect of molybdenum on austenitic
stainless steels in increasing its resistance to attack by
chloride and acid solutions has been known for many
years. Molybdenum- and silicon-containing austenitic
stainless steels were investigated by Streicher (1) and
by Rhodin et al. (2, 3). Bond and Lizlovs (3-7) have
extensively studied the corrosion properties of molyb~
denum-containing ferritic stainless steels exposed to
chloride solutions. Besides a substantial increase in
pitting potential, the addition of 5% Mo to 13, 18, and
25% Cr alloys produces over an order of magnitude
decrease in the critical current density. Further, the
effect of molybdenum depends upon the chromium
level: the higher the chromium content the greater the
effect. Thus, molybdenum interacts synergistically with
chromium. The function of Mo, or for that matter Cr,
in improving resistance to halide solutions is not un-
derstood. i

Ambrose and Kruger (8) have presented evidence
that Mo increases the passivation rate; they suggest
that in the presence of chloride ions the film is coh-
stantly breaking down and being repaired. Whether or
not pitting occurs depends upon the rate at which the
film repairs itself. Uhlig explains the beneficial effects
of Mo and Cr using a competitive adsorption model
(9). He rationalizes the effects of Cr by its greater af-
finity for oxygen than Fe and that of Mo by its lower
affinity for chloride than Cr.

Rhodin (2,3) found that the improved corrosion be-
havior of the austenitic stainless steels correlated with
the enrichment of silicon and molybdenum and the de-
pletion of iron in the surface films. He used a film-
stripping procedure in which an aggressive reagent
(an anhydrous methanol bromide solution) was em-
ployed to attack the metal and float the film away. The
isolated film was then chemically analyzed. However,
Lumsden and Staehle (10, 11), using Auger electron
spectroscopy (AES), found no envichment of molyb-
denum or silicon in the films on these alloys. To the
contrary, a depletion was observed.

* Electrochemital Soclety Active Member.
Key words: passivity, corrosion, molybdenum, Auger electron
spectroscopy.

The work réported herein was undertaken to de-
termine correlations between film composition and its
proteclive quality. Auger clectron spectroscopy was
used fo determine film compositions on Fe-Cr-Mo fer-
ritic stainless steels as a function of pH and chloride
content.

Experimental

The alloys used were high purity ferritic stainless
steels provided by Climax Molybdenum Company with
chromium contents of 13, 17, and 26% and with varying
additions of molybdenum. They were prepared by in-
duction melting and vacuum casting. The chemical
compositions are given in Table 1. The surfaces studied
were mechanically polished by standard metallo-
graphic techniques (12) to %4 um diamond paste. Prior
to polarization, the specimens were washed in a mild
detergent, rinsed in double distilled water, and finally
cleaned ultrasonically in methanol.

Polarization was carried out in a glass cell of stand-
ard design (13), which was open to the air. Initially,
polarization curves were determined potentiodynami-
cally at a scan rate of 0.55 mV/sec to establish the
active, passive, and transpassive regions.

- I"ilms were formed potentiostatically in IN H.SO,,
iN Na,S0; + H,SO4 (pH 3), 1IN NacCl -+ H,S80,; (pH
3.45), and pH 14 NaOH at 60, —150, —150, and —700
mV (NHE), respectively. Prior to anodic polarization
the specimens were cathodically polarized at —750 mV
(NHE) for 1 hr. The alloys were passivated for 1 hr.

Table . Composition and heat-treatment of the ferritic stainless

steels used
Condition
(°C,1 hr

Alloy Cr Mo c N Nt we)
1 13.68 0.08 0003 0.004 815
2 13.14 1.04 0.005 0.004 815
3 13.680 1.88 0.002 0.004 815
4 12.95 348 0.003 0.002 980
5 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
8 17.61 2.02 0004 0.002 815
9 17.58 3.52 0005 0.004 815
10 17.38 4.75 0 004 0.004 980
1" 25.66 0.002 0.002 0015 815
12 25.26 2.05 0002 0017 815
13 25.25 5.25 9.002 0.013 980
14 25.66 0.002 0.002 0.015 0.13 980
1 26.15 099 0.003 0.016 0.1 980
1 25.26 2.05 0.002 0.017 0.13 980
17 25.58 3.49 0.002 0.015 0.13 980
18 25.25 5.24 0.002 0.013 0.13 980
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After removal from the electrolyte, the specimens were
washed in double distilled water and placed immedi-
ately in the vacuum system.

Polarization in a NaOH pH 14 solution was carried
out in an open-to-the-air polypropylene beaker using
a Hg/HgO/NaOH reference electrode and a zirconia
bridge. The reference electrode was constructed. of a
platinum wire embedded in a shrinkable Teflon tube
which was mounted in the end of a zirconia tube. The
zirconia tube contained mercury and HgO on the bot-
tom covered with a mixture of ZrQO; particles and
NaOH. A bridge was made of a % in. Teflon tube filled
with the same mixture as the reference electrode and
closed on both ends with a porous ZrO. plug.

Selected specimens were also passivated in a HNO3
solution using the same procedure as that employed by
Nielsen and Rhodin (2, 3). The surface preparation
consisted of first mechanically polishing as above fol-
lowed by pickling in a 10% HC1 solution at 80°C for 1
min. Then the surfaces were passivated by immersion
in a 5% HNO; solution at 60°C for 30 min. The aloys
were subsequently rinsed in demineralized, double dis-
tilled water.

Auger analysis was performed using a Varian cylin-
drical mirror analyzer (14) with a coaxial electron
gun. Before analysis the system was pumped to 8 X
10-10 Torr or less using nonmechanical pumping. No
bakeout was used in order to avoid changing the com-
position of the films.

The composition of the passive films was determmed
using the profiling technique (15, 16). This consists of
simultaneous etching by argon ion bombardment and
AES analysis. A 600 eV ion beam was used having an
ion current density of approximately 1 uA/cm2. The
Auger spectra were taken using a 2 kV, 50 ¢A electron
beam (static) having a diameter of approximately 50
um. A 17 kHz modulation frequency was used with a
modulation amplitude of 2V (p-p).

Results

The composition profiles are given as plots of nor-
malized peak heights vs. sputtering time. The Auger
peak heights have been normalized to the sum of those
for iron and chromium in order to compensate for any
change in surface and experimental conditions which
affect the Auger signal. Due to the uncertainty in the
sputtering rate, the sputtering time is given rather than
the thickness of the film removed; however, the rate of
film removal has been estimated to be approximately
3 A/min before submonolayer coverage is reached.
This was determined by sputtering and Auger analyz-
ing oxide films which were formed by exposing iron
to chromate solutions. The thickness was determined
using an ellipsometer. After coverages of less than'a
monolayer are attained, the sputtering rate decreases
exponentially since the rate at which an element is
sputtered is proportional to its surface concentration.

Preliminary experiments were carried out to find the
effect of the mechanical surface preparation on the film
composition. A chromium deficiency was found in the
film.

Figure 1 gives the composition of the passive film
formed on the Fe-25.25Cr-5.24Mo alloy which had been
exposed to the pH 3 sulfuric acid solution and polarized
to a potential of —150 mV (NHE) for 1 hr. The Auger
peaks used for all profiles were the O 510 eV, Fe 703
eV, Cr 529 eV, Mo 221 eV, S 152 eV, C 272 eV, and Cl
181 eV lines.

The results given in Fig. 1 are typical of those ob-
taified for all the alloys exposed to the pH 3 solution.
In addition to oxygen and the alloying clements, sulfur
was present in appreciable amounts but was localized
in the outermost layers and was easily sputtered off.
Carbon, which was present in large quantities on the
surface, was ropidly removed and reached a level
slightly above ils content in the steels after 5-10 min of
sputtering. Its presence on the surface was probably
due to atmospheric contamination. The relative amount
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Fig. 1. Normalized Auger peak heights vs. sputtering time for
the passive film on Fe-25Cr-5Mo ferritic' stainfess steel.

of molybdenum in the film was the same as that de-
scribed in previous publications (10, 11), i.e.,, no mo-
lybdenum in the outermost layers of the films and no
enrichment in the films. Finally, chromium enriches
the film with a corresponding depletion of iron.

The effects of heat-treatment on the anodic film
composition were evaluated using alloys 11, 12, 14, and
16-in Table 1. No effect was observed, but it should be
cemphasized that only 25% Cr steels heat-treated at
815° and 980°C were available.

The surfaces of the alloys which were polarized
in the pH 3.45 chloride solution were examined opti-
cally and no attack was observed. The lowest pitting
potential, 295 mV (NHE), was obtained for the Fe-
13Cr alloy. The potential applied to the alloys ex-
posed to the chloride solution was —150 mV (NHE).
This potential is well below the pitting potential of
all of the alloys used in this investigation.

The analysis of the film formed on the Fe-25.25Cr-
5.24Mo alloy at —150 mV (NHE) exposed for 1 hr to a
H,S0,-1.0N NaCl solution is shown in Fig. 2. The
compositions were similar to those obtained for films
formed in the pH 3 solution without chloride. In all
cases the enrichment of chromium in the passive film
was observed reaching the highest value for the 25%
Cr steels and proportionally lower for the 17 and 13%
Cr steels (Fig. 3). Molybdenum was not detected in
the surface and near-surface layers nor did it enrich.
Chiorine was detected in the surface and near-surface
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Fig. 2. Composition of passive film formed on Fe-25Cr-5Mo
alloy after anodic polarization in o pH 3.45 chloride solution,
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Fig. 3. Relotive chromium composition of possive films on
ferritic stainless steels formed by anodic polarization in a pH
3.45 chloride solution.

layers only. Also, there was no significant difference
in the thickness of the passive film on the atloys as
deduced from the sputtering time necessary to reach
thie substrote.

Typical results for alloys exposed to IN 11,80, are
given in Fig. 4, This is the composition profile of the
film on Fe-25.25Cr-5.24Mo which had been polarized
at 60 mV (NHE) for 1 hr. Chromium enrichment was
found to coincide with a decrease in the iron content
in the film. The molybdenum content was the same as
that observed previously.

For comparison. an AES analysis was performed on
surfaces which had been passivated by immersion in
nitric acid. The film compositions resulting from passi-
vation in nitric acid (Fig. 5) differed from those formed
anodically only in the chromium content. Whereas
anodic polarization resulted in films with varying
amounts of chromium enrichment depending upon
the chromium content of the alloy, the amount of
chromium enrichment which resulted from passivation
in nitric acid did not change in either the 17% or the
25% Cr steels with or without molybdenum; the 13%
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Fig. 4. Auger results for the passive film on Fe-25Cr-5Mo formed
by anodic polarization in IN H3504.

tion.

The films formed on 13, 17, and 256% Cr alloys (with
0 and 5% Mo) cxposed to the plf 14 NaOH solution
were analyzed. In every case a depletion of Cr and an
absence of Mo was observed in the films. An enrich-
ment in iron was found corresponding to the chromium
depletion. As the film was sputter etched, the iron
and chromium contents uniformly approached the alloy
levels, This is shown in Fig. 6.

The effects of potential were determined for alloys
exposed to the 1H1:.804~NaCl solution. Figure 7 shows
the fitm composition of the 18% Cr 5% Mo alloy ob-
tained by polarization in the transpassive region at
1200 mV (NHE). IFor ull of the alloys investigated there
was a depletion of chromium in the film and an en-
richment of iron relative to the bulk composition. Mo-
lybdenum was detectable in the surface layers of the
film on those alloys in which it was present; however,
the depletion-enrichment type of behavior of chro-
mium and iron was independent of its existence in the
alloy. Figure 8 shows the Auger results for the 25% Cr
5% Mo stainless steel which had been polarized cath-
odically at —1150 mV NHE, The film comgositions on
the ferritic stainless steels which had been polarized
cathodically were identical to those resulting from
polarization in the transpassive region.

Thus, these results suggest that cathodic polarization
changes the surface composition of the alloy. It is not
conclusive, however, that the observed film is that
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Fig. 6. Composition of the film formed in o pH 14 NaOH
solution.
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Fig. 8. Effects of cathodic polarization of the film composition
on 25% Cr 5% Mo alloy.

which exists on the alloy in solution. If the air-formed
film is removed by cathodic reduction, then oxidation
would occur when the alloy is taken out of solution
and exposed to the air. However, the air-formed film
on the alloys used in this investigation is always en-
riched in chromium; therefore, air oxidation of an un-
altered surface would not produce a film depleted of
chromium.

Figures 9-13 show the Auger spectra at various
depths in the passive film on the Fe-25.25Cr-5.25Mo
alloy which had been passivated in the HNQj; solution.
Each figure has two spectra. One is the complete spec-
trum showing all of the Auger lines from the constit-
uents of the film; the other is the low energy or
valence band spectrum from iron. For the latter, two of
the electrons involved in the Auger transition are in
the valence band. Thus, these Auger electrons are very
sensitive to changes in bonding. Figure 9 shows the
spectra which result after 5 min of sputtering. The filin
for the most part is an iron oxide with only a small
amount of Cr. The valence band spectrum shown is that
of iron; this is the type of spectrum which results when
iron is in the ferric state as reported previously (17).
The spectra in Fig. 10 were taken after 10 min of sput-
tering. Here, a substantial amount of Cr appears in the
film; whereas the oxygen and iron content remains ap-
proximately the same as that in the previous spectrum,
Molybdenum also begins to become detectable. The
lower energy peak in the valence band spectrum has
shifted in energy; this is the same type of valence band

L4l ) S E Y —
0o 20 30 40 50 60
E
1 1 1 1 i 1 | J
0o 100 200 300 400 500 600 700 800

Electron Energy (E)

Fig. 9. Auger spectra of the passive film on Fe-25Cr-5Mo after
S min of sputtering.
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Fig. 10. Auger spectra of the passive film on Fe-25Cr-5Mo after
10 min of sputtering.

spectrum which was observed from Fe in the ferrous
state. Figure 11 shows the spectra which resulted after
15 min of sputtering. The valence band spectrum for
Fe at this depth is the same as that obtained for a Fe
free surface although a substantial amount of oxygen
remains here after the film has been sputtered for 15
min. The implication of the latter result is that oxygen
is bonded to the Cr with iron being in the metallic
state. The spectra oblained after 20 min of sputlering
are given in Fig. 12. These spectra are essentially the
same as those in Fig. 11 except that the oxygen level
has substantially decreased and the Fe lines have in-
creased in amplitude. Figure 13 summarizes the above
results. This pattern was also observed for films formed
by anodic polarization.

Discussion
The role of alloying elements in improving corrosion
resistance properties is frequently interpreted in tgl:ms
of the relative range of the thermodynamic stability,
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Fig. 11, Auger spectra of the passive film on Fe-25Cr-5Mo after
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Fig. 12. Auger spectra of the passive film on Fe-25Cr-5Mo after
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with respect to pH and potential, of their insoluble
species, Thus, the effectiveness of chromium and mo-
lybdenum as atloying elements in iron is interpretable
ih terms of the brouder range of ucld stabiilty of CriOy
and MoO,. This argument can also be extended to
rationalize the increased effectiveness of alloys contain-
ing chtomium and molybdenum in resisting attack in
chloride solutions if pitting is assumed to be a result
of localized acidification (18).

Using solubility arguments for the effects of alloying
on corrosion properties, one can obtain an “enrich-
ment model.” According to this concept, in the passive
region the oxide or hydroxide of highest solubility
selectively dissolves at the film-solution interface. The
film then becomes enriched in the more stable species
and this oxide or hydroxide governs the rate of dis-
solution. Thus, thé imlproved corrosion properties in
acid and chloride environments obtained by alloying
stainless steels with molybdenum could be explained
by an enrichment of molybdenum oxide in the passive
film. However, no evidence for this was found using
AES; on the contrary, a depletion of molybdenum was
found in the surface and near-surface layers of the
passive film (see Fig. 4). This was the case even for the
pH 3 and 3.45 solutions in which the films were formed
under conditions at which MoO; is thermodynamically
stable {see the Pourbaix diagram (19) in Fig. 14]. The
same general trends were found for passive films
formed in the pH 3.5 sulfate solution with and without
chloride ions (Fig. 1 ahd 2). Thus, the presence of
chloride ions in solution had no effect on film composi-
tion in the passive region.

Although thermodynamics could not be used suc-
cessfully to predict the relative amount of molybdenum
in the protective film, the general trend of the chro-
mium content followed thermodynamic predictions.
Chromium was found to enrich in the passive film
under those conditions where CreO; was stable (¥ig.
14). However, the Pourbaix diagrams are overly pessi-
mistic in the acid region since a passive range was
obtained in 1N H,SO,; although the hydroxides and
oxides of iron, chromium, and molybdenum are not the
stable phases in this region. This also applies to un-
alloyed iron and chromium because both have a
passive range in HoSO4. Since these diagrams were cal-
culated from known thermodynamic data for bulk
compounds, either these thin oxide films are a different
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Fig. 14. Superposition of Pourbaix diagrams for chromium, molyb-
denum, and iron showing the insoluble products and some of the

-guilibeia dotiving She phase boundaries.
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phase or compound whose bulk properties are ot
known or one must consider the kitetics, The filins
formed at pH 14 were found to be depleted of chro-
mium; this is consistent with the potential-pH diagram
if the insoluble product is considered to be Cry0;. The
vertical line representing the boundary between pas-
sivity and corrosion, i.e., [CrOz—=-] = 10-9, is located
at approximately pH 12.5 for CrsQ;.

The influence of potential on the chromium and iren
content of the film is also predictable from thermody-
namics. At 1250 mV (NHE) soluble chromate ions and
insoluble Fe;O; are the stable species (Fig. 7). The
results obtained after cathodic polarization should be
compared with those obtained in caustic solutions since
the evolution of hydrogen at the electrode is accom-
panied by the generation of hydroxide ions. This raises
the pH at the electrode surface. Both cathodic polariza-
tion in the pH 3.5 solution and anodic polarization in
pH 14 solution (compare Fig. 6 and 8) resulted in a
chromium depleted-iron enriched film.

Legitimate questions can be raised about the effec-
tiveness of the Auger technique in detecting molybde-
num since it seems inconceivable that an alloying addi-
tion which can increase the pitting potential over 500
mV would not be a major constituent of the film. Yet
the Auger results for the relative amounts of chromium
and iron in the passive films were consistent with solu-
bility arguments. Thus, one would suspect that i£ the
technique were altering the composition of metal jons
in the film, it would be manifested in the behavior of
these constituents as well as molybdenum,

A further question is whether or not the electron and
ion beams are volatilizing the molybdenum oxide.
Figure 15 shows the Auger spectra of a cathodically
deposited molybdenum oxide film (from a molybdate
solution). This film has a substantial amount of molyb-
denum and a small amount of iron, thus duplicating a
passive film on an iron base alloy enriched in molyb-
denum. The spectrum remained unchanged after 5 and
15 min bombardments by the electron gun. Figure 16
shows spectra taken before and after 40 min of sput-
tering. Again, there were no anomalies. Although the
carbon and nitrogen levels decrease substantially after
40 min of sputtering, there were only slight changes
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Fig. 15. Effect of electron beom on cothodically deposited
molybdenum oxide film.
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Fig. 16. Effect of sputtering on cathodically deposited molyb-
denum oxide film.

in the peak height ratios of the other elements. These

changes could be due to the temoval of adsorbed

molybdate ions and watér from the surface or due to

an inhomogeneous fllm. However, the Important point

is that molybdenum is not preferentially removed by
sputtering. Thus, these results suggest that if molyb-

denum is, in fact, enriched in the film, the Auger tech-

nique would detect it.

One of the inherent uncertainties in the profiling
technique is the possible occurrence of differential
sputtering, This arises because elemental sputtering
ylelds are different, which results in an altered surface
layer enriched in the element with the lower sputiering
yield. Frankenthal and Malm (20) have concluded that
films formed on iron-chromium alloys during me-
chanical polishing are not differentially sputtered. It is
uncertaih whether these results can be applied to this
investigation since a different ion beam energy was
used; however, when a 600 eV ion beam is used to sput-
ter a mechanically polished surface, the Auger results
are similar to the results of Frankenthal and Malm.
Also, there is no evidence that large differences in the
elemental sputtering rates exist. For example, if this
phenomenon were causing an apparent enrichment of
chromium in the films, then one would expect to ob-
serve an enrichment in those films in which chromium
was depleted from the surface layers. ‘

Carbon contamination was found on all surfaces.
This was probably from hydrocarbon or carbon dioxide
which was adsorbed when the specimens were trans-
ferred from the cell to the vacuum system. The varying
concentrations of these overlayers cause the difference
in behavior of the oxygen peak decline in Fig. 1, 2,
and 7.

When the oxygen level is large relative to that of
chromium, the oxygen line (510 eV) causes some dis-
tortion in the chromium line (528 eV). Coad and
Cunningham (21) have analyzed iron and chromium
mixed oxides using both XPS, in which there is no in-
terference between lines, and AES. These results in-
dicate that the errors caused by the distortion are not
significant. )

The Auger results for the composition of passive
films differ substantially from those obtained by
chemical analysis. Perhaps the high silicon and molyb-
denum content found by Rhodin and Nielsen (2,3)
occurs because the film-stripping procedure created
an altered layer. It is conceivable that stich a layer
would contain undissolved silicon and molybdenum
from the alloy. ‘

The Auger results eliminate from consideration the
enrichment idea fot explaining the improved quality
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Surface segregation in alloys: Equiiibrium segregation of Au

to the (111) surface of Ni

J. J. Burton, C. R. Helms, and R. S. Polizzotti

Exxon Rescarch and Engineering Company, Linden, New Jersey 07036

(Reccived 27 August 1975; in final form 1 October 1975)

The experimental pitfalls in detennining the equilibrium composition of an alloy

surface are discussed. Among them are too-slow bulk diftusion, surface

cvaporation, and coutamination. These problems are illustrated with data on
alloys containing tess than 1% Au in Ni. We show that in the temperature
range 800°-1000°C, one can with care measure the equilibrium concentration
of Au on the surface of the alloy using Auger spectroscopy. The heat ol
segregation of Au to the (111) surface of Ni has been obtained 1o be 12£2

kcal/mole.

PACS numbers: 64.80.C, 82.80.L, 79.20.F

Gibbs' predicted a0 century ago (n 1875) that the
cquilibrium composition of the surface of a solution 1s
not necessarily identical to its bulk composition. The
solute will segregate to the surface of the solution if the
surface free cnergy of the solution deercases with in-
creasing solute concentration., This clfect was con-
firmed by MeBain®* i 1932 for o variety of solvéuts
in water,

Recenthy many investisitors have stadied segrega -
tion of one cotponent of o solied metadlic alloy o its
surface ™ There are nuor diserepancies in the resualts
of various expertmental stadies intended o ascertain
the cquitibrinm surface composition of allovs, For -
stance, using Auger electron spectroseopy as o probe
of the surface composition, some authors®™® Jine con-
cluded that no surface segregation occurs in Cu N
alloys while otherst 4700 Love veported substantial
segregation of Cu to the sarlace of Nio These investiga-
tions sugeest the need o thoroughlv exanine the
problems associated with attuning cquibibriom surface
compaositions.

[ this paper, we report on Anger electron spectros-
copy studies ol the smtace composition of the (11D
surtace of very dilate allovs of Anine Nio AN the samiples
studicd contained fess than 1 at9, Au. This material
wis chosen as model system to exannne the problems
associated with establishing equitibeianme behavior goi
narily hecanse the varons theories™ 2 ot sunbace segre
gation alb predict segregation of Au to the Nt surface
and because Witliams®™ huas previously veported sepre
gation of Au to the surface of Au Nialloys,

In the conse of our work, we identibied a number of
potential pitfalis in determining the equilibrioon be-
havior of an alloy surface. Hlucidation of these dithicul-
tics will Le the major task of this paper. Among the
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problems identified are

(1) Contaminants can alter the surface compo-
sition. Henee, work must be carried out on very clean
surfaces or the cffects of contamination must be
specihically stadied.

(2 Surface composition  measurciments st he
made at elevated temperatures and not after quenching
to room temperature,

(3 Lxpertments muost be performed at sutheiently
high temperacares that equilibrionn is attaned.

(D Experiments must be performed at sufficiently
low temperatures that signiticant depletion of the solute

fram the surlace by evaporation is avoided,

While the tirst two of these ditheulties can be overcome
inany carcful experiment, the latter two combined
imply that the equlibrivm composition can be readily
determined in only @ very narrow temperidure range in
the conventional Auger experiment (deseribed in the
section on method). We discuss the problems of estab-
lishing that equilibrinm s indeed seen. o dilute alloys
of Aucin Ni, the equilibrivm behavior con be casily
8007 1000°C,

From the equitibrium sarface composition measure-

catablished in the temperiture range
ments, we obtamed the hieat ol segregation of Aa to the

(11D surtaee of Ni, 12422 keal, mole.

EXPERIMENTAL METHODS

Al of the samples ased in this study were prepared
by vapor depositing 99099 ot Aa oonto (P -ori-
ented, O -mm-thick, 99099 41,9, N1 single erystals,
Ater depositiog abont T ac” s A onto the crystal, it
was annealed in vacuun at 730°C for severil days; the
surtace was repolished s and the sample was then further
annealed in vacuum at temperatures between 1000°
and 1030°C Tor times up to i week. In this way, Au-Ni
alloys were obtained containing less than 1 at.S Au
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in the sever-micrometer-thick surfivce region whose
average composition was estinded with a microprobic.

Meceasurements of the surface composition of the
alloys were made with a Physical Electronics eylindrical-
mirror single-pass Auger analyzer using a beam current
of 35 uA and beam energy of 2000 ¢V. The analyzer axis
was 5° from the sample normal. All measurements,
exeept where speeifically noted, were made at pressures
below 2X 1071 Torr (2.6X107% Par. The sample was
heated using an electron bheam heater which enabled
Auger measurements at eleviated temperatures without
any of the magnetic held effects associated with resistive
heating.

OBSERVATIONS
Auger spectra

In Fig. 1 we show derivative Auger spectra of An and
Ni reference samples and of a Ni sample containing
0.5 at.% Au. Prior to taking the alloy spectrum, the
sample was sputter cleaned and then anncaled at
600°C for 18 h. The spectra are quite distinet.” The
strongest peak in Niis at 61 ¢V and Au has its strongest
peak at 69 eV, [The peak which we are referring as a
69-¢\" gold peak is actually a compound of 66- and 69-¢V
peaks. We were able (o resolve these peaks, hut shall
use the compound peak in this paper. ] The alloy exhibits
both the 61- and 69-¢\ peaks, in approximately equal
strengths. As the Aa (69) and Ni(61) peaks are roughly
cqually strong in the pure metals, their near equality
in the alloy indicates that the surface region (the 61-
annd 69-¢V Auger peaks sample only a few planes into the
crystal'™# ) contains comparable amounts of Au and
N1 Note that, unlike the 61-¢V '|)v:1l\', the N1 Auger
peaks above 600 ¢V oare essentinlly undiminished in the
alloy from their weights in hulk nickel. As the higher-
energy Auger peaks suple more deeply into the erystal
than do the low-energy peaks, it appears plausable
ithat the large concentration of Au scen in the 69-¢V
peak in the alloy may be confined to the surface plane
itself. This qualitative conclusion, thiat the segregant
may be mamly limited 1o a surfice monolayer, is in
carcement with the conclusions of theoretical studies
of surface scgregation hased on”simple models,* with
MeDavid and Fain's experimental tesults for segregi-
tion of Au to the surfice of Cu- Au alloys®™ and with
MeBain's classical studies of the surface composition
o Hepied solotione. = :

In the remamder of this papet, we will he discussing
primarily the ratio of the height of An(69) Aager peak
to that of the Ni(61) peak. This ratio, Au(69), Ni(o1),
provides o measure of the sinface composition.™ 1or
instance, if the surlace pline were pure gold and the
remainder of the erystal had the bulk composition, we
would expect Au{69)/Ni(61) 1o be about 2. If the sur-
face 1s 50 at.% Au, Au(69)/Ni(61) would be about 0.60;
il the surface is 10 at.%, Au, the ratio would he about
009, These numbers are only approximate and serve
~nly toprovide a qualitative guide to interpretting the

J. Yac. Sci. Technol., Vol. 13, No. 1, Jan./Feb. 1976

1973

! 205

-

Ni(61)
Ni — .5%An
dN
Jt
7/I\n(h‘))
Au §
I
x 1t x5 } x2
IR & .
0 300 600 900
LLECTRON ENERGY (eV)
Fra, 10 Auger speetra of Au, Ni, and Ni-0.5 at.%% Au. The

09-e\" Au and 01-¢V Ni Anger peaks which will be employved in this
work are indicated. The sensitivity of the anadyzer wits changed
at 90 and at 600 e\ the sensitivities are noted on the Hgure,
data in the following sections, where we will be present-
ing data for the Auger-peak-height riatio for various
samples and sample treatments, In the discussion see-
tion of the paper, we will return to the question of the
meaning of the Auger peak-height ratios.

Contamination effects

In LEED studies of solitd surfaces, the importance of
small amounts of surface impurity has long  been
apprecitded. The effects of contamination on the surface
composition of an alloy have beent less widely com-
mented on, We have made some observations on effeets
of surface mmpurities which we will bricfly summarize
here. ‘

Some of onr simples were found to contain traces of
sulfur which was cleanced off by sputtering at high
tempesatures. T the course of this cleaning, we had
e opportomity to oleerve the eflect of e salbn on
the surface composition. We found that even small
amounts of S could significantly reduce the amount of
Au on the surface, even in the most dilute alloys. For
one sample, with a nominal bulk concentriation of
abont 0.5 a0 Au, Au(09)/Ni(61) was 0.27 at 1025°C
when there was no sulfur noticeable on the surface.
However, when the surface was covered with about 0.05
monolayer of S (as estimated very crudely from the
ratio of the S{150) to Ni(102) Auger peak heights,
S1530)/Ni(102) = 1y, Au(e9)/Ni(01) was rveduced to
0.22. 1o general, we found that the Au concentration
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o veuel 1 meastured at temperatuee aed after gaenching do not
l . superimpose. This occurs because, during the quench,
! . the sample swrlace has time 1o relax 10 a coiposition
- :- '3. i characteristic of a temperature lower than the anncaling
| ‘" temperature. Therefore, in order to study the equi-
i | ea * =, . librium composition of the alloy surface, it is necessary
ER . to make measuremerits at temperature. :
_J 1.0 - .. 4
s ESTABLISHMENT OF EQUILIBRIUM
: i [
) l fey There are two phenomena which conspire 1o make
n.n‘ o M1 dificult the measurement of the equilibrinm composi-
! = uiNCnED tion of an alloy surface. These are slow diffusion and
\ fast evaporation. If the dilfusion coefiicient is very low,
n‘ , , . the times required (o attain equilibrium can be long
0 ST o 1100 compared to the time available to the experiments.??

i, 20 Auger peak-height ratio 69}/ Ni61) as o fanetion of
annealing temperature for a0 Nioervstal containing 1 oat'; Au,
Measurements were made both at the anncaling temperature and
after quenching (o room temperature. Note that, at the higher
temperatures, the two measurements do not agree.

decrcased systematically as the sulfur increased. This
phenomenon was seen at all temperatures.

Witliams has previously reported that exposure of
AuNi alloys to oxygen can alter the surface composi-
tion, In order to investigate this, we heated o 0.2 a9
A sample ac 1ooo°C
to 100°C, This produced an Auger peak-height ratio
of Au(69)/Ni (61)=0.085. The sample was then ex-
posed at 100°C 1o 1X107% Torr (1.33X10°% Pa) of O,
and the Au(69)/Ni(01) ratio measured. After a 2500-s
exposure (25 Langmuir),
monolayers of O on it [assuming that the Auger oxygen

for 15 min and then quenched it

the surface had about 0.2

signal from a hieavily oxidized (200-Langmuir exposure
at 100°C) Ni sutface originates from i monolayer of ()
and Au (o9 /NI was sull 0.083 Alter 6000
posure, the surface had about 0.6 monolayers of oxygen
and Au(09)/Ni(61) was redueed (o 0.013.

These observations indicate the importance of work-

s ol ex-

ing with clean surfaces in studies of alloy surface com-
position. All of the remaining data in this paper will he
from surfaces with contamination below the lower limit
of detectability in our system, which we estimate to be
about 0.01 monolayer for (7, 0,005 wonolayer for ),
0.005 monolayer for PP, and 0,005 monolayer for S

Quenched samples

Many previous workers have carefully prepared their
allovs by extensive anneading at high temperatures and
then quenched the saanples to room temperature, where
they measured the surface composition, assuming that
they would obtain the surface composition character-
istic of the annealing temperature, tu Fig. 2 we compare
the surfiace composition ratios, Au (e, Nigol), of «a
I oat% Aw alloy made at temperature and  after
quenching to room temperature. In cach case, the
alloy was annealed for 10 min at temperature hetween
the wmeanement- The quendh rate was aboat S07C

It is obvious that, at the higher temperatures, the dita
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This problem can be obviated by waiting or by working
at a higher temperature. At high temperatures, the
vapor pressures of the' alloy constituents can be
significant and free evaporation from the surface can
alter the surface composition.* This problem can be
overcome cither by establishing the cquilibrivim metal
vapor presstire in the sample chantber, which is difficult
in practice, or by working at lower (emperatures \\hcr(,
significant evaporation does ol occur.

Fvaporation problems can be recognized in at least
two ways, The most obvious is (o place a cold collector
near the sample and examine it for evaporants. In
practice, this is sometimes inconvenient and, in addi-
tion, it only tells that evaporation is occurring, not
whether it is sufficiently rapid to seriously perturh the
surface composition. The second way 1o recognize
cvaporation is that it leads to a scrious reduction in the
concentration of segregant on the surface® l"r()m the
dativin Fig. 2, we would expeet that were our a9 A
sample heated to 050°C, Au(09)/Niol) should be
0.5 1o 0.6. When this sample was heated to 1050°C,
within 10 s Au(69)/Ni(61) was 0.55, as expected. How-
cver, this ratio then hegan to decrease after about 10
min so that it had fallen to 0.3 within 1 h. FFor com-
parison, at 1000°C, the cquilibrium ratio, 0.68, was
also obtained within 10 s; however, the composition
In both cases, the
samples reach the equilibrium composition expected
from VFig. 2 within (he first 10 s at temperature. We
think that at 1050°C, initially, diffusion wuas able 4
replice Au which evaporated from the Ni surface and
How-

then remained constant for 3 h.

the composition retained its equilibrinm valve.
ever, subsequenthy, as the supply of Au in the region
nen the s ace bepan to be depleted and the Aa atoms
had o dittuse further to reach the surface, the ob-
served Au concentration on the surface began to fall.
AL 1000°C, diffusion was sufficiently rapid (relative to
evapecition) that the surface retamed its equilibrium
composition.

Our results indicate that evaporation of Au from
the surface may imtroduce problems at temperatures
TERIN the data o the rest ol (his

.'I|u)\1' l |l('l(‘|()l|',

section were taken at temperatures below 1006°C.
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Auper peak heipht ratio Ao o0 Nol) of a1 oatt ;. Ao
v i fnnetion of temperiture for varions ieat treatiments,
Tnitiadly the sample was cooled, ad arate of 1007C /I from 10007°C
thlled circlesy. Tt was then heated, ot o rate of 1007°C /7l (open
cireles). T was then quenched from 1000°C to room temperatuie
and heated at e rite of 100°C /0 (rianggles), Finally, it was spntter
eaned at room temperature and heated at o rate of 300°C/h
(veprares). Note that the vitrious treatments give the same swelaee
compasition above 800°C, bt not at low temperatures,

Slow diffusion is casily recognized. Homanifests iself
in hivsteresis - thatis, the observed surface composition
of the saomple will depend on its previous temperature
history. This is iHustrated in Fig. 3, where heating
curves from well annealed, quenched, and  sputter-
cleaned 1 at. %, Au samples are compared with a cooling
curve. Note that, at temperatures above 800°C, all of
the curves superimpose within experimental error. This
superposition of cooling and the various heating curves
is a strong test of cquilibrium. The use of data from
quenched or sputter-cleaned  samples is particulaly
important as it serves as a check that the mobility is
high enough that diffusion occurs at all in the time of
the experiment.

HEAT OF SEGREGATION

Al of the theories of s lice sevregation predict that
the occupancy X, of availabde surlace sites by the
sepregant (Aa in onr case) shoukd be related to the
bulk composition X'y, by an cquittion of the form™

N/ N TN Ny e (H

where @ is the hicat of segregation; this equation is
expected to describe a dilute surface tayer (X, small)
well hut may not be valid for concentrated alloys.
We would Tike to obtain the heat of segregation from
Auger data,

The intensity I of a particular Auger line of energy
I71s given, approximately, by an equation of the form®

[(F) = D) (Xgde WMDY g 2D Y oLy, (2)

where Xy is the concentration of the element giving
rise to the Auger line in plane £ (0 bheing (he surface), d
is the planar spacing, and A(/9) is the penetration dis-
tance for an Auger clectron with energy /-,
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fir the very special case where the Au segregant is
present iy oty minete quantities in the Ni btk of the
sample and all of the segregation oceurs to the surface
monolayer, as appears may be our case from the
Auger data in Fig, 1 and as in suggested by theoretical
studies?®® and by MeDavid and Fain's experiments
on Cu Au atloys,™ the gold and nickel Auger intensities,
according to Eq. (2) should be related by

Au(69)/Ni(61)
= D(69) XA/ D61 XoNide P}, (3)

Now il XeA" is also extremely small, e, «1, X Ni
must be nearly 1, So, for the extremely ditute case,

Au(69)/Ni(61) = CNXyrv; 4)

cotparing Egs. (1) and (3) now we see that, for the
very spectal case of extreme dilution where X< 1, the
temperature dependence of Auger intensity ratio is
dircctly related to the heat of segregation

Au(69)/Ni(61) = Ce@RT, (s)

Therefore, i plot of Au(69)/Ni(61) against 1/7 for an
extremely dilute alloy should give a straight line with
slope QO/K.

Such an Archentus plotis shown iu Fig, 4 for an alloy
coutaining 0.2 at.% Au. Data are plotted only from
the temperature range 800°-1000°C, where we have
established that equilibrivm is readily obtained. Note
that this sample exhibits an order of magnitude less
surface Au than does the sample discussed previously
and so satisfies the conditions which led to Lq. (5):
very dilute butk impurity and low surface coverage.
From the slope of the straight line through the data in
Fig, 4, we compute the heat of segregation of Au to
the Ni(H) surface to bhe 12422 keal/mole.

CONCLUSIONS

In this paper we have discussed the problems in-
volved in determining the equilibrium surface segrega-
tion behavior of an alloy. We have pointed out the need
o work with very elean samples and the need 1o make

¢
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Froo b Archenias plot of the equilibrimm Anger peak-lieight ratio
An(69)/Ni(61) for an alloy containing 0.2 at.% Au. Note that the
data fall on a straight line.
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measurements at clevated temperatures and not on
quenched samples. We also have shown how to estiablish
that equilibrium is attained. We noted that it is possible,
on very dilute alloys, to deduce the heat of segregation
fram Auger data. We find that the heat of segregation
of Au to the (111) surface of Ni is 1242 kcal/mole.
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3¢ is well known that the quantitative interpretation of Auger
spectra is extremely diflicult, if not impossible. However, our
remarks here are qualitative and are intended only to provide
a guide to understanding our dita. All of our major conclusions
will be based on changes in the Au (69)/Ni (61) peak ratio
and not on the autnerical value of the rtio itself, In general;
we found on all of our sinples that this ratio could be uea-
sured to accurately to at least 2 at.%.



(07

SURFACE SCIENCE 43 (1974) 493-520 © North-Holland Publishing Co.

EQUILIBRIUM SEGREGATION OF CARBQN TO
A NICKEL (111) SURFACE: A SURFACE PHASE TRANSITION
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Equilibrium segregation of carbon to the (111 surface of-carbon-doped nickel single crys-
tals has been studied by Auger spectroscopy. At least three distinct equilibrium states of the
surface occur, viz: _

A, a high-temperature dilute carbon phasc,

B, a condensed graphitic monolayer, scparated from A by a sharp transition with tem-
perature and

G, a multilayer cpitaxial graphite precipitate. '
State B persists in equilibrium about 100K above the observed equitibrium temperature for
dissolving graphite into the nickel crystal, Our interpretation attributes this (o {~ 0.05¢V)
stronger binding of carbon to this monolayer phase than to bulk graphite. We believe the
obscrved equilibrium A--B transition is the first equilibrium surface phase transition detect-
cd in segregation studics.

1. Introductign

The distribution of the components of an alloy near interfaces is of im-
portance in a number of physical chemical and metallurgical phenomena.
Accumulation of onc of the components at the boundaries can have signif-
icant effects on clectron emission characteristics, catalytic cfliciency and
fracturc behavior. The theoretical problem of determining concentration
profiles near free surfaces and other interfaces has been disgussed extensively
[Cahn and Hillidrd"). Meijering2), Murakami ct al.¥)] in the clemical and
metallurgical fiterature. The problem is a complex one and quantitative
predictions can be made only by using rather restrictive models for the
solid solution. For example the regulir solution model with nearest neighbor
interactions derived from bulk properlies has been wsed both in discrete
lattice and continuum approaches to the evaluation of concentration profiles
near boundaries.

* Present address: Bell Telephone Laboratories, Murray Hill, New Jersey 07974, U.S.A.
** Present address: Physical Electronies Laboratory, Hewlett-Packard Company, Palo
Alto, California, U.S.A.
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The term segregation, as applied to altoy systems, refers to an increase in
the coneentration of one or more of the components near Littice discontinui-
tics. In this paper we shall be concerned with equilibrium segregation in a
binary alloy. 8By this we mean compositional heterogeneity in thermval equili-
brium under conditions which correspond to a one-phase ficld on the phase
diagram. We thus distingaish equilibrium segregation fram inhomogeneities
which arise due to cquilibrium phase separation (precipitation). Non-equili-
bririum segregation is a transient phenomenon and may occur, for example,
during solidilication or quenching of alloys. For example, scgregation of it
purities at geain boundaries in a number of systems {Aust et al.1), Anthony5),
Parker )} is believed to be due to the interaction of the impurities with lattice
vacancies which migrate to the boundary as their sink during cooling.

In many ways impurity scgregation is analogous to the. phenomenon of
adsorption at crystal- vapor interfaces: only the source of the adsorbate is
dilferent and the concentration of the impurity in the crystal interior is the
variable which corresponds to gas pressure. The formal thermodynamic
treatments of the two phenomena are essentially the same and, for example,
the Gibbs' adsorption isotherm can be developed in both cases. Strictly
speaking when a crystal is in equitibrium with a vapor of another component
there will always be some atoms or molecules from the vapor dissolved in the
crystal so that equilibrium segregation and equilibrivm adsorption at a solid
vapor interface in a binary system aré-identicat phenomena. We'refer to the
phenomenon as adsorption if we experimentally fix the gas pressure of one
of the constitutents and as scgregation if we experimentalty fix the con-
centration of the minor constituent in the solid sotution.

There have been relatively few equilibriven studies of cither adsorption or
segregation at single crystal surfaces. In many of the interesting chemisorp-
tion systems the binding encrgy of the adsorbate to the surlace is so high
(several eV) that it is not possible to obtain equilibrium coverages significant-
ly fess than a monolayer over the experimentally controllable pressure range.
Some equilibrium studies have however been made of gas adsorption on
single crystals. Extensive studies have been made of the ddsorption of sulphus
on various surfaces [Bénard?), Domange and Oudar®), Kostelitz et al.?)j and
cquilibrium adsorption isotherms (as well as structural information from
LEED) have clearly indicated the importance of interactions among adsor-
bate atoms. There have been numerous reports in the literature of impurity
accumulation at free surfaces during crystal annealing and in a number of
cascs the impurity produces an ordered structure [see for example, Blakely
ct al.™] related to that of the substrate. In a few cascs the solute accumala-
tion has been found to be reversible [Ferrante!?), Blakely et al.!?), Bonzel
and Aaron'?)] and to be approximatcly of Langmuir? type; i.c. the tempera-
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ture dependence of the occupation of surface sites may be described by a
Fermi function,

In the present paper we describe equilibrium studies of the segregation of
carbon to the (111) surface of a ditute Ni-C alloy. The scgregation is not
accounted for by the Langmuir model and in fact three distinet eynilibrium
states* of the surface have been identified. At high temperatures, a state of
low carbon coverage (state A) exists (possibly the lattice gas region). In a
wide interimediate temperature range the carbon coverage is constant (state
B), interpreted as a single segregated monolayer. This segregated state is
limited at low temperatures by precipilation on the surface of multilayer
graphite (state G). For the purpose of later analysis we identify the transi-
tion between B and G with normal bulk precipitation. The transition betweén
states A and B is abrupt and is interpreted in terms of a simple Bragg-Williams
condcnsation model for interacting atoms. A statistical thermodynamic
analysis is used to obtain a valuc for the average binding energy of carbon in
state B. An extension of this work to the study of the temperature variation
of the equilibrium surface coverage of solute atoms in other systems offers a
means of obtaining encrgics of adsorption in cases where it is too large to be
accessible from measurements of coverage with varying gas pressure.

The principle technique employed in this work has been that of Auger
electron spectroscopy (AES) [Harris'é), Chatg!?), Taylort#)] using both a
retarding ficld analyser (RFA) and a cylindrical mirror analyser (CMA)
{Palmberg ct al.1")} for determining the secondary clectron energy distribu-
tions. Supporting experiments include low energy electron diftfraction ob-
servation of the structure of the segregated layers and argon ion bombardment
studies of their thickness.

2. Experimental

The Ni-C system has a number of attractive features [Graham2%)] as a
model system for the study of solute segregation to free surfaces. Nickel sur-
faces have been extensively studied and techniques for producing clean sur-
faces have been well established. The solubility of carbon in nickel has been
measurced quite accurately {Lander et al.®!), Dunn et al.*?)] and is quite
large, about 0.5at ¥, at 000K, with a heat of solution of 0.49¢V. [Roughly
speaking the heat of solution is the encrgy of a carbon atom in the Ni matrix
minys its energy in a pure graphite crystal (sce section 4.2, fig. 13).] The targe
sotubility allows the use of doping levels significantly higher than those of

! The Langmwir isotherm is sometimes referred to us the McLean isotherm [McLean'?))
in scgregation work. '

* The possibility of chiemical and structural transformations al interfaces has. been dis-
cussed by Hart14.15),
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background trace impuritics and gives precipitation temperatures within the
readily accessible temperature range. This leads to reversible variations in
surface carbon level as previously demonstrated in related work on Ni(100)
{Blakely et al.™)], (110) {Sickafus and Colvin23.24)] and pelycrystafline Ni
[Coad and Riviere®®)]. On the other hand when the solubility limit is very
low, as for cxample with C in Au or P1, precipitation may occur over most of
the normal temperature range. The diltusion cocflicient of C in Ni is also
quite well known [Massaro and Peterson26)]; this information is useful in
establishing that the bulk crystal and not the vapor is the source of the carbon
accumulation observed experimentally. In addition surfate graphitization is
of some interest in heterogenous catalysis by the transition metals.

The (111) oriented Ni spccimen was prepared by standard techniques
[Shelton®?)] of orienting, cutting, and mechanical and chemical polishing
from a large nickel crystal (1.5cm diameter and 10cm long) doped with
carbon nominally to ~ 0.26at’;. The initial nickel crystal was grown from
INCO grade 270 nickel with two passes of an clectron beam heated floating
zone at $x 10” “torr. The doping was accomplished by a third pass in CO
at 4 x 1073 torr. The crystal was then homogenized by rf heating in a quartz
capsule for 100hr at 1200°C and quenched in water. Even after this treat-
ment, considerable variation in carbon level was found for different portions
of the same crystal analyzed by inert gas fusion techniques. The bulk doping
level is thus not known to better than a factor of two of the nominal valuc;
as we shall sec later this has only minor consequences in interpreting the data,

The final specimen consisted of a thin sheet (14mm x 5.3 mm x 0.3mm|
welded between Mo supports which were wrapped with high purity Ni foil,
0.05mm thick, and mounted on a standard LEED chamber manipulator,
After bakeout the surface impurities detected by Auger spectroscopy were
C. O. S, Cl and N. Argon ion bombardment at 400cV, IpAjcm?2, 10™*torr
decreased the Cland N below detectability and the oxygen to less than a few
percent of its initial value. The surface sulphur concentration was decreased
put not climinated by bombardment; it was reduced to an insignilicant con-
centration by cycles of annealing (during which the sulphur accumulated at
the sarfiace) and hombarding. From the work of Perdercau ¢t al 28 3% and
of DuCharme and Gerlach®!') we estimate that the sulphur surface concentra-
tion in these cxperiments was . 1 at %. In other experiments somewhat larger
sulphur concentrations were found to have ncgligible effect; sulphur concen-
trations an order of magnitude larger only reduced the carbon signal in state
B and produced a complex structure [which has been termed /39 x \/39R
(16.1") by McCarroll ct al.32) and has also been reported by Perdercau and
Ougdar 8],

Tuce crystal was heated resistively and temperature measured with a
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chromel - wlwmel thermocouple spot welded to the back face. Temperiture
gradients were as high as 7K/mm* as measured optically. femperature
fluctuations were within 0.2K and relative temperatures are accurate to
about 5K. Experiments were carried out in two different stainless steel, ion-
pumped vacuum systems which housed the electron analysers used in this
work. Pressures of 1-2x 107 '%torr were routinely obtained with maximum.
pressures during annealing at ~ 1200K of less than 10~ °torr. With the
cylindrical mirror analyser system the incident electron energy was generally
about 1400eV, the beam current typically 25uA, the beam width at the
specimen 0.7mm and the angle of incidence about 68° from the crystal sur-
face normal. The signal from the electron multiplier of the analyser was -
detected by conventional phase sensitive detection techniques [Chang'?))

at 38kHz with 12db/oct roll-ofl and 0.3scc time constant. In the retarding

field analyser the typical operating characteristics were: incident electron

beam cnergy ~ 1340¢V, beam current ~ 2.5pA, beam width 0.8 mm (mea-

sured using a subsidiary phosphor screen) and angle of incidence ~ 30° from

the surface normal. The retarding field analyser was a 4 grid LEED system

operated in a manner similar to that described by Palmberg3?). The axis of

cach analyser was normal to the incident clectron beam and in the plane of

the beam and the surface normal. .

Fig. 5 is an example of the spectra obtained using the retarding field anal-
yser. The principal features may be identificd with reference to table 1, where
the peak energies are given according to the hormal convention as those at -
the minima in the derivative of the secondary clectron energy distribution.
The important peaks referred to in other figures are the 62eV, 105¢V and
850¢V nickel Auger peaks and the 270c¢V carbon Auger peak. The plasmon
loss peaks (at multiples of 29¢V) observed with graphite covercd surfaces
have been discussed in some detail in another report [Patil and Blakely33)).
In the results presented below the heights of the various Auger peaks arce
given as a function of temperature and interpreted in terms of surface cover-
ages. We have taken as the quantitative measure of peak strength the inflee-
tion height delined as the height from the maximum to the minimum in a
derivative spectrum. No correction has been made for peak shape or back-
ground slope [Taylori®)}. Shape changes with variations in surface coverage
were found to be negligible except for the C Auger peak which was significant-
ly narrower in the low coverage range (state A). The uncorrected inflection
peak height of carbon thus overestimates the carbon concentration in state
A since the peak strength is better represented by the product, height x
(width)? from a derivative spectrum.

* By inducing farge changces in the temperature gradients, thermomigration was found to
be negligible in agreement with Shaw and Oates),
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FasLed
tdentification of the main peaks observed in the secondary spectra

Peak Encrgy (cV) Matcrial Rcferences
. Becam
Elastic cnergy, Eo -
Loss (Lo —29) Graphile
(Eo -~ 26) Nickel Hartlcy and Swan"7)

Hcimann and Holzl%)

Loss (Lo —70) Nickel Heimann and Holzl5%)

Loss " (Eo—2x29) Graphite Hartley and Swan®7)

~ Scheibner and Tharp®?)

Coad and Rivitre?h)

Loss {Fo--3x29) Graphite

Loss (E — 300) " Graphite Bishop and Rivigre')
Coad and Riviére?s)

Auger 850 Nickel Coad and Rivicre?5: 89)

LaVV Aksela ct al.5)
Yin ct al.%2)

Auger 105 Nickel

(M,VV)

Auger 62 ) Nickel

(Ma,aVV)

Auger 270 Carbon Lander®™)

(KVYV) Amclio and Scheibner®)
Palmberg!)
Coad and Riviére?5)
Haas ct al.%%)

Auger 150 Sulfur Dalmai-Imelik ¢t al. %)

(L2aM23Ma3)

Auger 520 Oxygen Palmberg ct al.t%)

(KLaslos)

The rate of change of the carbon Auger peak height with time could be
used to test the assumption that the crystal interior was the source and sink
for carbon. A direct demonstration that the carbon was not derived from
ambient gases consisted of heating an undoped (t11) nickel crystal for
periods up to days (both with and without the electron beam) at temperatures
between SO0K and 1000K ; the carbon Auger peak remained unchanged at
much less than the saturition level, In doped samples, surface carbon could
be cycled between roughly monolayer and bulk doping levcls by large tem-
perature changes in dbout d0sec with pressure al ~ 5x 107 "torr.
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3. Results

The variation of the peak height with temperature for a number of Auger
peaks was monitored both with the cylindrical mirror analyser and with the
retarding field analyser. In the CMA we relied on the well known focussing
properties [Aksela?$)] to insure that the same area of the specimen was being
examined as a function of temperature. The crystal was not moved after
positioning it at the focal spot (by maximizing the elastic pecak as a function
of erystal and clectron beam position). As magnetic fields duc to the crystal
heating current deflected the beam, it was repositioned on the focal spot by
adjusting the deflection voltages on the gun to give a maximum elastic pcak
while preserving its symmctry. The observations with the RFA were madc to
confirm that the results in the CMA were not influcnced by inhomogencous
composition along the sample. In the RFA the clectron beam could be scan-
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Fig. 1. Temperature dependence of the 270¢V carbon and 62¢V Nickel Auger peaks.

Three states (A, B and () of difterent carbon coverages are identiticd. Note the sharp'

decrease in carbon coverage at ~ HEROK. These data aré for the CMA at an angle of
incidence of 68" o the surface normal.
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ned across-the specimen without sighificantly affecting the line shapes and
analyser collection cfficiency. Electron diffraction observations gave some
information on the structure of the segregated and precipitated phases, An
attempt was made to probe the thickness of the surface layers by measuring
Auger peak heights after various Argon ion bombardment doses in the RFA;

3.1. AUGER PEAK HEIGHTS VERSUS TEMPERATURE (CMA)

The main result is indicated in fig. 1; this shows the variation with tem-
perature of the 62¢V Ni Auger peak and the 270cV C Auger peak. The datd
in this figure were obtained by changing the temperature in a step-wise
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Fig. 2. Typical Auger spectra in the CMA atan angle of incidence of 68 °, P gives relative
full scale sensitivity of the clectron multiplier and phase sensitive detector.
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manner. The average hcating rate was 25K/hr to ~1100K, 8§K/hr to
~1210K; the cooling rate was ~3K/hr from 1210 te 010K, The main
features to note on the figure are the large and abrupt increases in the C peak
heights coinciding with decreases in the Ni Auger peak and that otherwise
the heights arc independent of temperature. The heating and cooling rales
below 100K were probably 100 high to ensure that equilibrium was attained,
but above HDOK it is believed that the system was very close to equilibrium.
From this figure we identify three states* of the surface fabeled A, B, and G
tis indicated. Typical Auger spectra for the three sttes are given in fig. 2.
tn state G (high carbon coverage), the strongest Auger peuk (that due to
€ at 270¢V), has the shape characteristic of graphite and the nickel 62eV
peak is down to about §%, of its maximum valuc in state AY. The elastic peak
is accompanied by thrce loss peiks at multiples of 29eV; this is the same
value obscrved during the course of this work on a gruphite single erystal
and agrees quite well with the plasmon loss energy in graphite observed by
others in reflection experiments. These obscrvations togethet with the LEED
evidence presented below lead to the conclusion that state G is one in which
the Ni surfuce is covered with several Liyers of graphite. In state A (the high
temperature, low C coverage region) the C peuk is mueh narrower than for
graphite (~8cV as compared to 20eV) and the Ni peaks at 62¢V, 105¢V
and in the 600-850¢V range, are dominant. The spectrum of state B is inter-
mediate between that of A and G it shows a strong 270¢V pedk with the
graphite shape, Ni peaks weaker thatin state A with the Ni 105¢V peak most
attenuated and a single 29¢V loss accompanying the clastic peak, Quantitative
analysis of the peak heights in this region, as presented in section 4, together
wtih LEED observations lead o the conclusion that state B is ohe in which
the surface is covered with a C monolayer having the graphite basal planc
structure. .

In order to cstablish that the observed peaks were characteristic of nearly
equilibrium conditions the transicnts in peak heights were folfowed after the
slep increments in temperature. Fig. 3 shows the variation of the carbon
Auger peak height with time following typical small changes in crystal tem-
perature. The temperature changes were accomplished within one minute.
The relaxation time associated with Auger peak changes is scen to be about
Lhr in the region of the A-B transition (~ 1180K) and this may contribute
lo the hysteresis obscrved there (fig. I). :

¢ Heis possible that there are intermediate states between B and G as evidenced by struc-
wire in the height of the 62¢V Ni peihs in (his region, In this paper we shall mainly
concentraté on the upper temperature transition,

! With suflicient anncaling in state G the 62¢V Ni peak could be reduced to the limit of
detectability.
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Fig. 4 is similar to fig. { but inctudes the temperature variation of afl the
main peaks of the spectrum. Notc the correlation in changes of peak heights
at the two transition regions. We estimate from this figure that the lower
temperature limit of state 8 is ~1065K. -

Some data were afso obtained from specimens of other nominal bulk car-
bon concentrations, ~0.02 and ~0.5at%. The temperature of transitioh
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Fig. 3. Variation of carbon Auger peak height with time following small step changes in

temperatare. The fisst two seetions correspond 1o heating increments, the last to cooling.

in this temperature range the relaxation time for attainment of cquilibrium near the A-B

transition is ~ 1 hr. The Ni peaks, which change in the epposite direction, show a similar
time dependence [Shefton??)).

into the high temperature phase A were respectively ~900K and ~t115K.
Since the bulk carbon concentrations are not known to better than a factor
of 2 no conclusions can be drawn from the way that the transition tempera-
ture varics with bulk carbon concentration. However the fact that it is dif-
ferent for crystals with different doping levels tends further suppor( to the
asscrtion that the crystat interior was the main source of the surface carbon.

3.2, AUGER PEAK HEIGHTS VERSUS TEMPERATURE (RFA)

The results obtained in the cylindrical mirror dnalyser were substantially
confirmed with the retarding ficld analyser. However since the exciting clec-



(13

EQUILIBRIUM SEGREGATION OF C 70 A Ni{l11)'SURFACE 503

tron beam could be scanned across the specimen without appreciably chang-
ing the sensitivity it was possible to asscss the effects of temperature gradients
and composition gradients on the transition between A and B. For example,
comparcd Lo the results in the CMA the temperature of the A-B transition
was. about 15K lower at the specimen center and about 40K lower at the
supporting ends, This is attributed to depletion of carbon from the specimen
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Fig. 4. Peak height versus temiperature for a number of the main peaks in the CMA

spectra; angle of incidence 68" (o the normal. The A -B transition is cstimated at ~ 180K

and the fow temperature limit of stability of statc 8 at ~ 1065K. For all pcaks the scatier
in data points is similar to the scatter shown in fig. 1.

.

during the anncals* resulting from intervening experiments and is cvidence
for the ventrot of the equilibrium surface composition by the bulk crystal
composition. Otherwise the A and B transitions displayed temperature
dependence as shown in fig. 4. A

Fig. 5 shows typical spectra for the three states as observed in the RFA.
These are similar to those given in fig. 2 except: the sulphur level has been
further reduced, the carbon peak in statc A is on the limit of dctectability,

* The anncaling time in the CMA was sufficient Tor a dilTusion length of ~ 0.3 cm using
dilfusivity data {Massaro and Peterson®®)} on carbon in nickel,
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Fig. 5. Typical Auger spectra in the RFA at an angle of incidence of 30" to the crystal
normal. P is the phase sensitive detector sensitivity. The absolute r.ms, cufrent was
obtained from the measured impedance of the detector,

the loss spectra associated with the clastic peak are much better resolved,
and the state G spectrum has higher carbon coverage obtained by a [Shr
anncal at 760K.

For comparison with the results of model caleulations (section 4), we
determined the relative magnitudes of the carbon and nickel peaks in the
three states using 6 spectra for state G, 10 for A and 15 for B, In state 8 the
average peak heights of the Ni peaks relative (o those for state A were:
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Ni 62¢V: 0.56, Ni 105¢V: 0.27, Ni 850¢V: 0.76. The ratio of the C 270eV
pecak it state B to that in state G was 0.66. The sensitivity of the RFA was
insuflicient 10 detect carbon in state A ; for the CMA spectra the ratio of the
C peak in state B to that in A is ~ 102,

3.3, LEED OBSERVATIONS

The low encrgy electron diffraction patterns from the three states were
qualitatively similar. They show surface meshes consistent with both Ni(111)
and graphite (0001)*. The variations with-encrgy in the pattern from state

Fag. 6. Ball model of a graphite (0004) Tayer on the (111 surface of Ni. The teft hand
portion of the photographs depicts the probable arrangement in state 83 with
(00O D) graphite [[(1TH NI [H20]graphite ([1TO]Ni. Note that the graphite

layer has two atoms per unit mesh.

G show 6-fold symmetry expected of bulk graphite whilz those in state B
and A are 3-fold symmetric. Furthermore the intensity-energy curves for the
specular beam from state G at various angles of incidence agree well with
the results of McRae and Caldwell?7) on bulk single erystal graphite. Intensity
data’ has also been obtained from state B and is substantially different from
that of bulk graphite and bolk nickel.

* The hexagonal lattice constant of the nickel (111 plane is 2.497A at 300 °C, 2.507A at
SO0 C, 2.517A at 750 C and 2.522A a1 900 C [Wise™)]. By comparison,-the hexagonal
lattice constant of the graphite basal phine is 2461+ 0.0005 A [NMorgan®™)] over this range,
veaching o nnnoman of 246058 At about 800 CL The Battices may be compared in lig. 6.
Yo This s presently bemg analyzed and will be described in a future publication along with
details of the low encrgy sccondary spectrum in state B.
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The patterns sugpest that in states B and G the earbon is arranged in
graphite layer(s) with the epitaxy (0001) graphite|] (111) Ni; [ 1120 }graphite||
[1TO] Ni (fig. 6)*. There is some slight disorder in state G about the surface
normal as evidenced by the faint diffraction ring segments in fig. 7b. Dif-
fraction from a mesh other than Ni(t11) or graphite(0001) was observed
only when significant amounts of sulphur were present.

Fig. 7. LEED pattern of the graphite covered Nigd1 1) surface (state G). (a) is at normal

incidence: (b), at 22" rotation, was overexposed to show the presence of weak diffraction

ring segments. The strong spots are consistent with cither Ni(111) or graphite(0001); the °
ring segments indicate some rotational disorder of graphite domains.

3.4. 1ON BOMBARDMENT OBSERVATIONS

To assess the thickness of the surface carbon layers in states B and G and
to obtain some information on the concentration profile into the crystal,
measurements of Auger pecak heights were made after various intervals of
ion bombardment at room temperature. Two separate experiments were
cargied out on different (111) crystals, one prepared by quenching from state
B the other with the its surface in state G.'During bombarding, the crystal
was biased at —200V relative to ground and bombarded with 400eV argon
ions in an argon pressure of 107 *torr**, Between successive bomburd-
ing increments the chamber was evacuated and the secondary clectron spec-
trum recorded with the RFA. The ion current density to the crystal was
estimated from the mcasured current from the crystal to pround (~1pA)
and the specimen arca. This procedure will overestimate the ineident ion
flux since it negleets the cjected electrons. However removal rates may be
* This artangement has carlier been supgested by Leidheiser and Gwalhmcy"")vzmd‘

Speich ') withaut the advantage of supporting LEED patterns.
** The background pressure of Chby during bombiardiment was <23 <10 7torr,
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estimated using vield measurements of Lacgreid and Wehner'2)! since their
yiclds are referred also to measured crystal currents,

Fig. 8 shows peak heights versus number ol incident argon ions, for bom-
bardment at normal incidence with the crystal initially in state B. With about
10'® ions/cm?*, the Ni Auger peaks develop rapidly and the 270 ¢V carbon
peak shows a shape change with the peak muximum moving to higher

100
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Fig. 8, Peak heights versus aumber of bombarding argon ions for a crystal initially in
state B. The incident argon ion current was ~ 108 ons/cm?2sec. Nole the rapid increase
in the Ni Auger peaks. Ton bombardment was at normal incidence, clectron excitation
al 307 to the normal.

energy. The width is thus reduced to about 10eV compared to aninitial value
of ~20cV. The carbon peak then decreases with a relaxation parameter of
~ 10" 7ions/cm? and reaches an apparent steady state value of about 0.15 of
its initial height.

Fig. 9 is the corresponding result for sputtering from state G. In this case
the Ni peaks undergo a rapid increase during the first 5x 10'®jons/cm?
followed by a slow approach to the apparent steady state value with a relaxa-
tion parameter of ~ 10" *ions/fem?2. The carbon peak persists in the graphitic
shape over the entire bombardment indicated in the figure. Using a yicld of

t They report the sputtering yicld by 400¢V argon lor carbon from bulk graphite 10 be
~ (0.1 carbon atoms ‘incidention and for nickel from bulk nickel, ~ 1.2,

* For comparison, the two dimensional atom density of Ni(111) is 0.19 - 10 cm® and
for graphite (Q001) it is 0,38 - 101 /cme=,
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about 0.4 carbon wtoms per incident ion shows that the averape thickness of
carbon in stite G is several monolayers,

‘Phe dnitial relaxation of the spectra are qualitatively consistent with mono-
yer and maltilayer initial graphite coverages respectively. ‘the persistence
ol the carbon Auper peaks in both cases afler targe hombardment intervils
is probably duc to the small sputtering clliciency of C relative (o that of Ni.
Concentration profiles near the surface cannot be measured by these tech-
niques when the solute is sputtered fess cfliciently than the malrix atoms.

3.5. CHARACTERISTIC ENERGY LOSSES (RFA)

Multiple 29¢V losses were observed with the surfice in state G, and a
single 29eV loss with state B using 10V peak to pecak modulation. Reducing
the peak to peak modulation amplitude from {0V to 2V allowed resolution
of losses of lower cnergies. The width of the 29eV loss peak was 14eV at
both modulation amplitudes while the clastic peak width was reduced from
10cV 10 1.9¢V. The loss energics, taken as the energics of the peak centers
below the center of the elastic peak, were

State A: 53+0.5¢eV, 10+0.5¢V, 27+ 1eV;
State B: 5+1eV,9+1c¢V, 2941V,
State G: 5+0.5¢V, (multiple) 294-0.5eV.
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Both the peak energics and widths were insensitive to incident beam direc-
tion and energy for incident encrgies of 280, 900 and 1400c¢V.

4. Discussion

We interpret the results presented above to indicate that under equilibrium
conditions the surface in contact with the bulk solution displays one of
several distinct states depending on temperature. The high temperature state,
fibeled A, is one of dilute carbon coverage: the extent of scgregation is small
with the cirbon approaching a uniform distribution with depth. In the
intermediate temperature region a scgregated phase (state B) exists; we be-
lieve this to be a monolayer of graphite, epitaxial with the Ni(111) surface.
The low temperature region is characterized by a precipitate (state G) of
multilayer graphite with the same epitaxy. In this scction we present the
arguments which lcad to these conclusions and then use a simple statistical
thermodynamic model to describe the sharp transition between states A and
B. From this model we abtain an estimate of the binding encrgy of carbon
atoms in the segregated phase.

4.1, INTERPRETATION OF THE 3 REGIONS
4.1.1. State B

A quantitative estimate of the carbon concentr. s srate B can be made
by computing the magnitude of the current in an Auger peak duc to a carbon
monolayer and comparing with the observed values in the RFA. We follow
a procedure similar to that of Bishop and Riviére).

Assuming the X-ray fluorescence yicld to be negligible for carbon (Dick
and Lucus"")] the current /1, of Auger clectrons (K, V, V) is given by

I, = I,Ra N scc 0. (1

1y is the incident beam current, and R, a backscatlering factor accounting
for K-shell ionizations by clectrons not in the primary beam, has been
estimated as 1.1-1.3 by a number of workers [Gallon), Scah?), Vrakking
and Meyert?)]. oy is the K-shell ionization cross-scction at the incident
energy, N the number of C atoms per unit arca and € the angle of incidence
relative to the crystalnormal. Taking R=1.2,1,=2.50A, a4, =3.3 x 107 ?cm?
at 1440c¢V [Glupe and Mchthorn®), Gerlach and DuCharmet®), Pessa and
Newell®), Staibh)], 0=30", we obtain for state B

I,=43TnA. (2)

The inflection height 17 on the second harmonic spectrany may be estimated
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by assuming the current /, to be distributed as a Gaussian with half width o

and gives {Taylor®?))
4 0|2 mel z )
=T 52 ) 1o ®

where T(~0.075) is a geometric factor for the analyser accounting for the
limited acceptance aperture and the transmission of the grids and V4 is the
peak to peak modulation of the grids. Taking o~ 10¢V (haif the observed
peak to peak width in state B) gives /1~7.0pA very close to the observed
value (fig. 5). The agreement is better than can bcjuéliﬁcd by the model cal-
caluation since the carbon peak shape is clearly not Gaussian and we conclude
that to within a factor of 2 or so the carbon coverage in state B is one mono-
layer.

Further information on the thickness of the carbon coverage in state B can
be obtained from the observed attenuation of the Ni Auger peaks in the
retarding ficld anafyser. We calculate the attenuation of an Auger peak from
the Nisubstrate in a simple model and compare with experiment. We consider
the case of coverage by a uniform C monolayer. The assumptions of the
model are (a) that the spectrum emitted by the nickel substrate is unaffected
in shape and strength by the overlayer, and (b) that the attenuation of the
emitted Auger clectrons by the carbon monolayer can be described in terms
of inclastic mean free paths. The constancy of the Ni peak shapes is con-
firmed by comparison of the Ni spectra in states B and A. The attenuation
of the incident 1400¢V beam by the overlayer is expected to be negligible for
several reasons. The attenuation is believed to be due mainly (o plasmon and
pair excitation; from the data of Glupe and Mchthorn8), the mean free path
for K-shell ionization is estimated to be ~2600 A at 1400 eV in graphite,
while mean free paths for plasmon and pair creation are typically ~30A at
this cnergy (see fig. 11 below). Even if plasmon excilation in the overlayer
does oceur the resulting change in energy {~29¢V) and angle of incidence
(~0.67) should have negligible cllect on the beam incident on the nickel at
the incidence angle used in these experiments.

The development of the attenuation function is described clsewhere [Shel-
ton27)}: it is given as a function of the angle 0 between the surface normal
and the analyser axis, the layer thickness x, and the electron mean free path
A by

A0, x]A) = A, J £(92) cxp[— \ scc(!)-n)_l ds2, (4)

v

detector

where 2 is the direction of emission, £{(f2) describes the angular distribution
of emission from the source and nis the unil vector normal to the crystal
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surface. The constant A, is chosen such that A(0, 0)= 1. The attenuation
function A0, x//) is given in fig. 10 for the RFA at 0=60", for isotropic
emission [i.c. #(2)=constant] and for a cosine emission d'islribulion [i.c.
t(R2)=cos(82-n)). In both cases there is significant deviation from a simple
exponential attenuation.
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Fig. 10, Calenlated thickness dependence of the overlayer attenuation Tunction A0, x/4).
The calculations shown are for 6 - 30° and are normalized against zcro thickness at this
angle of incidence.

To compare the values predicated by cy. (4) and fig. 10 with experiment
requires a knowledge of inclastic mean free paths, 2, in the carbon layer at
the encergics of the Ni Auger peaks. Fig. |1 displays some experimental and
theoretical mean free paths in carbon as a function of primary energy. The
cnergy for the experimental data refers to a zero at the vacuum level while
that for the theoretical results is refative to an independent electron with zero
kinetic enerpy: the experimental points should thus be moved to higher
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energics by the amount of the real part of the inner potentinl for direct com-
parison. The theoretical estimirtes are for bulk excitation of a homogencous
clectron gas; Quinn’s™) approximation is for bulk plasmon excitation and
Lundquist’s?!) includes both plasmon and electron-hole pair excitation. We
use here the results of Lundquist extrapolated tor, = 1.5, the valuc appropriate
to griphite considered ws a free-clectron system with 4 clectrons per atom,
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fig. T Electron inctastic mean free paths in carbon. The solid curves are (heoretical
estimates for the average electron density of graphite.

s 'he resulting attenuvation predicted by eq. (4) for 0=30", and assuming the
thickness x to be that appropriate to onc layer of graphite (i.e. the inter-
planar spacing 3.35A), is given in fig. 12 for the case of emission obeying a
cosine distribution. Indicated also are the experimentally observed attenua-
tions of the Ni peaks from comparison of RFA spectra from states A and B
under the conditions given in section 2. The agreement is satisfactory in the
light of the simplicity of the model and the absence of adjustable parameters.

The magnitude of the C peak from state B, te attenuation of the Ni peaks,
the graphitic shape of 1the carbon Auger peak, the presence of the 29¢V and
tonization losses associated with praphite together with the EEED observa-
tions desertbed above, fead us 10 postutide that this stite is one of 4 mono-
fayer of carbon with the graphite structure on the Ni(T11) surface. The sput-
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tering observations are qualitatively consistent with this picture. As shown
fater, a statistical thermodynamic analysis of the A=B transition gives a
binding encrgy of carbon in state B approximately the same as in the basal
plane in a graphite crysial,
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4.1.2. Srare A

As shown in fig. 1 the carbon peak-to-peak height in (his condition is
~ 1072 times that for state B. Taking account of the decreased width of the
carbon peak in state A (i.e. 2a~8eV) gives through c¢gs. (1) and (3) the
surface density of carbon atoms ~6x10"%em ™2, This corresponds to

about 0.3atf,* if the state A signal were due 1o the top monolayer. This
comparces favorably with the nominal bulk carbon concentration.

4.1.3. State G

We believe that in-this state the surfuce is covered with multifayer epitaxial
graphite. The LEED pattern is that characteristic of graphite with 6-fold

* The two-dimensional atom density in the gruphiic (0001) planc is twice that in Ni(111).



12¥

514 JoCOSHELTON, 1L R PATIL AND S, M. BLAKELY

rotationad symmietey the diffracted intensity-energy curves and mulitple loss
characteristics are very similar to those from a bulk graphite crystal and the
Ni Auger peaks are attcnuated by amounts consistent with.a thick overlayer-
(of the order of 4 layers). The fact that the C peak retains its graphitic shape
even after long spultering intervals further supports our conclusion. We.
also note that the reduction in surface carbon conceintration as the crystal is
heated beyond state G is cvidence that the crystal is then unsaturated with
respect to graphite precipitation, ‘ '

4.2. STATISTICAL THERMODYNAMICS OF THE A-B TRANSITION

As mentioned above we belicve that the data presented in fig. | closely
approximates the cquilibrium situation in the region of the A-B transition
but less closely near the low temperature Tlimit of stability of state B. The
most striking featurc of the A-B transition is its sharpncess, the width of the
transition being less than 15K, To interpret this sharpness on a Langmuir
model for scgregation from the crystal interior to noninteracting surface sites
would requirc an energy of scgregation per carboi atom of ~60¢V! However
such a sharp transition can be explained by recognizing interactions among
the carbon atoms. We hirst deduce a value for the binding encrgy of C in the
state B by a general thermodynamic argument and then illustrate the origin
of the condensation of state B with a simple Bragg-Williams model.

4.2.1. Heat of segregation

From fig. 4 we take the temperature of the A-B transition, Ty, to be ~ 1180
K while the fow temperature limit of stability of B, Tyg. is estimated at
1065 K. If we identify this lower temperature as that of precipitation, i.c.
that at which bulk graphite is in equilibrium with the nickel-carbon solid
solution, the heat of segregation to state B can be found as Tollows,

The chemical potential g of carbon in its resevoir, the bulk solution, tak-
ing pure graphite as the referénee state is given in the usual way for a dilute
solution as

po=Fo (1) +kT1ny, (5)

where £, (T) is the excess partial atomic free energy of solution and g the
fractional occupancy of the interstitial octahedral sites in Ni by carbon
awtoms. From Dunn et al.22), £ (T)>(0.49¢V—0.2k7). If we assume thaj
the state B is a homogencous complete monolayer of carbon, as discussed
above, the chemical potential in this phase is the free energy per atom /.
AL Ty, Iy is equal (o the chemical potential of carbon in solution so that

FalTan) = Fui(Tan) +kTpytn g (6)
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Similarly when precipitation occurs at Ty the free encrgy per atom £ in
the precipitate phase is equal to the chemical potential in solution so that

Fa{Tua) = Fui{Tug) + kTygInx. (M

Scuting F;=0 as the reference state, expuanding the free energics into their
energy (£) and entropy (8) parts gives on combining (6) and (7)

I;.Il - I:\nl = - ’r/\" (S\ul - k 1" L Sll) (8)
Faut Ti (Swr = K Iny)

If we negleet Sy, the entropy per atom of the segregated state relative Lo that
in bulk graphite, cq. (8) gives on defining (£ — E,,;) as AE,, the energy of
segregation per atom
AL, __ T : ©)
L Y ' '

and inscrling numerical values
A, ~— 111 £, ~-055¢V.

In other words the binding of carbon in state B is slightly greater (~0.05¢V)
than in graphite. The relative partial atomic encrgies of carbon in the various
states are collected on the energy level diagram of fig. 13. This shows for
example that the encrgy of adsorption of C on Ni in the form of a graphite
monolayer is ~7.5¢V,

Iscialed 75eV
cCaotom —TFTTT———"—"T"—"——"T -
Energy of
Vaporization Energy of
Adsorption
C in N
J— 4 e
Solution 049ev
Encrgy of Energy of
Solution Segregation
C 1n Grophite =t (= — — o — ———d— - -
Cn -0 05eVv
State 8

Fig. 13, Partial atomic energies of carbon in various states. This should be regarded as an

clfective *one atom™ energy fevel diagram, The evel labeled ©Cin State B s from the

present study s this result can be used (o predict the energy of adsorption into this state

from carbon vapor as indicated. The vaporization data for graphite are reviewed by
Reynolds™) and Honig and Kramer').
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4.3. BRAGG-WILLIAMS MODEL OF THE A-13 FRANSITION

This is the simplest nodel which shows a sharp transition between phascs
sich as A and B and altows an wdentification of the energy of scgregation in
ternrs of the binding of the carbon atoms, 1t has been used to describe
adsorption of interacting adsorbates and to give a qualititive explanation of
condensation phenomena [Fowler and Guggenheim?9)). We consider the
cquilibrium of two phases: viz, the Ni- C solid solution and the surface C
layer considered as a separate phase.

Within the Bragg-Williams formufation the scgregated atoms are assumed
to be randomly distributed among cquivalent adsorption (or segregation)
sites, which may be considered to be surface sites. This Tcads to an expression
for the chemical potential of carbon in the surface phase in terms of 0, its
fractional coverage (0=1 for a monotayer) {Clark"t))

(1,0) = kT | 0 | cwf) (10)
. N =K n CcX R
s L=0g P kT

where ¢ is the partition function of a single C atom in an isolated surlace site,
¢ is the coordination number in the complete Liyer (= 3 for a graphite layer)
Cand @ is the interaction energy between pairs of ncarest neighbors (=
= - 5¢V for graphite); longer range interactions are ignored. Setting

kT'In(l/q)= L, - TS,,

where £, and §, are respectively the encrgy and entropy of an isolated atom
at a particular site, gives

0
AT, 0y =Ly + ocl + kT |n<I (~)> - TS,. (11)

The equilibrium value of ¢ is determined by equating this chemical potential
to that in the reservoir. In our case the reservoir is the bulk solid solution
with carbon chemical potential given by eq. (5). The variation of ¢ with 7'is
then described by the equation

0
/"\ul FAT Iy = By b ol 4 kT In(l ()) - T8,. (12)

For sulliciently high temperature (T> 7, = — wejdk, the critical temperature),
¢d. (12) has a single solution tor 0 Tor cach T, and  increases smoothly as
T decreases. For T< T, 0 is a mualtivatued function of .. This is indicated
in fig. 14a where we have skelched the quantity 1T [p (T, 0)—p (7. 1)]
versus (). The model chemical potential is odd about 0= 1 and a Helmholtz
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cqual arca theorem [Fowler and Guggenheim5%)] shows that when the
surface phase separation occurs the chemical potentiad is given by pu (T, §).
Inspection of fig. 14a shows that only very low coverage or very high coverage
phases occur at equilibrium with T appreciably below 7', for example in the
1000K temperature range, a value of wex eV is sufficient to limit the

Tl:[/l.s(T,e)"F-s (T.ZL)J

/7 D\T=.4T,
/ N
/ AN
| \
\
I \
!
] T=.87, \
] oo T T . ) / | Coverage
o) B\ 6~~7—-87 9 I
N |
!
N
\ !
N\ !
N /
\\\ /
(0) ~-/
4 .
Coverage | "
8 1
10 *\\‘:
oS5
e L
T’ Temperoture

(b)
Fig, 14, ) Chemical potential versus coverage for interacting segregated itoms in the
Bragg Williams model, The homogencous phise is unstable with respect (o phase separa-
tion below the critical temperatue 75 ¢ meldhy in the range of coverage indicated by
dashed lines. The temperature of the phase transition hetween low and high coverages is
determined by the chemical potentiad of the solnte in the erystal. (b) Schemaltic coverage
temperature plat deduced fromy the maded for Gised erystal doping. A surface phase transi-
tion ol the type indicated at 77 is believed (o be the reason for the sharp coverage decrcase
al ~ TISOK in tig. 1.
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possible values of 0 to the segions O to ~0.08 and ~0.99 10 1. This is indi-
cated i the scheniadic coverage versus témperature curve ol fig. 14b.

if we identify the temperature of the surface phase transition 7' with our
observed temperature 7'y, we obtain from (12) with 0=}

(Lp + Swe) = TaySo = Fgr + kTxy In g (13)

This may then be compared to egs. (6) and (8) Lo give a microscopit indenti-
fication of the contribution to the cnergy of scgregation, i.c.

AL 2 (Ey + Jwc) — Ey. (14)

The Bragg William model is too simple to describe the real situation. Onc
would expect clustering to occur so that in practice the average coverage
would increase smoothly over a range of temperatures. However the interac-
tion cnergy between pairs of neighbors in a graphite layer is so large that at
the temperature range used the transition should still be very sharp.

5. Summary

We have studied the segregation of carbon to the (111) surface of nickel
contaiing ~0.3at%;, carbon in solution. Distinct states of the surface occur
as the temperature is varied with transitions between the states occurring
over narrow lemperature ranges.

At fow temperatures (< 1065K) the surface is covered with muitilayer
graphite cpitaxially precipitated on the Ni substrate. _

In the intermediate temperature range { ~1065-1180 K ) the surface cover-
age is constant at a vatue which we believe to be one monolayer. This surface
layer is identified as an equilibrivin segregated phase. 1t has the graphite basal
plane arrangement and is oriented epitaxially on the nickel substrate.

. A reversible sharp transition occurs (at about 1180K) between the inter-
mediate state to one of low coverage: the surface carbon concentration in the
low coverage state is of the same order as the bulk atomic fraction.

We believe that this is the first observation of a phase transition in segrega-
tion studics. By analogy with phase transitions in layers produced, by ad-
sorption [rom the vapor we have desceribed the transition by a model involv-
ing interacting segregated atoms, Interpretation of the experimental transi-
tion temperatures shows that the binding of carbon in the segregated mono-
layer is stightly greater than in bulk graphite. _

[t is shown that the energy of adsorption may be obtained from these ex-
periments: the same technique may be possible in other cases where cquili-
brium with the vapor is not feasible.
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Measurements of segregation isosteres are reported for C 1o Nigh00). ‘the model indepen-
dent isosteric heat of segregation is found to be in agreement with the value derived from cov-
crage versus temperature data using the Langmuir model. Results for other nickel surfaces are
summarized and compared with predictions using the empirical hond energy bond order scheme.
Fhe relative suceess of this scheme supports the suggostion that the carbon-surface bonding is to
be regarded as arising from localized interactions.

1. Introduction

The industrial importance of hetercogencous catalysis provides much of the
molivation for current experimental and theoretical work on transition metal sur-
faces. In this paper we will discuss experinmental obseivations of surlice phases and
binding encrgics of carbon atoms on single crystal surfaces of nickel. The determi-
nation ol binding energies provides input into usctul cmpirical and semi-cmpirical
theories of atom surface interactions such as the CFSO -BEBO approach [1f. In
addition, the presence ol ordered carbonaceous deposits is believed to be an impor-
tant tactor in some gas--surface interactions [2.3]. For these rcasons, our observa-
tions of surfuce phases on nickel surfaces may be of value.

The scgregation of carbon to single crystal nickel surfaces has been the subject of
previous papers. The results obtained on Ni(111) [4], Ni(100) {5] and Ni(S){7(100)
X (133)} (a stepped surface) [6] have been published. The purpose of this paper is
to present additional experimental work on Niii00) which is extremely important
for the correct understanding of the segregaaon of carbon to this surface. In ad-
dition we will describe a preliminary study of the segregation of cmbon to the
Ni(110) surtuce. Finally, we will discuss the undeistanding of the interactions of
carbon atoms with nickel surfages wlich is emerging.

The clementary theoretical concepts relevant to the segregation experiment have

* Present address: Kodak Rescarch Laboratories, Rochester, New York 14650, USA.
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heen discussed i detait elsewhere {71, We wish to sendnd the reader of the relatjon
between adsorption and seprcpation experiments. In the adsorption case the cheni
cal patential of the adsibate is tined hy the tempetture and vapor pressie, In
sepdepation expenments the chewcal potential of the seprepate is hined by the hulh
dopimy level and the temperatine. fn cach case one can derive an cquation analo-
gous 1o the Chiosius Clapevron equation which delines an isosteric heat of segrega-
tion or adsorption, For the segragation case this is }7}

(@ log Xy /a0 T, = A, (1)

whiere .Yy is the bulk concentration of the segrepating componentand the derivative
is cvaluated at constant surface coverage €. We emphasize that Al.i“,p obtained
fraom (1) is independent o sy model assamptions. The measurenent of adsorption
isosteres has previously been used 1o determine heats of adsorption For single crys-
tal suifaces in i few cases:see for exaple the work of Tracy [8] und of Christiman
and Lt |9].

An important aspect of our work has been the application of eq. (1) to the segre-
gation of carbon to Ni(100). This yiclds a heat of segregation which is model inde-
pendent and provides a sensitive tesi of the validity ol statisticab inechanical models
of the sepregation system. The simplest model is the Langimuir moded involving
localized, non-interacting atoms aestricted to a monolayer *. This model predicts
that the Cractdonal sinface coverape # Varies with temperature so tha
0 M, ASG,

+ b
or Ky K €2

where AS.. is the partial molar excess enlropy of segregidtion |71, I this is in Lact
a reasonable model for the segregation then the enthatpy of segregation obtained
via (2) should equal the value obtained from (1).

2. Experimental

Experiments were performed in a standard Varian UHV LEED/Auger system.
Auger spectroscopy was performed using the 4-grid LEED optics as a relarding field
analyzer. Detailed descriptions of the experimental apparatus may be found in refs.
J 1 and [13]. Typical system pressure after bakeout was ~2 X 10 1V Tory,

Ouvented smple crystal nickel samples doped with various imownts of catbon
were prepaned Trom high purity nickel crystals grown from 0 pass zone refined

* Stictly speaking the monolayer model can satisfy the Gibh's Adsorption Esothiermy ondy in
the ideal solution limit | (0] so that the compasitionwill react its bulk vidue in any real system
anly atter a numher of atomic planes. However, these composition protites are not geacerally
cxperimentally accessible, especially in the nickel--carbon system. Therefore, we appeal to
model calcwlations fUT] and experimental measurements of profiles [12] to justily our treat-
mend of segregition as beg restricted to the outer monokiyer.
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mckel. Sample dimensions  were typically 1S em X 0.3 cos X 0.06 cm. The crystils
were oxidized by hieating in air and carburized by heating to 1100 K for periods of
about 1 hoat b atm CO. Oxidizing the suifaces of the sumples apparently produced
a more uniform carbon uptake, but control of the carbon doping level to better
thant a factor of 2 was not achicved. Homogenizution was achicved by encapsulating
the samples in quarts and heating to about 1473 K for approximately 100 h. The
samples were subsequently spark-cut in half resulting in final dimensions of 1.5 cm
X0.3 ¢m X0.03 cm. One of the halves was analyzed for carbon content (Ledoux
Inc., using the LECO commercial technique). The other hall was mechanicatly and
chemically polishied to remove the oxidized portion and to obtain a smooth sur-
face. '
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Vi, 1. Sotubility dati for cinbon in nickel. Data shown are (o) Nutesan and Kassner fi44;
(8) Alcock and Stavropoulos 1431 €0 Dunn et al. {45} €9 Lander et al. 11515 (M) Wada
et al. J404. The tine represents the vaiues used in this stady, as expliined in the text.
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The application of eq. (1) requires accnate measurements of the bulk caban
concenbiation Xy o thiese experiments, the caibon bulk doping was detenmined in
situ by observing the temperature wt which precipitation occurred and using avail-
able sol‘ilhilily data. The curve which we have used to represent the solubility
dependence on temperature i shown in fig. 1. It represents an absolute value of
carbon solubility at the high temperatinie end as given by Natesan and Kassner | 14]
and a heat of solution given by the average of the result of Natesan and Kz)ssncr
and of Lander et al. [15]. i.c.. 10.0 keal/mole. _

Precipitation temperatures were obtlained from o combination of TLELD and
Auger measwements. LEED infonmation on precipitation was provided from the
appearance of “rings™, characteristic of graphite, in the dilfraction pattern. Auger
spectra showed a change in carbon Auger peak size and shape when graphite pre-
cipitated on the surface. The uncertainty in the precipitation temperature obtained
in this ipanner is about 25 K, due in part to hiysteresis in the phase transition and in
part to the inaccwacy of the (chromel ahwmel) thermocouple (emperature mea.
surements with respect Lo an absolute scale. This results in approximaltely a 255 un-
certainty in determining the absolute carbon doping level, and about a 10% uncer-
tainty in relative doping fevels. '

The gnalysis we have used to interpret the segregation data is deépendent upon
the assumption that the bulk crystal provides a carbon resevoir which is essentially
unperturbed by the segregation to the nickel surface. In table | we indicate that
this assumption is reasonably well justiticd even for the sample with the lowest bulk
doping (45 ppm). The table shows by how much the bulk level is perturbed by the
segrepation of various amounts of carbon to the surface.

Carbon atoms will @lso seprepate to other defects in the bulk, sucl as impuritics
or dislocations and this elfect will lower the free carbon atom concentration. Typi-
cal dislocaiion densities (108 cmfemd) would he expected (o trap about 1 ppm
carbon while transition metal impurities in the original nickel stock are Tound at the
I 10 ppm o concentration levels [16]. However, in the analysis of our experimental
results the carbon concentration detenmined in situ by precipitation measurcnmients
has been used and since this metiiod micasures the free carbon doping level in the
crystal, we may ignore segregation to other defects.

In table 2 we list the carbon doping levels ol the crystals studied with (100)

PABLE

Amount of carbon from solution required to produce varions surface struchures

Structurs Amount of carbon from solution (wppm)
Graphit- tmonolayery 0.75
P2 X ) (1 carbon/d nickeD 0.07§

2 X 2301 carbon/2 nickel) 0.158
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1ABLL D

Carbon content of ciy stals studicd

Crystad Cathon wppm

TECO analysis 1 situ
No. 1 13% 45
No. 2 2,0 75
No. 3 S0 [qi]

Nu.d 1238

surface orientation. Crystal No. 3 was nitially of (110) orientation but recrystal-
lized to (100) as determined by both LELD and X-ray observations. Preliminary ob-
servations of the segregation of carbon to Nig110) were made on this crystal, Sum-
ple No. 4 was processed through several different doping levels in situ by sputtering
with 400 ¢V aigon dous at temperatwes which resulted in graphite piccipitation ¥,
Data points at doping levels of 1050 wppm carbon and 850 wppm carbon were ob-
tained- by this technique. All the data presented below were obtained on surfaces
containing, according to Auger spectra, less than 0.5% ol a monotayer of sullur or
phosphorus, and are believed (o be characteristic of clean surfaces.

Auger spectroscopy was used in these experiments to monitor how the surlace
carbon concentration varied with temperature. Conventional weasurements from
Auger spectra use the peak-to-peak height of the appropriate signal in the derivative
spectrun. However, as discussed by a number of authors [18], for iVV type transi-
tions, the line shape is dependent upon the chemical bonding environment of the
adsorbate. Thus, changes in the line shape with coverage may complicate measure- -
ments of surlace coverage.

Solutions to these problems have been described by Houston and Park [19] and
by Houston {20 whao show that areas under Auger peaks (fV(£)LE) provide a bet-
ter measure of adsorbate concentration and are undistorted by potential modula-
tion in the detection system. These concepts have been implemented by Grant,
Haas and Houston [21], and by Staib and Kirschner |22]. The analogue technigues
which we have employed to compute arcas under Auger peaks have been described
ina recent paper [23]. ‘

An important aspect of our work is the quantitative calibration of the inte-
grated Auger signal for carbon. This is based on the equation [23,24})

b
Vo= . £ ‘_T) {.I_ N 1 P oese QNI 3)
T ROMENN? 4 2 ol£,) (1 - Wi, ese @ QN K

b sputtenng viehds of pichel aml catbon at this enerpy are in the satio 1000 FFET] so it
sputtermg tintes become quate long.
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Here oll:) is the ionization cross-section of the appropriate atomic level at I the
priviay clectron energy: i is the current in the primary clectron beam: (b w)is
the probability that an Auger process oceurs: ¢ is the angle between the primary
beam and the crvstal smFace; $2 s the fraction of solid sphere centered on the crys-
tal which is subtended by the detector: ris the backscattering factor, NV the number
ol atoms in tlie surface monolayer, ¢, the potental modulation amplitude; (RC) is
the integrator time constant, dE/dr the analyzer voltage sweep rate, Z the detecor
impedance, 7" the transmission of the grids, and g the gain of the lock-in amplifier.

We have used the following procedure to normalize our Auger measurcihients of
carbon concentration. In the initind stages of studying Ni(100) ¢oped at about 1300
wppin carbon (sample No.4) it was possible to precipitate farge amounts of grapl-
tte on the surface. FFrom measurentents of the attenuation of the nickel Auger peaks
at different energies and the use of overlayer attenuation functions and inclastic
mean free paths determined by Shetton ]25.20] for jellium, with rg = 1.5 Tor graph-
tte, it was possible to estimate the thickness of the graphite layer and the fraction
of the surface covered. This procedure was followed for two different amounts of
graphite and integrated Auger signal * measurements made in cach case. In our
other experiments, the integrated carbon Auger signal strengths corresponding to
satusted ¢(2 X 2) and p(2 X 2) structures on Ni( 100) were estimated from data on
the dependence of coverage on temperature extrapolated o saturation and from
LEED patterns. The backscattering factor was determined experimentally using the
tectmique of Gertach and Ducharme {27 r = 1.25 was obtained.

L. (3) may be written in the form

Vnut = KNU( I"AP ) (4)

where all the known paranseters are lumped in the constant K. For the p(2 X 2) and
¢(2 X 2) structures Vs dssumed to correspond to one quarter and one half mono-
layer respectively. To interpret the thick graphite case we use the experimental
results-of Shelton et al. [41. They ¢bserved that the ratio of the carbon Auger signal
from one monolayer of graphite on Ni(111) to that from thick graphite precipi-
tated on NigH Ty was 12 1520 This ratio accounts both for the attenuated con-
tiibutions from the bulk crystal und the chanpes in backscultering factor from
nickel to graphite. Thus in cach case we could obtain an experimental estinmate of
u. The results are listed in table 3.

* I general, as recemtly discussed by Houston 1291, Anger features on AU speetra, with tie
secondary clectron backgrotnd remeved, appear as step like features with aon-zero values of
A extending o lower energies. This is attributed to inclastic scattering of Auger clectrons,
duc for example, to plasnion excitation. Tn our measutements of fVU)dE From graphite cov-
cred surlfaces, we adjusted the backgroud compensation so that ¥ (230 eV) = N (290 V) = ().
A rough calcubation indicates thiat-the arca measured in this way is within ~107 of the true
Auger current with no inclisstic interactions. N(EY curves measured here for the carbon Auger
peak with the carbide form show no low energy tail, suggesting that in these cases the system is
described reasopably welf by a mimni:tycr muodel.
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Fable 3

Kshell onization cross seetion fo) carbon, at /‘.",/I"i 4.8

Structure ax10 19 ¢m?2)
plx ) 3.1
Graphite § = 0,74 1.40
Graphite / - 0 88 3.39
Quasic(2 X 2) 3.28
Average .36

J = fraction of the surfuce covered with graphite as determined by method desceribed in text,

The values we obtain e in good agieement with the results of otlier workers
{22,24.27,28}. It should also be noted Trony table 3 that the values obtained under
different, teasonably well defined conditions are in good agreement.

3. Results
3.1 Nif1oo)

Preliminary results obtained on Ni(100) have been the subject of an earlier publi-
cation [81. To obtain isosteric licats of segregation through application of ¢q. (1)
we have obtained data at § different carbon doping levels. In fig. 2 we present
isosteres Tor three different values of carbon coverage. The carbon coverage was
determtned from mtepated Anper signals using eq. (3) with values of the param-
cters determined as described above. The values of Tactional coverige, @, are hased
on the convention that 0 = 1 tor a p{2 X 2) structure (1 carbon per 4 nickel atoms).

From tig. 2 the isosteric heat of sepregation is 10,8 keal/mole at 8 = 0.70. The
values of the isosteric heat of segregation at the other two coverages (Afl = -12.0
keal/mole at 0 =0.59 and .v_\llw,_ = 104 keal/mole at 0 = 0.78), suggest that
Al decreases with increasing 0, but the differences are smaller than the expected
experimental uncertainty. The LEFD pattern Tor all the data of fip. 2 was p(1 X 1),

From fig. 2, it is seen that & wide range of surlace coverages can be obtained at
reasomable temperatines only with o crystal possessing a rather low doping level,
such as the erystal designated No. 1. The results for the variation with termperatuse
of the carbon coverage on this sample surface have been described previously [5].
As reported, we find that an analysis of the coverage temperature data using eq.

{2) (i.e., the Langmuir model) can describe the data for coverages less than | car-

bon per 4 nickel atoms with Alfg, = ~10.8 kealfmole K. in remarkably good
agrecaient: with the isosteric value: the excess entropy of segregation is found 1o
he 3.4 cul/mole K. At T'=652K and 0> 0.86 (based on 1 carbon per 4 nickel
atoms) a phase transition was observed resutting in a LEED pattern which we have
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Lig. 2. Isosteres of anbon on NictO0) tor surface coverages ol 0078, 0.70, 0.59; these are
based on g = [ for p(2 X 2).

previously called a quasi-c(2 X 2). With decreasing temperature the carbon Auger
signal slowly increases and satnrates at 1 carbon per 2 nickel atoms. in fig. 3 we
present a Langmuir plot * (log 0/(1 — 0) versus 1/T) for the data from sample
No. I.

To obtain the heat of segregation in the quasi-c(2 X 2) phase we have used
thermodynamic arguments [5]. At 652 K, the phasc transition temperature, two
phases arc in equilibrium: the disordered phase and the ordered quasi-c(2 X 2)
phasc. At 015 K, the precipitation temperature, graphite and the quasi-c(2 X 2)
phase are in equilibrium. Equating chemical potentials of the surface carbon at the
two temperatures to the values in the bulk solution and using the heat of solution
of carbon in nickel one finds Al (quasi-c(2 X 2)) = -4.6 kcal/mole [5].

* A detailed discussion of kinetic evidence to substantiate our ckim that all data are equilibri-
um data is available clsewhere [13].
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Fig. 3. Langmuir plot of data from a nicke! sample containing ~45 ppm by weight; the data
are nomalized to 0 =1 at p2 X 2). The stope indicated for the high temperature region cor-
responds to @ heat of segregation of - 10.8 kcal/mule. Tp is the temperature at which preeipi-
tation was obscrved.

2.2, Nif 110}

The sample contaiging ~600 ppm by weight of carbon was inilially of (110)
oriendation, but partisly recrystallized to expose hatf (100) and hatf (110) sur-
faces. as verificd by Xeray back reflection measurements and L.EED. We have brief-
Iy stadied segregation to Ni(110) on this civstat. We Tound no carbon on the s
fuce. within our signal to noise limitations, except when graphite was precipitated
on the surface as the temperature was lowered and the solubility limit exceeded.
This could be interpreted as implying that the heat of segregation to this surface is
positive, fe., that carbon is more strongly bound i the bulk than on Ni(110). How-
ever, we were never able 1o obtain a sharp (110) 1LEED pattern from this s face,
and therelore we suspect that some unknown structurad defects may be present.
The LEED pattern from the (100) half of the sample was of excellent quality. The -
carhon Ni(110) system therefore requires some additional study to test our pre-
liminary vhservition that no significant surface segregation oceurs.

33 NS H100) X (133)]

Our observations of segregation of carbon to a stepped nickel surface have also
been discussed previously {61, and some speculative attempts at interpretation were
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presented. Here we will review anly the most important results of this work. On
this surface. us contrasted with Ni(100), a dependence of Auger peak shape on cov-
crage was observed. We noted that this appears to require a coverage dependent
binding energy and that the binding energy decreases with increasing 0. Further we
faund that the segregation to this surface could not be well deseribed by a simple
Langmuir model. Finally the quasi-c(2 X 2) structure did not form on this surface,
and the carbon coverage appeared to saturate at the coverage of a p(2 X 2) struc-
ture. We were, in fact, able to form p(2 X 2) LEED patterns on the stepped surface
in contrast to Ni(100) where this structure was not observed.

4. Discussion

We have demaonstrated that the segrepation of carbou to Ni(100) can be well de-
scibed by o Langmuie model: ie., of non-interacting, localized segregated carbon
atoms. Saturation of the surface phase described by the Langmuir model occurs at
I carbon per 4 nickel atoms, This result is interesting for several reasons. The Lang-
uwir dependence is abserved fo high coverages (8 ~ 0.86), so that the interactions
hetween carbon atoms must be very weak. Furtheimore, e ordeted structue cor-
responding to 1 carbon per 4 nickel atoms was never observed on Nig100), whicly is
again consistent with weak cathon -carbon attractive interactions. Saturation at 1
carbon per 4 nickel stoms may be due (o strong nearest neighbor and next neighbor
repulsions. Al these abservations are consistent with a nickel carbon bonding in-
teraction which is highly local, The reader is reminded that alitiough the heat of se-
gregation to (100) is -10.8 kcal/mole £ 1.8 keal/mole the total binding cnergy of
a carbon atom at this surface is ~170 kcal/mole, and thus the variation of this
binding energy with coverage for 0.3 < <0.68 is less than ~2%. The Ni C system
shiould theretore be a good candidate for theoretical studies of chemisorption in the
surface molecule limit |30].

The formation on Ni(SY7(100) X (133)) of p(2 X 2) structures as shown by
LEED supgests that the suface steps may provide sites for casy nucleation of this
ordered phase. Even in this case, however, ordered structures did not form until a
coverage 0 ~ 0.9 was reached, so that the influence of the stepped surface s rather
small. The presence of surface steps does increase the heat of segregation at low
coverages to - 189 keal/mole (and prevents the Tformation of the quasi-¢(2 X 2)
phase [6]) again suggesting that local interactions are the most important.

CISQ-- BIBO calculations

Since the mickel carbon intetaction is helieved to be primarity due to local inter-
actions, with carbon  carbon interactions on (100) being negligible for the observed
structures even ad very high coverapes, a theoretical treatment emphasizing local in-
teractions may be successful. We have applied the crudest such theory which has
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given reasonable results in other situations, the CESO - BEBO (Crystal Field Surfiace
Oibital Bond Energy Bond Order) metliod developed by Weittberg and Merrill [1].

The BEBO concept is based upon the observation that the bonding encrgy gen-
erally may be described by the relation

E=Eal (5)

for homonuclear bonds between clements in the first row ol the periodic table.
Here nis the so-called bond order, £ the energy of the single order bond, and p an
empirical constant usually near unity. To apply the BEBO concept. one requires the
value of £ for all bonds being formed and broken and a relation describing how
the various bond orders vary |31]. ‘

Consider, for example, the case of hydrogen chemisorption on nickel, ilustrated
i fig. 4. The hydrogen molecule can interact with the dangling surface orbital,
forming o nickel -hydrogen bond. As the nickel-hydrogen bond order increases,
the hydrogen -hydrogen bond order must decrease, so that

UNTRRUTENTIE

Furthermore, the bond order between the surface nickel atom and the rest of -the
solid, n’, can remain constant only if ny; ;; does not exceed some value TIVTS
When this value is exceeded. the bond order between the surface nickel atom and
the rest- of the solid, 7', must decrcase. This is the situation referred to as-spin
tnpairing by Weinberg and Merrill [ 1] and requires the weakening of Ni-Ni bonds.

Weinberg and Merrill { 1] proposed that the surface orbitals in the chemisorption
bond be determined by crystal field symmetry, following the work of Bond [32]
(1966). The clectronic configuration of nickel in the bulk, as given by Brewer {33],
is (3d)7(4sp2), so that, following ref. {11}, 0.6 d holes are available per d-orbital for
bonding and 0.67 p-clectrons are available per p-orbital for bonding. These would
be the values of n3i'); of the previous discussion. The orbitals are divided into
the eg(dz2. dya_y2)and ty(dy,. dy., dgy) types.

In the discussion that follows, a departure is made from the procedure described
by Weinberg,and Merrill {1]. We will neglect the p-clectron contribution to binding.

an -H n”-N

H H

n !
Metal €==> SUrlOCe 4\ 5 Metal == Ni
N 2

&orvn
Metol > N H

o
&==d Ni—— H

Fig. 4. Schematic representation of the bonding of dissociated hydrogen atoms to surface

mcked atoms. 71 is the bond order associated with the bonding of the surtace nickel ta the

rest of the metaloand npg oo nyp g the bond orders of the nickel -hydrogen and hydrogen--

hydrogen bonds respectively.
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This simplilication is consistent with e work of Doyen and £t {34] in which the
Andesson model was successtully employed to ctleulate CO adsorption on nickel.
They worked only with d-orbitals, and deseribed the density of states in nickel by a
debta Tunction at the Fermi devel. Thus we feel that d-orbital contributions may
dominite in the cises 1o be discussed here. I particular, so long as the vilue of
Igi ¢ is determined in g manner consistent with the number of (Ni) electrons
avadlable tor bonding, the results will depend only very weakly on the number of Ni
bonding clections assumed. )

To apply the BEBO formalism, we require a value of the nickel- carbon single
order bond (Fy; ¢¢) and the nickel -nickel spin unpairing energy (/; . Nj)- The
latter quantity was determined from data of ref. [33} (sce appendix), to be 34
keal/mole. Additional input to our calculation may be obtained from observations
ol bond lengths, From studies of Ni(CO)4. the nickel--carbon bond order, cal-
culated from IR data, was found to be 1.33 §35] and the Ni - C distance, R, in this
compound is known to be 1.82 A [36]. Using the Pauling relation [37],

V=R, 0201000, (0)

where R is the single Ni- C bond distance, one finds R = 1.89 A.

The most important quantity in our analysis is the nickel - carbon single bond
order bond encrgy (£n; (). We have obtained this quantity from severat cmpirical
approaches and the resufls ate listed in table 4. We adopt an average value of ~56
keal/mole. Details of these calculations are described in the appendix.

The experimentid heat of segregation of catbon to Ni(100) (- -10.8 kcal/mole)
may be usell 1o obtain the enthalpy of bonding of carbon on Ni¢100). Using the
relation between the heat of solution, the heat of segregation, and the heat of
adsorption [7].i.c..

Usol U yeprepation * Yadsorption 4 sublimation ™ 0. : (N
and avaitable data for the heat of solution of carbon in nickel, 10.0 keal/mole, and’
the hieat of sublimation of graphite, 169.9 kcal/mole [38], the binding enthalpy of

cathon on Ni(100) is found to be 170.7 keal/mole. To obtain a theoretical vatue
with which to conipare this quantily we have neglected the difference between

Table 4

Nicket carbon single order bond binding energics

ENi O (kcal/mob) Mcthod

AN Mixing rule without clectronegativity term

857 Mixing rule with screened jonic (electronegativity) term in butk
564 59.2 Mixing rule with screened ionie term at surface

§5.3 Heat of solution data
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enthalpy and eneipy. (Since we are dealing with enthalpy ditterences, the distine-
ton between enthalpy wid enesgy will be patially concelled .y The BEBO formalism,
vields for the binding encrgy £ of a carbon wtom to Ni(100)

E=dng conbnie o MU ey 064

N canfNi e keal/mole, (8)

where * the bond types | and 2 are shown in fig. S. We have assumed that the car-
hon atom sits in the centered site on Ni(100). At the surface. we assume nickel to
have a covalent radius of 1,15 A, and carbon to have a covatent radius of 0.77 A
£37]. This fixes the adsorption geometry and using the Pauling relation {37} (eq.
(64 for hond lengths, one finds #y = 089 and 1y =020 From eq. (8) we then ob-
tain /7 1714 heal/mole which is cettsinly in reasouable agreement with the exper-
imental value.

In the BEBO model, canbon carbon interactions arvise Ntom the depletion of
nickel surface arbitals in the neighborhood of the carbon atom. ot nearest neigh-
bons on Nig 1oy, the repulsion energy would be given i)y (USOIUEN Nia) e
005 keal/mole since, tor nearest neighbors, the 0.89 bond order must be supplicd
to two orbitals by breaking Nio Ni bonds. For the case of next pearest neighbors,
the repulsion would be 30.2 keal/maole. This simple caleulation therefore gives an
explanation of why in semegation of carbon 1o Ni(100). the coverage saturates at
L cathon per 4 nickel atoms.

I a similar mauner we have caleulated binding encrgies of single carbon atoms
to Ni(110) and Ni(111). The site geometries considered are shown in Gig. 6 and the
binding energics at these sites listed in table S. Qur results are consistent with the

A-A SECTION

i SO ASamet cobonr it binding to NagEomy at the cemtered site as described in the text,
Bond types T and 2are mdicated.

* A he second 1ernis the spin unpaivig contribution, asising from the breaking of Nio Ni bonads
avaequoed toallow it esceed 006,
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Fig. 6. Possible binding geometries for carbon at Ni(110) and Nit111). On Ni(110) there are
two sitexs A and B with nearly the sime binding energy, as explained in the text. On Ni(1 (1)
there are two distinet sites €y and 1y The next plane of nickel atoms would occupy the
lZg sites.

experimental observation that single atom segregation of carbon does not occur on
Ni(110) and Ni(111). It is interesting to note that the differences in the calculated
binding encrgies of carbon to these surfaces is primarily due to co-ordination ef-
fects: on (100) a hard sphere carbon atom may contact 4 nickel atoms, while this
number is reduced (o 3 on Ni(1 1) and 2 on Ni(110).

The increased hinding encrgy for smalt carbon coverage on Ni(S){(100) X (133))
miay also be explained by the BEBO model. A hard sphere modet of this surface is
shown in fig, 7. We consider segregation of carbon (o sites of the type A and B at
the steps. Atsite A, the Droken Nit Ni bond provides ao additional 048 d-election
betore spin unpairing, thus increasing the hinding energy by ~S.1 keal/mole. At site

Tale 5

Binding energy of C on vatious Ni surfaces

Site Rinding cnerey (kealfinole)
Calculated Experiment
Ni{(100) 171.4 169.5
o < 1 carbonf4 nickels
Ni (S) (7(100) X (133)) i 89 178.8
- 132 %x2)
Nitt 1 by l3s‘- 1230 AIISW‘ gy be positives i,
<, 1529 i 1599
Niti to) A : o7

4] 90,7




(7

L.C Isets, LML Blakely [ Segregation isosteres for Cat (100) surface of Ni a1

Vig. 7. Average atomic arrangement at the stepped surface NigS)[7(100) X (133)]. FFor carbon
atoms at sites A and B the nearest ncighbor Ni atoms have some of their nearest neighbors
missing. :

B, the contribution is thice times as gicat ie., ~15.3 keal/mole. Assuming that no
order exists, so that the 2 (ypes ol site have equat occupation, the average increase
would be ~10 keal/mole, giving the low coverage binding cnergy on the stepped
surfuce as ~181 keal/mole. The agreement with the experimental result (shown in
table §), is again reasonable.

5. Conclusions

The agreement between the isosteric heat of sepregation of carbon to Ni(100)
for 0.56 <0 <0.78 (0 =1 at | carbon per 4-nickel atoms) with the hicat of segrega-
tion obtained using the Langmuir model for data in the range 0.3 <0 < 0.86 pro-
vides strong support for the Langmuir model. It is particularly interesting that nor-
malization to 0 = 1 at 1 carbon per 4 nickel atoms is required, as no ordered siruc-
tures corresponding to this coverage are observed on Ni(100). This additional obser-
vation supports our picture of weak carbon -carbon attractive interactions and
strong nearest neighbor repulsive interactions on Ni(100). We have applicd the
Bond Energy Bond Order formalism to the bonding of carbon on siickel surfaces.
The success of this simple approach further suggests that the nickel carbon bond
involves mainly local interactions, with the binding energy determined largely by
co-ordination effects.

The dilferences observed between the nickel surfaces examined is particularly in-
teresting. On Ni{111), where there is an excellent fit hetween the basal plane of
graphite and Ni{111), the carbon- carbon interactions appear to dominate, and a
stable seprepated monolayer phase of carbon on Ni(H11) has been observed [4].
Tentative results on Ni(110) show no detectable surface sepmepation of carbon,
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It is instructive to inquire as o the possible relevance of these studies to the
problems of catalysis on transition metal surlaces. The first comment is that the
particular states and structures which we have observed are probably not directly
involved in any surfice reaction since the binding encrgies (~170 keal) are so farge.
However, the importance of carbonaceous deposits has been discussed by Somorjai
and co-workers 2], The well defined structures which we have studied offer ex-
cellent systems for the quantitative study of the effect of carbon tayers on reaction
sates; these are currently being pursued using molecular beam technigues.
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Appendix

The methods used to determine I'Nj-c.s are described hiere. '}hc reader is re-
minded that BEBO is an empirical theory and that we have attempted to determine
the necessary parameters in as self-consistent a manner as possible.

Pauling [39] proposed a series of empirical mixing rules for the dk*lcm\inalion of
bond encergies. One of the forms which he proposed is

Epn oy S EA A ER 52 H30X, - Xyp)2, (6.1)

where 274 A and £y ¢ are the experimental single bond encrgies available from
heats of sublimation or energies of dissociation. X, and Xy arc the standard elec-
tronegativities; the second term represents the ionic cohtribution to the binding
energy. fn o metallic solid, or at its surface, the ionic term will be small due to
screening by the {ree-clectron gas. Weinberg {40] dropped the second térm com-
pletely in his work. An alternative intuitive approach is to write

Epn ps SUEA aAxlip. g 213000, - Xp)2 exp(=r o y/N) (6:2)

wheie 7y is the A B bond distance and A the sereening length. For nickel, we have
determined A from the Thomas  Fenni formula using a local density of free elec-
trons, i, of 0.54/atom {4H in the bulk. At the surface, this density changes, and
we have used the computations of Lang [42] to obtain the local frec-clectron density
at the surface. We have estimated A (& n1/3) at the site of the carbon atom at a dis-
tance of 0.76 A {rom the venters of the fast plane of Ni. This position was obtained
by locating the carbon atom in the four-fold centered site (fig. S) and determining
its position from the Pauling covaleat radii for carhon and nickel. The resulting
values of ;. ¢ ¢ from eq.{6.2) are given in table 4. Note that the screening is very
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effective, cven ot the surface and that the electronegativity term may rcasonably be
neglected altogethier,

The solubility of carbon in sickel has been studied by o number of workers, as
noted carlier. Using an experimental heat of solution of 10.0 kead/mole (see tig. 1)
and e heat of sublioation of gaaphite, 170 kealfmote |38 434, the expmrimental
binding cnergy in solution £, is 100 keal/mole. In the bond energy bond order
formalism we may write

SO

B = Ony;. (‘,sl"‘Ni cs - W _ (6.3)

where Wis the strain energy involved. To calculate Ly ¢ from the measured
binding energy in solution 7 we assume ny; ¢ = 0.6 the maximum available
at the octahedral interstitial site without spin unpairing and that W can be calculated
from the isotropic clasticity formula; W =3% u(AV/V)AV, where u is the shear
modulus of nickel, ¥ the volume of the undistorted interstitial hole, and AV (he
excess volume of the atom occupying the hole. The radius of the undistorted hole is
0.52 A and if we assume the radius of carbon to be 0.77 A we obtain W = 39 kcal/
mole. We then obtain £y; O™ 55.3 keal/mole in reasonable agrecement with the
value from the simple mixing rule.

The value of £y; _Nj.s Was obtained using the work of Brewer {33] who pro-
poses that Ni bonds in the scheme ((3d)7(4sp?)). i.c., 3 clectron pairs are involved
in the binding of cach Ni atom. Using the experimental value of the sublimation
energy of nickel, 102 keal/mole [43], the value of the bonding cnergy per electron
pair is thercfore 34 kcal/mole.
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Section 3
TASK 1.0 METALLUKGICAL STUDIES

GENERAL OBJECTIVE

Many of the failures which have been observed in stress corrosion cracking,
corrosion fatigue, and intergranular corrosion are directly rclated to special
but not as yet fully understood compositional features of grain boundaries.

The general objective of this task 14 to develop a comprehensiive understanding

of solute segregation at grain boundaries in Fe-Ni-Cr alloy-. This wderstanding
coupled with a rationalization of the electrochemical activity of grain boundary
regions can ultimately reduce intergranular attack in stress corrosion and

corrosion fatique through control of compositional or processing variables.

CURRENT GOALS

The four major goals under Task 1 of this reporting period were as follows:

0 To complete the work on the surface segregation of sulfur in nickel
single crystals. This work on surface segregation provides insight
to the more difficult experimental task of evaluating segregation
to grain boundaries.

o To conduct a limited investigation of the effect of sulfur segregation
on the electrochemical kinetics of nickel surfaces.

o To begin an investigation of grain boundary solute scgregation in
polycryutalline nickel along with lnconel 600 and 304 stainless steel
via Auger spectroscopy of in situ intergranular fractures.

O o start studying the use of alloying clements to prevent the
segregation of minor impurities such as sulfur, dilute binary
nickel alloys will be studied.

Subsequent sections describe the work performed toward the attainment of these

goals.

PREVIOUS WORK

Previous work using Auger analysis has shown that vacuum heating of single
crystals and polycrystals of nickel can cause minor constituents to diffuse
to the surface producing layers rich in impurities. Earlier experimental
results suggest that the impurity scygregation to the surface arises only from

the alloy and not from the experimental chambers. Depth-composition profiles
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ot the awmpurity-segregated surface have been obtained by Auger spectiogyoopy
+
af ter inert aon sputtering (Ar ) as a function of time. “The segregated

layer has been estimated to be localized to a monolayer.

Vacuum heating of 304 stainless steels and Inconel alloy 600 also has been found

to produce surface layers rich in sulfur and phosphorus. Fach of these impurity

clements may aftect the rate and extent of seqgreqgation of the other.

CURRENT PROGRESS

Current progress under TasK 1.0 is described in the following sections. The
sections are organized according to the previous description of goals for this

reporting period. That is:

o Surface segregation of sulfur in nickel.
o Electrochemical behavior of sulfur segregated nickel.
o Grain boundary segregation.

o Alloying effects.on solute segregation.

surface Segregation of Sulfur on Nickel

v

The following paragraphs present experimental and analytical results of the sur-
face segregation on sulfur on nickel single crystal surfaces. Thas

work provides a fundamental understanding of the nature of sulfur segregation

on nickel and allows insights to the phenomena of solute scyregation in com-
mercial alloys. The study of segregation to the easily accessible metal surface
will serve as a guide in studying the more difficult problem of grain boundary
seyregation, Mﬁch of the work on sulfur scgfegation on nickel single crystals
has been already reported. This report provides an analysis of earlier

results.

Experimental Details. The details of specimen preparation and the Auger elec-

tron spectroscopy technique have been reported carlier. The only pertinent
modifications to earlier techniques and facilities is the addition of a scanning
attachment to the Auger unit along with a device to permit fracturing of

situ,

in

speciment
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Etffects of Temperature. A plot of the normalized Auger peak heights of

segregated sulfur on a cleaned nickel (001} surface versus temperature is

shown in Figure 3.1.

The Auger analyses‘were carried out after the specimens had completely cooled
to room temperature. They had been heated previously for 30 minutes at
selected tcmperaturés. The Auger normalized peak heights reflect the rclativq
quantities of the segregated-sulfur on the surface. A sulfur~induced

structure on the nickel (001) surface seemed to initiate below 450°C.' The
signal of the sulfur peak, however, was too small to bc detected. The
amount of segregated-sulfur accumulated slowly for temperatures below 600°C.
However, the segregated sulfur built up quickly in the temperature range of
600°C and 700°C. As temperature rose to B50°C, the Auger normalized peak’
height of S(150)/Ni(61) approached a value of 0.66 * 0.05. Two other isochron-
ous segregation curves, 2 hr and 10 hr of heating, are also plotted in

Figure 3.1. For temperatures below 550°C, it.was difficult to reach the
saturated value even for times longer than 10 hours. This was due to carbon
segregation below 550°C. The site-competition between sulfur and carbon made
interpretation of the segregation more complex. However, reheating or step-
cooling specimens with a saturated sulfur surface built up at higher temperatures

did not change the surface composition.

It is interesting to note that the degree of segregation decreased after the
specimen had been heated and sputtered. Figure 3.2 shows a variation of the
amount of segregation as a function of heating and sputtering for a nickel
single crystal with a (00l) face at 850°C. The results shown in this figure
were obtained by a series of 10 minute periods of heating and subsequent ion
sputtering. A clecan specimen was first heated to 850°C fo; 10 minutes and
then followed by a 10 minute sputtering to remove the segregated sulfur. The
identical procedure was serially repeated. The S(150)/Ni(6l) value was nearly
0.66 + 0.05 at the first heating, and decrcased to about 0.18 by the fifth
heating. The decrecase of segregation amount could be explained by the depletion
of sulfur near the surface. Subsequently, when the specimen was heated

for 30 minutes, the $(150)/Ni(61) value increased to 0.3. The segregated-
sulfur which accumulated on the surface later in the experiment diffused from

the deeper bulk material.
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The iso-chronous surface segrcgation curves for sulfur to
the (001) face ©f a nickel singlc crystal.
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Dynamic Segregated Measurements. A better approach in studying the segregation

process is the plotting of isothermal segregation curves. This approach was
used after simultancous ion bombardment and pre-hcating, hence the term dynamic.
After the selected temperature stabilized, ion bombardment was stopped, and

the Auger analysis was carried out as a function of time., JTon bombardment
during pre-heating sputtered away segregated sulfur which fo;med during the
course of pre-heating. Thus, the Auger analysis was started from a

sulfur-free surface at the selected temperature.

This is demonstrated for (001) nickel in Figure 3.3. Lach curve of this figure
represents the data for a selected temperaturc and shows the amount of segre-
gation as a function .of time. As can be seen from this figure, sulfur diffused
onto the surface at a constant rate during the early stages at all temperatures.
The Auger sulfur peak was too small to be determined for 5 X 103 seconds at
temperatures of less tpan 650°C., However, segregated sulfur slowly saturated
when the specimens were heated for long periods of time. Figure 3.4 illustrates
this behavior. Normalized Auger peak heights, S(150)/Ni(6l), are plotted as a
function of logarithm of time. It is evident that the S(150)/Ni(6l1) saturation
values were independent of temperature. For lower temperatures saturation of
segregated sulfur might well occur for longer times. It should be noted that
the Auger analyses during heating were calibrated to offset temperature and

magnetic field effects.

Thickness of the Surface Segregation Zone. Bombardment by argon ions for less

than two or three minutes almost completely removed thé segregated-sulfur which

had built up during heating. Figure 3.5 shows a depth-composition profile of

a typical region of the sulfur-segregated surface. These are plots of the

normalized Auger peak heights of the selected peak S(150)/Ni{6l) as a function
°

of sputtering time. Since the sputtering rate was approximately 1 to 2 A/min,
o

it seems that the segregated-sulfur is localized within S A of the surface.

Effect of Sulfur Content. A set of nickel single crystals (00l1) faces having

different sulfur levels in the range of 5 ppm was examined. “The saturation

of sulfur scygregation as a function of sulfur content is shown In Figure 3.6.
Saturated scyregated-sulfur was built up at 850°C. The Augcer analyses were
carried out at room temperature. The results showed no significant difference

in the amount of scgregated-sulfur after heat-treatment. The deviation of
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S(150)/Ni(61)

Normalized Auger Peak Height

0.7

05 }

/6]

a Ni(001) 850°C ; 30 min,
b Ni(011) 850°C ; 30min. |
¢ Ni(001) 650°C ; 30min.
d Ni (001) 550°C ; 30 min. |

Base Pressure for _,
lon Bombardment 2x10° mmHg

Sputtering Time (min.)

Figure 2.5 Depth-composition profiles of various systems.



S(150)/Ni(61)

Normalized Auger Peak Height
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a Ni(001) 850 °C ; 30 min.,
b Ni(011) 850°C ;i 30 min.
c Ni(001) 650°C ; 30min.
d Ni(001) 550°C ; 30 min.

Base Pressure for ,
lon Bombardment 2x10 mmHg

)

Sputtering Time (min.)

Figure 2.5 Depth-composition profiles of various systems.
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Auger measurements was * 0.05 of NAPH for S$(150)/Ni(61) which was due to the
instrument conditions, operation errors, specimen roughness, and other sources

of uncertainty. However, the saturation of segregated sulfur was 0.66 * 0.05.

structure of Segregated sulfur. In this experiment, the fine structures of

Auger peaks were examined with an expanded energy scale. Auger spectra taken
after heating nickel with an (001) face to 850°C are shown in Figure 3.7. This
figure contains two Auger spectra. One is the regular Auger spectrum and other
one shows the lower encrgy Auger peaks of nickel and sulfur with an expanded
energy scale. The center of the spectrum was set at 100 eV on a full scale

of 200 eV. Upon segregation, two Auger peaks of sulfur were observed. These

dissociated peaks are attributed to the formation of chemisorbed sulfur.

In order to verify the chemical shift of sulfur on a segregated surface, the
Auger spectra of pure sulfur and standard nickel zulfides (Ni352 and NiS)

were examined. The representative AES- expanded structures for S, Ni3s and

2'
NiS are shown in Figure 3.8. As can be scen from this figure, the AES-expanded

structure of nickel sulfide also has two dissociated peaks.

Discussion

Driving Force of Sulfur Segregation. Thermodynamic considerations (3-1, 3-2,

3-3) predict that equilibrium segregation of impuritics to the surface (or
other lattice imperfections) should be asiuociated with a reduction in free
encryy. The Gibbs adsorption isotherm(3-1, 3-2) predicts that the solute
clements (or impurities) which decrease the surface tension will concentrate

at the surface, and those which increase the surface tension will deplete.
depletion. Unfortunately, the dependencc of sulfur concentration on the
surface tension of nickel has not been reported in the literature. As mention-
cd by McLean (3-3) the elastic strain encrgy may be the driving force for the
equilibrium seygreyation process--the segregation of impurity (or solute) atoms

is attributed to the presence of external surface (or other lattice imperfect-

ions) where the strained atonis best £fit.  During heating, the strained impurity
atoms situated under the surface jump onto the surface when they receive the
necessary thermal cnergy to overcome the activation barvier. Consequently,

the free energy of the system is reduced. Sulfur sits on a substitutional

site in the nickel matrix. The misfit of a sulfur atom in the regular nickel
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VW 1000 eV
SC 500 eV

VYW 200 eV
SC 100 eV

Ni
Nickel (001) Face 850°%C

Figure 3.7 Representative AES spectra from nickel (001) face after
heating to BY0°C in reqular enetqy scale (VW :© eV) and
expanded energy scale (VW = 300 ev) .
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o
lattice is about ~0.40 A. Therefore, sulfur would tend to segregate onto the

nickel surface in order to lower the strain energy.

sultur Segregation lsotherms,  tulfur segregation can be thought of as a

chemisorption process. It may be expressed as

P!
5 i¥fusi 5 —_— s
(bulk) diffu ]“g (under surtace) i {segregated on
S Kz the surface)
where K. is the rate constant for sulfur inside the nickel bulk jumping to the

1
chemisorbed site on the nickel surface; K2 is the rate constant for desorption

of chemisorbed sulfur back to the bulk.

Thus, the rate equations can be described as

dcCs

——d—t— = Kl MS (1 - 0) Cs (1)
dCs
dt =Ky 8 (2)

Where
Cs is tﬁe concentration of sulfur at layer just under surface;
Cs is the concentration of segregated-sulfur on the surface;
0 is the coverage of segregated-sulfur, i.e.; ﬁ%-;
M is the number of sites which have been occupied by the segregated
sulfur; and
Ms is the number of available sites for sulfur segregation.

At equilibrium,

dCs _ dcs (3)
dt dt
Hence
Kl MS (1 - 0) C5 = K2 MS 0
or

. (4)
" "1
[T

Using the equilibrium criterion, the thermodynamic equilibrium constant, K is

1 AR©
¥ [ERE . "
. B kY ) ¢
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where AF° is defined as the sum of the relaxation energy for the strained
sulfur atoms to jump to the surface and the free energy of chemisorption and
AF° is a function of tempcrature only.

Equation (6) can be rearranged as

AF®
C_ exp (- RT)
0 = =
AF° (6)
+ -
1 CS exp ( RT )

This seygregation isiotherm shows Langmuir-type behavior and has the same form
of McLean's equation (3) which was derived from a statistical thermodynamics

approach.

Unfortunately, the value of AF° for sulfur segregation on a nickel surface is
not known at this time. Howcever, nickel which contains a very small amount

of sulfur (< 10 ppm in this study) segregates a considerable amount of sulfur
on the surface; a high value of AF° is likely to exist in such a case. For
instance, a saturated value of sulfur segregation at 650°C, 750°C, and 850°C
will be reached when AF° is about -27500 cal/mole, -30000 cal/mole, and -35,000
cal/mole respectively (as S < 10 ppm). The results shown in Figure 3.6 indicate
that sulfur segregation does not follow the isotherm. Tt may be that the
concentration of sulfur in the nickel specimens is higher than the critical
value to obtain an isotherm. This implies that if one can purify nickel

to a very low'content of sulfur (e.g. much less than ppm range) that sulfur

seyregation isotherm may he tollowed.

Extent of Sulfur Segregation. The extent of sulfur segregation in the ex-

perimental results is expressed hy the "normalized Auger peak height” which
provides only a relative measurement. The major drawback of Aks is the fact
that the heights of the Auger peaks, measured as the first derivates of the

encrgy distribution, cannot be correlated directly with a surface coverage.

In the poesent quantitative stady o theoretieal tommala deseribed by Bishop
and Rivicre (3-4) has been uned as follows:.  The nunber, n, ot Auger clectrong

cinitted per incident electrons is given by
n = HNr CsC ¢ (1 - w) ¢ (u) (7)

Whete I s the nunber ol atome in the detected votume, i the cortection

for additional ionization by back-scattered clectrons, ¢ is the angle of

31
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incidence of the primary beam, w is the probability of photon emission, and

¢(U) is the cross section for ionization of an atom by electrons (3-4).

As the Auger current is roughly proportional to n, one can determine the
number of atoms in the detected volume from the Auger current (3-5). That
is the concentration ratio of sulfur to nickel on the surface is taken as

Is r . CSCONi (1 -~ w)Ni¢ (U)Ni
Xs/Ni = NS . i (8)
N I r, CSCes (1 - w)s¢lu)s

The value of rNi can be assumed to be equal to r according to the higher
incident electron energy (3-4), and ¢Ni is equal to ¢s. (l—wl) Ni is
approximately equal to 0.6 (3-6) and (1 - w)S is about 1(3-6). ¢>(U)Ni and
by the aid of the equations in Reference 14, are 13.5 and 4.66 respectively.
Is/INi (i.e. S{150)/Ni(6l) for saturated sulfur segregation is 0.66 * 0.05.
Therefore, X , = 1.17. This value is about twice as high as the value

s/Ni
obtained from a standard calibration which is described as follows.

A simple procedure may be used for calibrating Auger signals to obtain a
guantitative analysis; the accuracy is on the order of the achieved in electron
microprobe analysis (3-7). The extent of sulfur segregation in thig study

has been calibrated by the normalized Auger signal from the sample with

respect to a standard concentration of Ni3sz.
atomic concentration of sulfur on the segregated surface is:

In this approximation, the

Hs, Ni

C Ni = : X Cs, Ni_S
S Hs, Ni_s ! 372 (9)
372
where “s,Ni and “s, Ni352 arce the normalized Auger peak heights of the sample
and the standard, respectively. Cq Nis is the atomic concentration of
Bk
standard.

sulfur in the Ni_ S
T )

The normalized Auger peak height of S(150)/Ni(6l) in NiBS standard is 0.8 *

2 +
0.05. Thercfore, the atomic concentration of segregated sulfur on the nickel
0.66

surface (i.e. 0.66 * 0.05) is approximately 33 at .% (—BTE X 0.4 = 0.33, where
0.4 is the stoichiometric factor of S in Nijﬂz). This value is about half of
that estimated from Bishop and Riviere's formula (3-4). 1In view of the
complexities involved in the Auger process and specimen surface conditions
(surface roughness and surface defects), no confidence has been placed on the

accuracy of these two values. However, one can realize that the concentration

32
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ot sullur has been enhanced velative to the matiix coneenlration abt least by

a factor 103 to 104.

since the original concentration of sultur in the zone-refined nickel is less

than 10 ppm, the concentration on the surface may be enhanced relative to the
. . 3 4 . .

matrix concentration by a factor of 10° to 3 X 10 depending on the annealing

temperature and time (based on N1382 standard calibration) as shown in Figure 9.

The difference in the amount of segregated sulfur on the three most close packed
faces of nickel (as shown in Figure 9) may be attributed to the different
surface atom densities. With regard to the crystallographic geometry, the
surface atom densities (number of surface atoms/cmz) of the three most packed

faces of FCC structure, the (111), the (00l1), and the (0ll) are 1.8 X 1015,

1.6 X 10ls and 1.1 X 1015, respectively. Atoms on these surfaces have 9, 8,
and 7 nearest neighbors respectively, instead of 12 for atoms in the bulk
lattice of a FCC material. Consequently, the (111) face has more available

sites for sulfur to segregate, whereas the (0l11) has the least number of sites.

Thickness of the Equilibrium Sulfur Segregation Zone. The depth-composition

profiles of the segregated surface region as shown in Figure 3.5 demonstrate
that the sulfur segregation layer is localized within 5 ; of the surxface
(accofding to a sputtering rate of 1 - 2 g/min). It is reasonable to assume
that scgregatdd-sulfur is localized within a monolayer. This localization to
a monolayer could be explained by the concept of chemisorption proposed by
Langmuir {3-8). However, it has been reported recently (3-6) that strong
exothermic surface reactions (such as oxygen on nickel) can rearrange the sub-
strate structure to form so-called reconstructed surface structures. This
reconstruction may ke followed by further chemical reactions as the surface
specivs ditfuse into the bulk., Fortunately, the possibility of forming a

three-dimensional structure need not be considered in our case.

It has beeh assumed that sulfur segregation exhibits the behavior obf chemi-
sorption rather than physical adsorption. [n :support of this view the following

arguments are made:

(a) It is well known that the forces of interaction between adsorbent and

adsorbate are predominantly van der Walls forces in physical adsorption and
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valence forces in chemisorption. This implies that chemisorption involves a
transfer of electrons. 1In this work, the fine structures associated with the
sulfur Auger peak on the nickel surface with an expanded energy scale have
been examined. After heating, additional peaks in the Auger derivative
spectrum of sulfur were observed, as shown in Figure 3.7 and 3.8. Coad and
Riviere (3-9) have used the ion scattering results of Becker and Hagstrum
(3-10) on sulfur-and-oxygen-covered low-index faces of nickel to identify

the additional sulfur Auger peak. They (3~9) concluded that this additional
sulfur peak (high energy side) arises from the surface molecular orbitals
formed by electrons in chemisorption bonds between sulfur and the outermost

nickel atoms.

The chemisorbed sulfur is not necessarily a stoichiometricric sulfide. The
conclusions concerning the segregated-suliur (chemisorbed sulfur) structure
presented in the literature (3-11) lead one to expect that the determination
of the detailed structure of segregated-sulfur ‘may be complicated by the
occurrence of surface lattice distortions, electron structures, and the
impossibility- of considering all conceivalble structures. Demuth, et. al.
(3-11) found that Ni-S bond length in the surface-sulfur structure was 2.8 *
0.06 ; which was slightly smaller than the bulk compound bond length of 2.28,
2.38, and 2.34 g, respectively for Ni352, NiS and Nisz.
(b) Generally, physical adsorptioh tends to occur below the boiling point

of the adsorbate, whereas chemisorption takes place at high temperature.
Seyregated-sulfur has been found to be stable at very high temperature (e.qg.
850°C). There is no thermodynamic reason why physically adsorbed sulfur
(with a boiling point at 445°C) is stable on the nickel surface around 850°C.
The possibility of evaporation of segregated-sulfur in a vacuum of 2 X 10~9
mm Hg has been checked. This was done by a residual gas analysis (RGA) using
a gquadrupole system in a 3M mass spectrometer unit. No sulfur or sulfur
compound vapor was detected during heating (350° ~ 850°C) or after heating

in RGA expcriments.

(c) The adsorption isotherm in chemisorption indicates monolayer adsorption;
physical adsorption may be monolayer or multilayer. The width of the

+
segregated-sulfur zone has been studied by Ar ion bombardment. It has been

shown that segregated-sulfur seems to localize within a monolayer.
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“herefore, it is reasonable to propase that segreqgated-sulfur is chemisorbed

on the nickel surface.

kole of Sulfur Diffusion. It has already been reccognized that the strain

encrgy minfit solute atoms ansociated with the solvent lattice can be
relieved by the segregation process. A Lhigh concentration of siegregated
speecren wi b b subceequent by b ld upoon the surtace ab g metal is heated to oa
temporature at which ditfusion can occur; obtherwise scegreqation will ceasie
Lecause ot depletion of seqgregated species under the suptace.  Thus, it
also recognized that diffusion plays an important role in the segregation

process.

Figure 3.5 shows that the amount of sulfur on the surface of a nickel single
crystal increases linerarly with time in the initial stage of the segregation
process; this implies that sulfur diffuses from the bulk of nickel at a
constant rate. The diffusivity of sulfur involved in the segregation process

may be estimated by o simple diffusion model.

An one-dimensional model was used with the following conditions imposed:

(a) a specified initial homogenous bulk concentration of sulfur in nickel,

Q
S5y

(b) sulfur is assumed to diffuse cut of both sides of a slab (for
supplying the further segregation process) with a thickness of h (0.3 cm in
this study), and (c) the concentration of sulfur has built up within the
bulk crystal during segregation (as shown in Fiqgure 3.10) and has a zero
concentration at the layer (x = 0 and x = h) just under the surface from
there sulfur will jump to the surface. Therefore, the initial and boundary

conditions have becen assumed to be:

C(“) = C () for O« X <« h at t = O,
C(u) =0 | for X = 0 and X = h at t >0
dc (x,t) d2 (x,t)
The solution of the ~5154—- =D ——g——ﬁ——- is given by the well-known Fourier
summation (3-12): dx
;]CO o
o 1 23 + n] 29 +
O SR S WU 2 IS TSP 15 e 3 B2 SN AT BLSE DL NN BT
() n jo 231 h h
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A moment's study of this eqﬁation shows that each successive term is smaller
than the preceding one. Thus, the concentration gradient of sulfur atoms
across the slab is approxmately

4ac®

8 ts) gy, X e

C (X, t) = Sin —— exp (- > ) (11)
h

(s) h

The Auger peak height can be used to represent the amount of segregated species
which has diffused out to the surface, and hence is considered to be pro-
portional to the flux of sulfur atoms passed through the layer adjacent to the

surface.

Therefore t t ] C(s) (Xx,t)
g = o 9t = =D dt (12)

(o] ] X=0

and the total amount of segregated-sulfur at the surface during the period t,
c(L), is
o
4C h 2
Cc - —is)l 1 - exp (- 1.%& )] (13)
h

(t) "2

C(t) can be obtained by the Auger analysis (as shown in Figuré 3.3). The
diffusion coefficient of sulfur in the nickel crystal are plotted in
Figure 3.11 (as shown in curve C). The temperature dependence of the
diffusion coefficient D is as follows:

D = 3.5% 1072 exp (30,5000/RT)

However, Pfeiffer (3-13) investigaed the diffusion of 535 into pure nickel
and used autoradiographic experiments to determine the diffusion coefficients
over a temperature range of 1000°C and 1200°C . He reported the temperature
dependence of the diffusion coefficient to be as follows:

D = 2.3 % 10° exp (~90,000/RT)

Pfeiffer suggested that the high activation energy represented a lattice or
volume process. Later, Wang and Grabke (3-14) have determined the diffusion
cocfficients of sulfur in nickel using the sulfurization and desulfurization

of metal foils by the reaction H +S (dissolved) at temperatures

S = H
27 (g) 2{(g)
between 700°C and 1000°C by measuring the changes of electrical resistance.

They, however, rcported the temperaturce dependence of the diffusion coefficient

38
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to be as follows:

D - 0.2 exp (-4(,000/RT)

Wang and Grabke suggested that sulfur dissolved as a substitutional clement

and diffused via a vacancy mechanism. Hotzler and Castlcman (3-15) have
studicd the diffusion of 535 into thoriated nickel (with 2.4 Vol. pet of Thoz)
by means of a surface intensity decrease technique. They found the activation
energy of about 38,000 cal/mole at temperatures ranging from 925°C to 1150°C
and less than 20,000 cal/mole at temperatures less than 925°C. They suggested
that the diffusion of 535 in thoriated nickel occurs by more than one mechanism.
They expected that lattice diffusion will. predominate at high temperatures in
pure nickel. Some single-point experiments of the diffusion of sulfur in
nickel have reported the values 1.5 X 10_8 cmz/sec at 700°C (suggested sulfur

diffusion via dislocation forests) (3~16), and 4.4 X lO_8 cmz/sec at 700°C

(suggested sulfur diffusion via grain boundaries) (3-17).

In view of the complexitics involved in the diffusion process, it.is difficult
to compare these experimental values. The apparent activation energy, 30500
cal/mole of sulfur diffusion in nickel single cryséals in'this study is less
than that ohbtained by Pfeiffer (3-13), 90,000 cal/mole and that obtained by
Wang and Grabke (3-14), 46000 cal/mole. 1In this study, it is suggested that
the low activation energy of sulfur diffusion near the surface may be due to
the extra dislocations (gcnerated by the surface preparation) and higher con-

centration of vacant lattice sites than that .in the far interior.

Generally, the empirical activation energy and frequency factor may be obtained
from the Arrhenius equation in a number of ways. The "time to a given fraction
method" (3-18) will be chosen as a tool to examine the kKinetics of sulfur

segregation.

The logarithmic form of the Arrhenius equation for ty, time for the chosen

valuc of y measured at each temperature, is

log ty = Const. - log Aa + Ea/{2.303 RT) = (14)
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If Ea (activation energy) and Aa (frequency factor} are constant a graph of

log ty against 1/T is linear. The slope of this graph is Fa/(2.303 k). - This
is demonstrated in Figure 3.12. The procedure has been repeated for various
values of y, 0.1 and 0.2 of NAPH S({150)/Ni(61) from Figure 3.3, to reveal the
variation of Ea with y. It can be seen that Ea is independent of y and has a
value of about 28,300 cal/mole. This value is close to that

energy for sulfur diffusion, 30,500 cal/mole which was obtained from Figure
3.14. This may imply that the initial stage of sulfur segregation is diffusion

controlled.

Electrochemical Behavior of Sulfur Segregated Nickel. The rationale for the

effect of grain boundary segregation on intergranular stress corrosion and
corrosion fatigue implies that the grain boundary composition can be markedly
different from that of the matrix. Hence, the electrochemical behavior of the
grain boundary may be expected to be quite differcnt from that of the bulk
material. For example, for a given set of environmental conditions the grain
boundary region may be subject to rapid dissolution while the bulk material

is in the passive range. This would naturally lead to intergranular attack.

The electrochemical behavior of sulfur segregated single and polycrystals of
nickel was investigated in a sulfuric acid solution. The following paragraphs
describe the effect of sulfur segregation on the polarization curves of single

crystal and polycrystalline nickel.

Experimental Detail. Both nickel single crystals and polycrystals were used

in this study. The specimen preparation was identical to that described in

an earlier report.

Specimens were heated in the Auger chamber at a selected temperature to allow
a build up of seyregated-sulfur on the surface. They werc then analyzed.
Subsequently, a potentiostatic polarization test was carried out after the

speicmens were removed from the Auger chamber.

After Auger analysis, the sulfur-segregated specimens were spot-welded to a
conduction wire. Only the specimen face of interest was exposed to the

solution, as the remainder of the specimen was covered with a protective resin.
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The test cell was an air-tight cantainer of pyrex glass with a capacity of
about 500 ml. It had two compartments, one for the specimen and one for

an auxilliary platinum electrode. A sintered glass filter was provided to
connect these two compartments in order to avoid diffusion of hydrogen gas
from the platinum cathode to the surface of the specimen. A saturated
calomel reference electrode (SCE) was used. This electrode was connected
to the test cell by a salted bridge which was terminated in a lLuggin
capillary. Most experiments were carried out at room temperature. A one
molar sto4 electrolyte was prepared from double distilled water and reagent
grade sulfuric acid. The electrolyte was de-areated with prepurified argon
for at least 24 hours prior to any experiments., Polarization curves were

determined potentiodynamically at a scan rate 200 millivolt per minute unless

otherwise specified.

Results of Polarization scans. The polarization measurements of nickel in 1M

H2804 solution were determined as a function of the temperature at which

sulfur segregation was achieved.

Figure 3.13 shows the polarization behavior of the nickel single crystal (001)
face in a 1M sto4 solution before and after sulfur segregation at 650°C and
850°C was about 10 and 30 at % respectively. Note the critical current
density on the sulfur-segregated surface (after heating 30 min. at 850°C)

was about an arder of magnitude higher than that on an un-segregated surface.
In addition, Epp shifted to the more noble direction as the amount of sulfur
increased. 1In the active to passive transition reqgion of the polarization

curves, a pseudopassivation was observed for the cleaned nickel. Surprisingly,

the passive current density was reduced as the amount of sulfur increased.

Figure 3.14 shows the polarization behavior of nickel polycrystals in 1M

stO4 before and after sulfur segreégation at 550°C, 650°C, and 850°C for 30
minutes. For the case of polycrystals, the critical current density on the
sulfur-segregated surface (aftcr heating 30 min, at 850°C) was almost two
orders of magnitude higher than that on un-segregated surface. Similarly, Epp
shifted in the more noble direction as the amount of sulfur increased. Again,
no pseudopassivation was obscrved for sulfur-scygregated surface except cleaned

nickel. The resulting passive current density behaved irregulgrly.
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The more pronounced effect on anodit current density in the polycrystal
arises from grain boundary contributions. This can be seen from the following
results. A specimen prepared by zone-refining had a large crystal with some
smaller crystals around the edge of specimen, as shown in Figure 3.15. The
specimer was 4N nickel heated 10 hours at 1150°C followed by furnance cooling
to 650°C for 24 hours. The polarization behavior of this specimen is shown
as the curve (a) in Figure 3.15. After running the polarization curve, the
specimen was polished to a mirror-like finish with grade 000 emery paper and
then diamond paste thus removing the segregated sulfur layer. The area B,
containing small grains, was covered by a protective resin (e.g. microstop)
and the remainder of specimen, area A, was exposed during a polarization run.
Results are shown in curve (C) of Figure 3.15. In a similar fashion curve (b)

shows the polarization behavior of area B.

Thus, a comparison of curves (a}, (b} and {c) of Figure 3.15 clearly shows the
marked effect of grain boundary segregation of sulfur on thé rate of dissoclution
of the grain boundaries in the active peak region. The specificity of the
effect on segregated sulfur on electrochemical kinetics is illustrated by the
fact that similar experiments with a nitric acid electrolytic did not produce

any similar behavior.

Discussion., From the above results it can be concluded that segregated-sulfur
plays an important role in the corrosion behavior of nickel. The effect of
sulfur in nickel upon ity corrosion properties in sulfuric acid has received
attention in relation to the deterioration of electroplated nickel coating

and dissolution of nickel anodes during electroplating and refining,

To define these results, a reaction scheme (3-19, 3-20) could be used as

follows:

sads (segregated-sulfur) +e +H+ - GH

S~ remains to stay at the metal surface to take part in the progress
ol dissolution as o catalyst,

Ni + SH > NiSH ads +e

NiSH ads ~ NisH® +e”

A 4+ -
NiSH SONE o HoH
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According to the above scheme segregated sulfur in the nickel dissociates into
SH™ which adsorbs on the nickel surface as a catalyst leading to the accelera-

tion of nickel dissolution.

Another explanation may be based on the variation in activation energy of
distsolution with sulfur on the nickel surface. This reasonable assumption
results from the possibility that segregated-sulfur may act as a low energy
site for cathodic hydrogen discharge. However, in practice it is probable

that the mechanism of dissolution is complex and that other factors in addition
to those mentioned above contribute to the effect of segregated-sulfur upon the

dissolution of nickel.

Grain Boundary Segregation. With the advent of Auger analysis, it is now

possible to measure compositional profiles if the grain boundaries can be
suitably exposed, for example, by intergranular fracture. The present research

was undertaken with the following objectives:
o To develope techniques of exposing grain boundaries of nickel 200,
Inconel alloy 600, and 304 Austenitic stainless steel.

o To establish the identity and amounts of any species segregating to
the grain boundaries.

o To measure the compositional profiles of any species segregating
to the grain boundaries.

Experimental Details. The materials, nickel 200, Inconel alloy 600, and

304 Austenitic stainless steel, used in this investigation had the following

chemical composition in wt. pct.:

Alloy Ni re e g ¢ ca st M
Ni 200 99.4 0.15 0.005 0.1 0.1 0.05 0.2
Inconel 600 76.0 8.0 16.0 0.005 0.08 0.2

304 5% 8.0 72.2 18.0 0.006 0. 04 1.0

Samples for Auger electron spectroscopy were cut into 4,31 cm-long and 0. 315
cm-diameter rods, round-notched 1.76 cm from one end with a depth of 0.157 cm

and an angle of 60°., These were then given recrystallization and solution
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annealing at 1250°C for 4 hours and 1300°C for 12 hours. They were then
quenched in water to generate grain sizes of approximately 200 and 500 u,
respectively, and were subsequently aged between 550°C and 700°C with no
turther change in o grain give. Note that the heat-treatments were carvied out
after encapsulation in quartz glass tubes evacuated and then pack-filled with

argon.

All samples were fractured at room temperature in the baked-out Auger cham-
bers at pressure of 2 X 10_10 torr. The specimen fracture attachment used in
this study, PHI Model 10-520 from Physical Electronics Industries, Inc., is
designed for use in conjunction with cylindrical-Auger electron optics system
with scanning Auger microprobe (PHI Model 545). The samples extended
radially outward from the specimen manipulator iotation axis. The complete
fracture attachment mounts on a 6" O.D. flange. The sample to be fractured
was rotated over the fracture device and then lowered 0.5" into position for
fracturing. The clean fracture surface was rotated in front of the cdaxi&il

cylindrical mirror analyzer for Auger analysis.

The scanning electron gun was mounted ipternally to the cylindrical Auger
analyzer. Under normal operation the electron beam was scanned synchromously
with the selected display device. This feature provided a means for easy
specimen alignment when performing standard Auger analysis on selected areas
of the specimeﬁ. The diameter of the electron beam was variable down.to less
than 5 um. Beam energy was variable up to 10 KeV, and beam current was
variable from 50 nanoamps to 5 uamps with a typical operating beam current

of 0.5 pamps. A TV monitor allowed continuous observation of the secondary

electron micrographs.

The spectrum obtained experimentally was the dorivative of the Auger electron
distribution cruve, i.e. dAN(E)/dE. A 2KV electron beam was used. Auger

peak amplitudes (peak-to=-peak heights) were divectly panoportional to the
amount of coverage. In the results reported hercin Auger analysis was
conducted along with sputtering by argon ion bombardment to obtain composi-
tion protiles ol the segreyated-zone. This technigque entails the sequential
removal of the fracturce surface followed by AL analysis of the newly exposed

layer.,

The fracture surface of cach Auger samples wore oxamined in a scanning elec-

Lron mcroscope gtter temoval from the vacuum chamber ., The lzacture mode
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Figure 3.17 Fracturc surface of Ni 200 and scanning Auger traces.
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Figure 3.19 Fracture surface of Nickel 200 (1250°C for 4 hours + 600°C

9.

for 24 hours).



171

i *(sxnoy 8T
I03 D,585 + SANOY § I0F D,35ZT) 00T TIYDPTIN JO 8dejans
Im3orx3y 943 woxj unxjzdads isbny sAaTRIULSIIISI YL 0Z°€ aInbT4

002 19¥9IN




3

06 : :

\(0.556)

7 Nickel 200 7

04 |- -
.2“’
~
x
p i
© 03 . -
T C/Ni ,
4 . -
3
oW
O
S - }
=
€ o2} —
S L
= CI/Ni
&> S/Ni
3 -
<

O/Ni

o N/ Ni

0
Area | Area 2 | Area 3

Figure 3.21 Auger spectroscopic analyses at the seclected area (as shown
in Figure 3.16) of the fractured surface.



193

(V) 10ds - qybrig

¥ 5CT 83 Do
530S amm3o®ei3

"L
IN s (sanoy 37T
5

32

- 2

o4 & I0F D,0STT) 00T I2TH 3

~z309ds zabnvy aaTse3uldsazdea aul

002 19%91N

cgrg 9an

th
o
"

r




Nickel! 200

194

Ni

Ni

fracturs surface

cs

er spectrum

~Lg



198

“(TSY 0CT 303 2,533

4 T I03 D.058CT) 00T T94DIN JO LT°€ ®Inbrg ut (D edIY)
FSPIINS 3INIORAF wWOxI wnI3oads 19bnY saTzezussaiadax syr pztg 2an5tg

(5] UoTi70d 90/ \

o
>

mx.ilv_x

002 1949IN



156

was characterized and correlated with the material processing history and

Auger results.

Results of NU 200 tn Situ Fractures. A change in fracture mode was observed

with incrcasing aging time and/or temperature. Annealed and quenched speci-
mens were found to be ductile and only fractured after large amounts of
deformation. Samples intermediately aged at low temperature {(say, 585°C) on
the other hand, fractured in a more brittle manner with little deformation with
an intergranular fracture mode. This failure mode is illustrated by an SEM
fractograph (Figure 3.10) for nickel 200 aged 48 hours at 585°C after a
solution treatment of 4 hours at 1250°C. Grain boundary facets indicative of
intergranular failure are apparent. Similar results were obtained for samples
aged 120 hours at 585°C (IF'igure 3.17), 24 hours at 625°C (Figure 3.18) and

24 hours at 600°C (F'igure 3.19). Again, the failure mode was infergrandlar.

Figures 3.16 and 3.19 show that certain second phase particles are present on
the fracture surfacc. The particles c¢ontained within the dimples are unable

to be identified at the present time.

Fiqure 3.20 shows a typical Auger spectrum from the intergranular fracture
surface of sample 1 (Aged 48 hours at 585°C). Auger analysis of the sur-
face revealed segregation of sulfur, chlorine and carbon. Unfortunately,
the presence of significant amounts of nitrogen and oxygen prohibits a
quantitative rationalization. The distribution of segregants varies from

area to area, as shown in Figure 3.21.

Upon further aging at 585°C (120 hours) cadmium segregation was observed on

the fracture surface associated with increasing segregated-sulfur. The typical
Abper cpectia trom three selected areas (teterted Lo din Figure 3.17) are shown
in figure 3.22, 3.23, and 3.24. 1In all the Auger spectra, carbon and oxygen
[eaks were also observed. It is suspected that a major contribution to these
peaks arines trom contamination in the vacuum system,  Work 1s continuinyg Lo

investigate this possibility.

It can be seen from Figure 3.17 that the distributions of segregated sulfur
and cadmium are not localized uniformly over fracture surface. In contrast,
carbon distributes more uniformly. It is interesting to note that the regions

enriched in sulfur also show cadmium enrichment. It should be mentioned
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Figure 3.27 TIracture surface of Inconel alloy 600 (1300°C for 12 hours,
water quenched + 650°C for 124 hours, water guenched).
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Figure 3.28 TFracture surface and sulfur distribution on the fracture
surface of stainless steel 304 (1300°C for 12 hours, water
quenched (50°C for 24 hours, water. quenched).
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that the measurements from Auger analysis are actually lower than true value.

This is because segregants localize on both fracture surfaces.

By sputtering off successive layers from the fracture surface, the profile of
concentration of any segregant as a function of sputtering time {i.e. dis~
tance from the grain boundary) was established, as shown in Figure 3.25. The
concentrations of all segregants dropped sharply to a low value within two
minutes of sputtering (~ a depth of about 10 ; from fracture surface) and
decreased steadily thereafter. This agrees with previous work on surface

segregation.

Results of Inconel Alloy 600. The segregation of sulfur and cadmium were also

observed on the fracture surface of Inconel alloy 600 (12 hours at 1300°C
followed by water-quenched and then subsequently aged 48 hours at 650°C). The
representative Auger spectrum is shown in Figure 3.26. Unfortunately, a
scanning electron fractograph of this speciﬁen was not taken due to damage of
the specimen upon removal from the Auger chamber. However, a specimenh {aged

24 hours at 650°C) broken in the atmosphere showed a tendency of intergranular
fracture, as shown in Figure 3.27. More work will be carried out on this alloy

in the next quarter.

Results of Austenitic 304 sStainless Steel. Dimples, which were formed by

ductile tearing and linking of cavities were the main features observed on
the fracture surface of austenitic 304 stainless steel, as shown in Figure
.06, the Auger spectium obtained trom this type of tracture surtace is
shown in Figure 3.29. Besides the Cr, Fe, and Ni peaks, prominent peaks
are noted for sulfur and oxygen., A carbide-like carbon peak is also shown
in the spectrum. Secgregation of chlorine and phosphorus are also observed.
Again, it is suspected that a major contribution to oxygen and carbon peaks
arises from contamination in the vacuum system. The source of chlorine

is not known at the present time.

The distribution of species enriched on the fracture surface is again not
uniform. The depth-composition profiles for various species near the frac-
ture surface is shown in Figure 3.30. Both sulfur and oxygen dropped
sharply within ten minutes of sputtering and then rcached a plateau value.
Chromium c¢nriched at the reqgion close to fracture surface then decreased
decper to the bulke The de pth-componitUion protale of cathon had the game

tendency o chromium,
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Discussion of In Sitd Fracture Tests. The segregation of sulfur to grain

boundaries in nickel hus been clearly demonstrated in the present work. The
segregation of sulfur to fracture surface in Inconel alloy 600 and austenitic
stainless steel 304 type was also observed. The presently observed decay of the
concentration ot sultur with distance from the fracture surtace bears a

very close similarity to that reported earlier for surface segregation. 1t

is suspected that a major contribution to sulfur peak ariscs from the particles
contained in the dimples shown in Figures 3.16 and 3.19. However, those
particles still exist when the fracture surface shows no sulfur coverage after
ion sputtering. Therefore, it is indisputable that sulfur segregation at
nickel grain boundaries is not due to a second phase precipitate. The sulfur
1o contined to a narrow region (< 10 R) in the vicinity of the grain boundary,

probably in the elemental form.

The thermcodynamic consideration of sulfur segregation to the grain boundaries
of nickel can be rationalized by the same basis which has been discussed pre-
viously. The elastic misfit strain could be the driving force for this type of
segregation.  The concept of chemisorption is appropriate in considering
sulfur segregation to-grain boundaries. The specific function of temperature
and time on grain boundary segregation of sulfur in nickel has not yet been
established. However, it is reasonable to expect that the rate of sulfur
segregation to grain boundaries is slower than that to the surface. This can
Le seen from Figure 1 that sulfur segregating to the nickel single crystal
with (00l) surface to a saturated value about 10 hours of heating at 585°C
whereas sulfur seqregating to grain boundaries to a value of one-third satura-

tion (see Figurec 3.21) for 48 hours of heating at 585°C,

On further againg at 585°C (aced 120 hours) cadmium segregation was observed
on the Lracture surface ansocrated with increasing sceygregated-sultur (see
Figure 3.17). 1t iy surprisiig to observe cadmium segregation at nickel grain
houndaries. Irevious results of surface segregation on nickel had never

shown any evidcnce of cadmium segregation. However, this strange result has
bheen veriticed by the renidual gas analysis in the SIMS.  The cadmium vapor

was measured and obzrrved by SIMS technique when a nickel specimen was heated
to the temperatures albove 450°C. The mass spectrum of residual gas in the

chamber of SIMS during heating a nickel specimen to 700°C is shown in
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Figure 3.31. The existence of cuadmium is indisputable. Cadmium may segregate

on g nicket sugtace, ot vaporize s during preheating prior to ai Auger analysis,

Thuw, cadmium scqgreqat ion was not observed in the work on nickel single
crystals.
In most cases the fresh tracture surfaces were contaminated with oxygen and

carbon. It is felt that longer times are needed for baking-out the Auger

chamber to eliminate contamination.

Alloying Effects on Solute Segregation. The previous sections have illustrated

the importance of solute segregation to ¢grain boundaries as it affects inter-
granular corrosion processes. Late in the reporting period work was started
in the area of alloying effects on solute segregation. The objective is to
identify procedures to retard or eliminate deleterious segregation of impurity

clements to grain boundarices.

Initial work will be directed to the investigation of the interaction of alloy-
ing  elements with segregating species. Developing upon our broad base under-
standing of the nickel sulfur system, the segregation of sulfur will be studied
in dilute binary nickel alloys. The alloying elements to be studied are Mn

and Al. These alloys are now being prepared. Two alloy compositions have been

chosen. The alloy concentrations will be 500 ppm and 1000 ppm.

Analogous to the nickel sulfur studies surface segregation of sulfur will be
studied using Auger $pectroscopy. The role of Mn and Al additions upon the
extent and kinetics of sulfur segregation will be determined. Previous work
has indicated that surface scgregation studies provide a recasonable indication

of what may be expected at grain boundaries.

TAGE 1.0 CONCLUSTIONS
A summary of the Task 1.0 studies for this reporting period are as follows:
o Vacuum heating of nickel can lead to sulfur segregation. The chemistry
of the sultur-segregated surface was studied in a temperature range
of 25°C to 950°C using an Auger clectron spectroscopic technique.

o Experimental rasults suggest that sulfur scgregation exhibits
behavior typical of chemisorption rather than physical adsorption,
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sultur segkedolion does hot tollow a sdgregation (or adsorption)
isotherm. This suggests that the concentration of sulfur (even though
less than 10 ppm) in the nickel bulk is too high to follow an
isotherm.

The extent of surface segregation has been expressed by the normalized
Auger peak height (NAPH) which has been evaluated by Bishop and
Riviere's formula and calibrated by a Ni352 standard. The approximate

atomic concentration of segregated~sulfur on the nickel (00l) face is
33 at.% which is enhanced relative to the matrix concentration by a
factor of 1 X 103 to 3 x 104,

The depth-composition profile of a typical region of the impurity
segregated surface was obtained by inert ion (Ar*) sputtering and
expressed by a plot of normalized Auger peak heights versus sputtering
time. The segregated layer has been estimated to be localized within
a monolayer. This behavior is consistent with chemisorption and
equlibrium segregation.

Diffusion plays an important role in the segregation process. It
supplies the segregant atoms from the deeper bulk material. The
amount of segregated-sulfur on the surface of nickel crystal increases
linearly with time in the initial stage of the segregation process.
This implies that sulfur diffuses from the nickel bulk at a constant
rate. The diffusion coefficients of sulfur involved in segregation
process have been estimated as

D= 3.5 % 1072 exp (-30,500/RT)

The low activation energy for diffusion may be due to high dislocation
density (which is generated by the surface preparation) and the
higher concentration of vacancies in the region near the surface.

The influcence of surface segregated-sulfur upon the anodic polarization
bLehavior of nickel has been investigated. The critical current
densities for both in single crystals and polycrystals in a one molar
sulfuric acid solution increases as the content of segregated-sulfur
increases.

Proper annealiny and aging treatments lead to intergranular fracture
of Ni 200. However, SEM fractographs show that second phase particles
are present on the fracture surface. These particles have not been
identificd at the preseat time,

The seyregation of sulfur to grain boundaries in nickel 200 has been
clearly demonstrated in the present work. The segregation of sulfur
to fracture surfaces in 1lnconel alloy 600 and 304 stainless steel
has also been observed. In addition, cadmium segregation has been
observed at nickel grain boundaries after long term aging at 585°C.

A study on the effect of alloying elements on the segregation of
sulfur in dilute Ni-Mn and Ni-Mg alloys has just started. These
alloys are now being prepared.
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Section 3

TASK 1.0 METALLURGICAL STUDIES
(1. Chaung, M. H. Lee, J. B. Lumsden)

GENERAL OBJECTIVE

In this task both surface and grain boundary segregation are being measured
as a function of temperature, time, and alloying. The correlation between
the two types of segregation is being investiqated so that relationships can
fae found which will c¢liminate the necd to obtain intcrgrénular tracture for

rasn boundioy studie,

A second objective ot this task is to identify those solutes which segregate
or precipitate in o grain boundaries causing an ‘increase in susceptibility to
stress corrosion cracking, corrosion fatigue, or intergranular corrosion.
Ultimately relationships will be defined giving the amounts of these species
in grain boundarie: as a function of temperature, time, alloy composition,
and alloy structure. This will permit a predictive capacity to be obtained.
This understanding will lead to procedures which can be employed to eliminate

intergranular failure.

FREVIOUS WORK

ruch ot the previous wark has been concerned with investigating the changes
in surtace composition of nickel resulting from impurity secgregation. This
work has focused on sulfur, since it was found to be the most surface active

and its presence on the surface catalyzed the anodic dissolution kinetics,

A relationship was found for the amount of segregated sulfur as a function of
temperature and time. These investigations also showed that sulfur chemisorbed
on the surface of nickel in monolayer concentrations. When the saturation
coverage was attained, neither raising nor lowering of the temperature changed
the surface concentration., A fast diffusion zone exists in the near surface
layers in which ditfusion coefficient it as much as three orders of magnitude
greater than the bulk value. This region extends 50-75 um below the suxface.
The consequence of this is that all the sulfur in this 2one segregates to the
surface in a matter of minutes when nickel is heated above 700°C. Thus,.
sulfur segregation cannot be prevented bLy using high purity alloys. This was

demonstrated by using high purity nickel single crystalsp
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It was shown that segregated sulfur in the grain boundaries of nickel causes
severe interqrapular corrosion. Cadmium and carbon were also detected in the
grain hboundaries of nickel 200. Although carbon does not affect the stability

of graip boundaries, the effects of cadmium are not clear.

CURRENT PROGRESS

Current progress under Task 1.0 is described in the following sections. The
sections are organized according to the previous description of goals for this

reporting period.

Grain lwundary segregation in nickel.

Grain bLoundary in Inconel alloy 600.

Grain boundary segregation in 304 stainless steel.
Surface segregation on 4N Ni + 500 ppm Mn.

0O ¢ 0o

Grain Boundary Segregation in Nickel

In the following sections the results of our grain boundary composition studies
are discussed. This work provides a fundamental understanding of the nature
and extent of solute segregation in nickel and allows insights to the

phenomena of solute segregation in commercial alloys. Some of the work on
grain boundary segregation in Ni 200 has been previously reported. This

report provides additional work and analysis of earlier results.

Experimental Details. The details of specimen preparation and the Auger

electron spectroscopy techniques have been reported previously and will not

be discussed here.

Test Results.  Included herein is an outline of some representative results of

grain boundary composition.

Sulfur Segregation. Figure 3.1 shows the scanning Auger results and scanning

clectron fractoqraphs obtained from an intergranular fracture surface of Ni 200

which was solution annealed at 1250°C tor 10 hours followed by water-guenching.
Very prominent in the Auger spectrum benides the Ni peaks, is that of S.  The
noval ived Avaer peats heiaght (MAFIDY) S0h e apperoximat ely 0,68, This valae

it oapproximately that obtuined for seqgreqgatoed sulfur on a Ni osingle crystal

surface after saturation coveragqge had been rcached. The approximate atomic
concentration of the saturated, segregated-sulfur has been estimated to be 33

at.%.
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Nickel 2C0

Grain Boundary Composition

60C°C 24 Hours

{After Growing Lcrge

Grgins at 1250°C !0 Hr)

(a) and (c) scahning electron micrographé;,

rface; and (d) Auger spectrum of sulfur-enriched region on the

ace.

Sulfur segregation in a Ni 200

(b) sulfur
fracture s

Figure 3.1
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The left-bottom picture in Figure 3.1 shows the sulfur Auger image of the
fracture surface which indicates the distribution of segregated sulfur. 1t
should be noted that variations occurred in the NAPH S/Ni from drea to area
(S/Ni ~ 0 to 0.63). The sulfur decreased rapidly with depth during argoh ion
bombardment. This suggests that the segregated layer at the grain boundary is
less than a monolayer which bears the same characﬁeristic as that of surface

segregation.

The SEM fractographs in Fiqure 3.1 give the fracture mode of this specimen.
Grain boundary facets indicative of intergranular fracture are apparent.
Dimples which are characteristics of.a ductile fracture are also present. This
Bhows that the fracture is still "ductile! but followed the grain boundaries.

fThis phenomenon seems to be characteristic of "weak embrittlement."
Most of the specimens were heated in the temperature range between 500°C and
650°C, as shown in Fiqure 3.2. The experimgntal results to date are insuffi-

cient to assess quantitatively the trend of sulfur segregation.

Carbon Segregation. Figure 3.3 is the Auger spectrum from an intergranular

fracture of Ni 200 which was also solution annealed at 1250°C for 10 hours
followed by water quenching and then reheated at 500°C for 24 hours and water
(quenched.  Only carbon segregation, NAPH C/Ni ~ 0.35, was observed. The frac-
ture surface of this speci?bn also exhibited, as shown in Figure 3.4, an

interyranular dimpled rupture.

The surface segregation results reported previously have shown that carbon
sodqregates with a makimum value, NAPH C/Ni -~ 0.45, in the temperature range.
between 450°C and 550°C and no longer appears on the surface above 550°C. It
seems that the results of surface segregation and grain boundary segregation

for carbon tend to correlate with each other qualitatively and quantitatively.

Cadmium Segregation. It has been reported previously that cadmium was observed

on the fracture surface of Ni 200. However; there has been no further observa-

tion of cadmium segregation in grain boundaries.

In the previous report it was also shown that cadmium segregated to the surface

of a Ni single crystal, but it evaporated. The evaporated cadmium was detected
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using a mass spectrometer., PFigure 3.5 shows that cadmium does exist on the
surface of Ni at low temperatures. This fiqure gives the surface composition
of a Ni (111) face during cooling through the témperature range betweén 25°C
and 75°C after two hours of heating at 650°C, '

These results demonstrate conclusively that cadmium does segregate. However,
the failure to detect it in the grain boundaries reproducably suggests that
its segregation kinetics are very complex possibly depending upoh the annealing

temperature, quench rate and site competition with other segregated species.

Boron and Nitrogen Segregation. Figure 3.6 is the fracture surface composi-

tion of nickel 200 which was heated at 1250°C for 10 hours followed by water
quenching. It was then réheated at 600°C for 96 hours and water quenched.
Small amounts of boron and nitrogen were observed on the fracture surface.
The morphology of the fracture was the same as that shown in Figures 3.1 and
3.4.

The segregation of boron and hitrogen have also been found on the nickel
single crystal surface during heating times londer than 5000 seconds at 650°C,
(Figure 3.7). 1It is interesting to note that the presence of bofton is always
associated with that of nitrogen. The kinetics of -boron and nitrogen segre-

gation have pot bheen studied.

Chlorine Segregation. The segregation of chlorine has also been observed on

the fracture surface of nickel 200. The sample was solution annealed at 1350°C
for 24 hours followed by water quenching. It was reheated at 550°C for 72
hours and water quenched. Figure 3.8 is an Auger spectrum showing chlorine
segregation. The segregation of chlorine was accompanied by the seyregqation

of sulfur. Under argon ion bombardment the segregated chlorine levels

decrcased rapidly with depth away from the fracture surface.

Effect of Boundary Migration. The accumulation of sulfur at grain boundaries

may also occur as a result of the sweeping action of migrating boundaries
during recrystallization (3-1). Auger analyses for the fracture surface of
nickel 200 which was 30% cold-rolled followed by recrystallizing at 600°C
for one hour revealed the segregation of sulfur and magnesium, as shown in

Figure 3.9. The fractograph of this specimen is shown in Figure 3.10. It



217

*D,069 3¢ Hurzesy Jo sanoy gz Ia3ye ButTooo butanp sd®I (ITT)
19)oTU ® 3O uot3itsodwoo adeyams ayz 3o unxydads Iabny satjiviussaadoy g'g @aanbtra

(ONIT7002 ONINNG HO)
SHNOH 2 00069 1V
ONILVIH Y314V D.G.-G2 |
~30v4 (111) T3NOIN 5 ‘
NOILISOdWOD 32v44NS y




218

*uot3zebeabas
uabox3TU pue uoxoq Burmoys 00z IN FO UOTITSOJWOd 3deFINS IINJORII

DM SYNOH 96 0,009
~+DM SHNOH Ol 2,062!

. 002 T13MOIN
"NOILISOdWOD 30Vv4dNS 3¥NLOVvH4d

9°g axmbra




215

: *uotaebaabes
uabo13TU pue uoxoq bLutmoys sdeIy (100) TONOTU Fo uoriTsoduod aorvjang L€ 2anbra

SANOJ3S 000G 00089 LV ONILVIH 9NIYNAd
30v4 (100) 13XJIN
‘N NOILISOdWOI 33v4dNS

iX




WS

*uot3ebaibes sur20TYD BUTMOYS QOZ TN JO UOTITSOJWOD JJBIINS BINIOLIJ g°¢ axnbrg

OM SHNOH 22 D608S
+ DM SHNOH b2 J,0GE |

002 13MDIN

NOILISOdWOD 3OV4HNS 3¥NLOVYA




2

“ooe

HAOH | 20009
@37104-37109 %0S ‘002 IN
NOILISOdWOD 3OV4HNS J¥NLOVYA

I8N UT uoTjebaabss s3nos uo
$309339 uorjezryTe3IsAioea Burmoys unzaoads x9bny sarjejussazdsy

by 62l
o0/

6'¢ 8indtry




r2<

Figure 3.10 The $EM fractograph obtained from recrystailized Ni 200.

can be seen that two kinds of fracture modes are prcscnﬁ. one exhibited the
typical intergranular dimple rupture. The other was flat and contained large
amounts of sylfur. ‘The presence of Mg with & suggests that MgS has preci-

pitated in the grain boundaries.

Segregation in "Fmbrittled” Nickel. FProduction of an intergranular surface

of a face centered cubic material such as nickel in an ultfahigh vacuum
condition by cimple impact fracture (the exprrimental technique being used
here) 16 not an ecasy task. o date, it has been only partially successful

to obtain intergranular tracture. In all cases the [racture follows the grain
boundary but the tracture surtace has a dimple structure. The higher magni-
fication of a SEM fractograph shows that second phase particles are contained
within the dimples. Attempts to identity these particles using microprobe
analysis have been unsuccessful. The particles are too small to be resolved

by the scanning Augcr.

The addition of an cmbrittling element such as a bisinuth to the nickel can

shift the intergranular dimpled rupture to a smooth interéranular fracture.
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Figure 3.11 shows the represéntative Auger spectrum, Auger images, and SEM
fractographs of nickel 200 which was doped with 100 ppm Bi and heated at

600°C for 24 hours followed by water quenchind. Grain boundary facéks
indicative of intergranular fracture are apparent. The high magnification of
the SEM fractograph indicates no dimples or second phase particles on the grain
facets. Auger analysis shows a large segregation of sulfdur and bismuth. The
Auger map of sulfur indicates that the distribution of the segregated sulfur

is not uniform.

DISCUSSION

The segregated species observed except cadmium are residual non-metals which
have low solubility in nickel and differ in atomic size. The size difference
contributes to the driving force for sedregation. These elements may be pre-
sent in nickel as impurities. There have been ﬁany investigations of the
effects of sulfur on the properties of nickel, but the mechanisms and kinetics
of sulfur sedregationh are not yet understood. In addition, segregation of

cadmium, nitrogen, chlorine, and carbon are not well documented.

Summarizing the experimental results, sulfur is the primary specie which
segregates to the grain boundaries and surface of Ni. This may bé attributed
to the very low solubility of sulfur (less than 10 ppm at room temperature),
the large electronegativity difference between sulfur (2.44) and nickel (1.75},
and the high strain due to the misfit of the sulfur atom in the regular nickel
lattice (about 0.4 ;). Therefore, sulfur would tend to segregate onto the
nickel surface or grain boundaries in order to minimize the free energy of

the system (2) if sulfur atoms receive the necessary energy to overcome the

activation energy for diffusion.

It was demonstrated in a previous report that the structure in the negative
excursion of the S Auger peak is indicative of chemical bondihg between S and
Ni. This structure is observed both for sulfur segregated on a Ni surface
and in the grain boundaries. This suggests that in both cases chemisorption

and not physical adsorption occurs.

The largest value of NAPH S/Ni ~ 0.65 for grain boundary seqregation is close

to the NAFH S/Ni (~0.66 t+ 0,05) for saturated surface éeqregation. This may
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imply that there is the same saturation limit for sulfur both on surface
segregation and grain boundary segregation. However, most observed values
for the NAPH S/Ni in grain boundaries are smaller than that of the saturation

limit.,

Considering the two main segregants (sulfur and carbon), sulfur sits on a
substitutional site in the matrix, whereas carbon sits at an interstial one.

It is expected that the diffusion of carbon is more rapid than sulfur. There- -
fore, carbon levels are higher at low temperatures than those of sulfur. At
high temperatures segregated C does not appear on the surface. It is not

clear whether this is due to the influence of S or whether it is a property

of the Ni-C system. The latter case will exist if the temperature is above
that at which graphite precipitates. However, the results do indicate that
sulfur can influence carbon segregation since carbon doeé not segregate aftef

a saturation coverage of sulfut occurs.

The discussion of segregation of boron and nitrogen will be made in the section
concerning the grain boundary segregation in Inconel alloy 600. The results to
date are not sufficient to define the conditions under which cadmium and

chlorine segregate.

Grain Boundary Segregation in Inconel 600

Experimental Details. The details of specimen preparation and the Auger

electron spectroscopy technique have been given in an earlier report.

Test Results. 1Included herein is an outline of several representative results
of graih boundary composition obtained from the fracture surface of Inconel
600.

Figure 3.12 shows the Auger spectrum and the SEM fractographs obtained from
the fracture surface of a specimen which was heated at 1350°C for 2 hours
followed by water-quenching and then re-heated at 600°C for 24 hours (or'72
hours) followed by water-gquenching. The fracture surface exhibited a mixture
of ductile and flat grain boundaries. The flat area is less than 20% of the
total fracture surface of the specimen. This area had high concentrations of

sulfur, nitrogen, titanium, phosphorus, carbon, and chromium enrichments. The
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variation in enrichment from area to area is likely due to the changes in
fracture mode. ' The upper spectrum in Figure 3.12 is the representative Auger
analysis showing the segregation of impurities and solutes. The most prominent
peak is sulfur. However, chromium and carbon peaks become prominent after one
hour of argon ion bombardment; this can be seen from the bottom Auger spectrum

in Figure 3.12,

The depth-composition profiles of sulfur, carbon, and chromium are shown. in
Figure 3.13. Argon ion bombardment did not remove the segregafed—sulfur

as rapidly as in the case of sulfur segregation on nickel. It took longef
than 10,000 seconds of ion bombardment to sputter off the segregated sulfur
from the fracture surface. The segtegated-carbon‘and -chromium levels in-
creased as a function of ion-spﬁttering reached a maximum value and then -
decreased. Both maximum levels of carbon and chroﬁium were at about 1,000
seconds of ion-sputtering. It is assumed that the high carbon and chromium
is due to chromium carbide. From scanning Auger images_as shown'in Figure 3.12,
the area showing high sulfur concentration has hiqh chromium and carbon con-
centrations, but not vice versa. '

Results have been obtained from several heat treatments: (1) 135Q°C for

2 hours followed by water quenching and reheating at 600°C for 72 hours
followed by air cooling; (2) at 1350°C for 2 hours (water guenched),

(3) 1350°C for 2 hours, furnace cooled to 550°C for 350 hours, (4) 1050°C
for 24 hours followed by water guenching and reheating at 600°C for 160 hours
(water quenched) and (5) 1050°C for 24 hours followed by water quenching
rcheating at 600°C for 20 hours follcwed by water quenching. The amounts of
ségregation expressed in NAPH are shown in Figure 3.14. It can be seen that
the specimen as quenéhed without further heating shows no significant
segregation. In addition, the specimens preheated at 1350°C have higher

segregation levels than those preheated at 1050°C.

Discussion. Interpretating the variation of grain boundary chemistry in
Inconel alloy 600 should concern interaction between segregated impurities
and trace (or minor alloyiny) elements at or near the grain boundaries. The
possibilities of (orming non-metallic inclusions such as carbides, sulfides,

nitrides, boridcsu, and oxides, or complexes should be considered.

Bieber and Decker (3-13) made a systematic study of the influénce of trace
elements and minor alloying additions in nickel and its alloys and classified

.t
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55 elements into three groups as detrimental elements, neutral elements, and
beneficial elements. These trace elements and impurities may interact with
each other depending on thermodynamic considerations and complex kinetic

processes. More complicated interactions occur when more elements are present.

The segregation of sulfur at grain boundaries in Inconel alloy 600 may more
or less bear the same characteristic as that in pure nickel. However, the
fine structure observed in the negative excursions of the Auger peak from
sulfur in the grain boundaries of nickel was not present in the spectra from
that in the grain boundaries of Inconel 600. This suggests that the bonding
is different, and thus the effects on the anodic dissolution kinetics may
differ from those of nickel. Also, the AES ion sputtering profile (see
Figure 3.13) shows that measurable amounts of sulfur levels extend far below
the fracture surface (longer than 10,000 seconds of sputtering). Usually, in
the pure nickel case, it took about 300 seconds to sputter off segregated
sulfur from the fracture surface. This could imply that sulfur is associated

with the formation of second phase chromium carbide.

The experimental results have shown that boron segregates to both surface and
grain boundaries of Inconel alloy 600. Boron has a low solubility in nickel,
iron, and austenitic steels, and so is expected to segregate to the available
lattice defects in these materials. In the late 1950's it was realized that
trace additions of boron and zirconium introduced to nickel base alloys
substantially improve their hot-working behavior and creep-rupture propertisas
(3-4) . Baron is a beneficial element in small ampunts but harmful in larger
additions, Evidence for boron segregation to grain boundaries jin a nickei
base alloy by secondary ion mass spectrometry has heen foynd by Walsh and
Kear (3-5)., They observed that many of the intergranular regions cpntained
massive Cr-rich M382 boride particles. In our AES results, the boron Auger
peak has shifted from 168 eV to 179 eV before and after ion bombardment. It
suggests that bofon may form a boride at the grain boundaries. This phenamenon

has also been found for some cases in pure nickel.

Nitrogen was also found in the grain boundaries of Inconel 600. The solubility
of nitrogen in nickel is small (- less than 10 ppm). Therefore, it is not
syrprising that nitrogen seyreyates to the grain boundaries and surfaces of

nitkel alloys. Nitrogen is considered detrimental to malleability even in
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small additions. It is known (3~6, 3-7) that nitrogen will react with
titanium to férm brittle TiN particles which may act as nuclei for the pré—
cipitation of MC carbides and some nitrogen may displace carbon in carbide

to form carbonitrides. From the AES results, it can be seen that the nitro~-
gen aﬁd Ti peaks are present in the spectrum after one hour of ion sputtering.

This may indicate that particles of TiN form at the grain boundaries.

A small phosphorus peak has been observed in the Auger spectrum obtained

from the fracture surface. The solubility of phosphorus.in nickel is small
(about 0.32%) but higher than that of sulfur in nickel (about 10 ppm).  This
is why sulfur segregation is more.prominent than phosphorus segregation. No
informafion has been documented on possible interactions between phosphorus
and alloying elements. Phosphorus is detrimental in larger additions to some
properties of Inconel alloy 600. Vermilyea et al. (3-8) have shown that
additions of phosphorus to Inconel 600 type alloys cause susceptibility to
intergranular attack in strongly oxidizing media. This intergranular attack
was believed to be associated with ségregation of phosphorus to grain
boundaries. In addition, the deleterious effect of phosphorus in acid
solution has been rationalized (3-9) on the basis of an increase in the effec-.
tive number of grain boundary carbide precipitates and the activity of pre-
existing corrosion paths.  From the previous report, it can be seen that
vacuum heating of Inconel alloy 600 results in surface layers rich in sulfur
and phosphorus. The results showed site competition between segregated sulfur

and phosphorus. This has not been observed in grain boundary segregation.

Carbon plays a major role in the segregation process. Very prominent in the
Auger spectrum from the fracture surface besides the Cr, Ni, and S peaks, is
that of C at approximately 272 eV. An examination of the ion sputtering
profile suggests that carbon must be present in the form of carbides instead
of graphite. High carbon levels are always associated with unusually high
chromium enrichment before and after ion bombardment. Accordingly, preci-

pitation of the chromium-~rich carbide (M ) probably occurred along the

.C
_ 2376 _
grain boundaries when the specimen was sensitized. The nature and extent of
the interaction between the precipitation of carbides and the presence of
segregated impurities is a challenging problem. The results to date are

insufficient to make any further discussion.
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Grain Boundary Hegregation of 304 Stainlens Steel

Intergranular attack is a prineipal mode of failure for austenitic stainless
steel. Although solute segregation or the deplétion of alloying elements at
grain boundaries is thought to be a contributing cause, no direct evidence
is presently available to correlate between susceptibility to intergranular
attack and grain boundary composition. The main difficulty is due to the

lack of a suitable technique for studying grain boundary chemistry.

Test Results

Figure 3.15 shows the Auger spectrum and SEM fractographs obtained from the
fracture surface of a 304 stainless steel which was heated at 1400°C for 24
hours followed by water quenching and sensitizing at 600°C for 24 hours (water
quenched). The fracture surface of the specimen exhibited a mixture of ductile
and flat grain boundaries. The amount of flat boundaries is approximately 30%
of the total surface area. Three differeng types of chemical compositions
were observed. One area exhibited a strong.sulfur segregation. Some areas
appeared high in carbon associated with segrégated phosphorus. The rest of
the surface did not show adny significant enrichment. The microstructure of
this specimen is that of a two-phase material. The sample was magnetic
indicating the second phase as §. Two different sets of segregation may be
attributed to two kinds of boundaries--sulfur segregation to y - y boundary
and phosphords and carbon segregation to the y - § boundary. Figure 3.16
shows the Auger spectrum obtained from a fracture surface of 304 staiﬁless
steel which was heated at 1250°C for 44 hours followed by water quenching.

In addition to sulfur, nickel enrichment was observed. The fracture mode of
this specimen was like that of the previous specimen. It is interesting to
note that nickel enrichment disappeared when the specimen was re-heated at

600°C for one hour and water quenched.

TASK 1.0 CONCLUSIONS

The metallurgical studies of solute segregation have shown that (1) evidence
for surface segregation and grain boundary segregation in nickel, Inconel
alloy 600, and 304 stainless steel has been developed using Auger electron
spectroscopy. (2) Sulfur exhibits strong and prominent segregation to sur-
face and grain boundaries in nickel, Inconel alloy 600, and 304 stainless
steel when the bulk concentration s as low as a trace. The sulfur seqrega-

tion bears chemisorption behavior. {3) Table 3.1 shows details of some of
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the results. These results show that at least surface segregation can be

used to prediét grain boundary segregation qualitatively. The same elements
which segregated to the surface were found at grain boundaries. (4) Quanti-
tative correlation should exist between surface segregation and grain boundary
segregation since the same theoretical expressions apply for both, However,
the results to date are insufficient to correlate each other. (5) Exposing
smoother grain boundaries can be made by techﬁiques such as doping with
embrittling elements or introduction of pre-cracked specimens. More work of
optimizing procedures for exposing grain boundaries of face centered cubic

alloys will be searched.
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EPECTROMETERS

The purpose of this section is to summa-
tire and to compare the main design fea-
ikes ol - electron  spectrometer systems
*hich are currently commercially avail-
e in the United States. The essential
‘vmponents of an electron spectrometer
witem are shown in the schematic di-
agtam of Figure 1. A comparison of the
Rifictions of the components used to make
ip the six commercial instruments is given
h Table 2. The performance specifications
i the spectrometers are listed in Table 1.*
“he information cited is based upon the
tnufacturer’s literature and upon writ-

#l'able 1 is repented helow from page

ten and verbhal consultations with com-
pany scientists and engineers. The tables
only contain data for those features and
accessories actually deliverable to users as
of January, 1973. No value judgments of
the spectrometer systems are intended
since valid judgments can be made only
after extended testing of each instrument
under the intended use conditions of the
prospective purchaser. Furthermore, new
developments are occurring so rapidly that
certain comparisons may not be valid for
long. Additional detailed information
about a given instrument may be obtained
by contacting the manufacturers listed at
the end of this article. Photographs of
commercial spectrometers are shown in
Figures 8 through 13.

feature

length with high power output at an ener-
gy of at least 900 eV so that one would be
able to excite the 1s shells of the second
row elements. This energy also is sulficient
to excite at least one inner shell of all the
licavier clements. The simplest compro-
mise between power and monochromati-
city is the use of a characteristic x-ray
emission line of one of the lighter ele-
ments. The Ka doublet of magnesium or
aluminum has been chosen by the instru-
ment builders because these lines have
reasonably narrow composite linewidths of
0.75 eV and 0.95 eV, respectively (I8). As
pointed out previously these linewidths are
adequate for most chemical studies. The
Ka lines of the heavier elements have con-
siderably larger halfwidths (for example.
Cu Ka FWHM ~ 2.6 eV, Mo Ko FWHM
~ 6 eV) which makes them unatfractive
for chemical shilt  measurements, The
heavy element Ka lines can be useful for
the production of Auger electrons since
higher power is available when heavy
metal targets are used and since the pho-
ton linewidth is not related to the Auger
linewidth. Of course, the linewidth of any
x-ray source can be improved at the ex-
pense of intensity by suitable monochro-
matization.

The basic x-ray source consists of a
heated filament at —5 to —20 kV and an
Al or Mg water-cooled anode at ground po-
tential. The geometry of the target varies
from instrument to instrument. The AEI
ES100 (Figure 4) and McPherson ESCA 36
use a planar anhode at a small take-off
angle to the target direction. This geome-
trv results in a high intensity line source
when viewed from the sample position. In
the AEI ES200 the filament is at ground
potential and the anode is at a high posi-

Y9, April 1973 Jdournal of Chemical Source.  The ideal source would be a tive potential. This arrangement reduces
ahcaliun. monochromatic source of variable wave- scattering of electrons at the anode. In the
Table 1. System Performance Specifications®
Sensitivity Parameters Peak Position
- s —— e Sensi- tesoly- - -
Peak tivity  tion"  Accu- Reproduc-
Intensity  FWHM  Power’ —_— racy ibility
Element (counts/sec)  (eV) (watts) S/B S/N (cps/%)y  (eV) (eV) (eV)
AL ES o0 Au Af 140,000 1.0 HO it 350 1300
Ap Wl ah, 000 0.0 Hio 12 ho 240 0.86 - -
CoAs 40,000 1.0 H0O 70 500 (20 sec/eV) 390 — 0.1 0.05
BuPont Au 4f 300,000 1.20 350 7 2500 (20 sec/eV) 26iK) 0.9 0.1 0.05
650 Ay 3d 100,000 1.15 50 8 1250 (20 sec/eV) - - — -—
C s 60,000 1.15 350 10 1250 (20sec/eV) - — - -
Hewlett-ackard Au dfr 120,000 0.8 400 (Al) 120 1200 .- -
ESCA-HIH0A Ay 3d 26,000 0.87 TH0 (Al 33 250 - . -
C Js 12,000 0.8 800 (Al) 200 1500 120 0.5/ 0.1 0.03
McPherson Au 4f 7H000 15 750 14 350 718 : -
KSCA-16 Ag W 18,700 .88 7050 19 270 180 0.88 0.04 0.015
¢ s 11,500 1.0 1000 hia 470 (22 see/eV) 110 - . -
Vacoum Gen. Au Af 10,000 2.36 H00 (AD nn m .-
trators, Lid. Ay 3d nat — .
FSCA2 [ X 1000 1.K3 H00 (Al n nn 1.0 0.1 0.00H
Varian Au 4f 1,000,000 1.6 20600 7 na K800 .
VIEER- 15 Ag M 2,000 (.88 2400 13 un 220 0.9
[ P 11,700 1. 1 nn 0.1

Unta obtained from manulacturers; # Best reported system resolution; » X-ray power with magnesium target except where indieated to be

) 1000

 Not available; » Known to be clenned by Art bombardment: / For silicon 2p doublet,

110 0.03

{Continued nn page A270))

Volume 50, Number 5, May 1973 / A269
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Figure 4. Schematic diagram of the AEI

ES100 Spectrometer.

Du Pont and Varian instruments an annu-
lar target surrounding the sample (which
in these cases is a disc and a cylinder, re-
spectively) is used. With this eometry
these manufacturers achieve a larger x-ray
target area and higher photon ftux at the
sample surface. This is one reason for the
considerably higher counting rates exhib-
ited by these instruments. i '

In all five of the above instruments the
x-ray target and the sample are separated
by a thin aluminum or beryllium window.
This window serves to exclude electrons
scattered from the x-ray target from the.
sample chamber. In the case of an alumi-
num window and an aluminum target, the
window effectively filters the K8 line and
the background radiation without signifi-
cantly attenunting the Ko doublet. How-
ever, the aluminum window, when used
with other x-ray targets, will produce un-
desired photoelectron lines excited by the
Al K« x-rays from the aluminum window.

The vacuum requirements of the x-ray
source are not stringént—a pressure of less
than 10-3 torr is adequate if hvdrocarbon
vapors which produce target contamina-
tion are excluded, Another target contami-
nant is tungsten from the filament; thus,
tube geometries in which the anode is not
in a direet line with the filament may ex-
tenddl the operating time  between shut-
downs for turpet eleaning.

The Hewlett Packard H5950A spectrome.
ter shown schematically in Figuke H) pro-
duces an x-ray source with an effective
line width of less than 0.5 eV by dispersing
the Al Koy 2 x-rays on a Rowland circle
via a bent crystal diffraction “‘grating.”
The Ko line is spatially dispersed across
the target so that the photoclectrons eject-
ed from a level in the sample have differ-
ent kinetic energies depending on the posi-

Electron Spectrometar

~2% Mulblie hanne)
L ielector

[ I Mutiichunnol
Anotyzer

Output
Display

Lens

Rowland Circle
T
Crystal
Disporsar

% . _

X-roy S.outce
Figure 5. Schematic diagram of the Hewlett-
Packard Spectrometer.

.of 0.8 eV and at an x-ray power of 1500 #

“the emitted electrons. In those cases where

tion across the sample from which they

originated, In the lens system and energy

analyzer this dispersion results in all phg ’
toelectrons {rom one level being focused on

the same line at the exit plane of the ana.

lyzer. (The theory of this system is dis

cussed in Ref. 7, Appendix 10 for a mag

netic energy analyzer and in Ref, 19 tor an )
clectrostatic encrgy analyzer.) In addition [
to compensating for the intrinsic source
linewidth, the dispersed source also signif-
icantly reduces the background in .the
spectrum since_the Bremsstrahlung pho-
toelectrons and the Kog 4 satellite lines
are eliminated. For studies of many chem-
ical systems this feature of the dispersed
source may be more important than the
reduced linewidth since one should have
lower detection limits with the improved {
signal-to-background. It can be advanta-
geous to have a source of small linewidth if |
an element exists in several oxidation
states in a sample and it is desired to ex-
tract the_binding energies of each of these
oxidation states. {AEI has announced as an §
accessory for their spectrometers a
monochromatized x-ray source. Prelimi-
nary performance -data for an ES200
equipped with this source are as follows for ¢
a gold sample: I, = 60,000 cps at FWHM

watts. The §/B for this sample was 75.
The system resolution is reported to be 0.5
eV.) '

If only outer shell excitation is desired, §
then the ultraviolet resonance lines of heli-
um at 21.2 or 40.8 ¢V and linewidths of
less than 0.01 eV may be used. Recently,
other sources such as monochromatized §
cyclotron radiation (£ <100 eV) (20) and
rare eatth M lines (21) having small half-
widths have been used as valence sheli ex-
citation sources. Electron guns are fre-
quently used as excitation sources for
Auger electron analysis (6) since high in-4
tensities of electrons ol several kilovolts
energy are easily produced and since the
energy of exciting radiation does not affect
the Auger electron energy. It is important
to have at least two alternate x-ray§
sources in order to distinguish photoelec.
tron peaks from Auger peaks. When o dif
ferent x-ray cnergy is used the photoelee
tron peaks shift in kinetic energy but the
kinetic energies of Auger peaks are con-
stant. .

Sample and Sample Chamber. Solid,
liquid, and gaseous samples can be stud-
ied by ESCA. However, the practical re
striction that the sample have a low vapor
pressure makes the study of solids most
convenient, and consequently, liquids (and
gases) generally are examined after freez }
ing. ¥t is possible, of course, to vaporize
the liquid and tostudy it as a vapor if o dif
ferentinlly pumped eell is used. The renson
for the low varpor pressure restriction is thef
tequirement  that  the sample  chamber
vacuum he ol the order of 10 % torr (o
better) in order to eliminale scattering of

very ¢lean sample surlaces are necessary,
the residual gases in the sample chamber
must be nbout four orders of magnitude
lower in pressure.

In addition to the low vapor pressure re-
quirement, solid samples should be chemi
cally stable in the spectrometer and

(Continued on page A27.1)
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should be in electrical equilibrium with
the spectramieter. .For mahy studies it is
vunelitia! b lower the somple temperatute
to minimize possible chinges {n the sdm-
ple when it is exposed to high vacuum
and/or to exciting radiation. Study of ra-
diation-sensitive materials by ESCA re-
quires special care. The sample tempera-
ture is controlled by use of a variable tem-
peraturc samnple probe with which the
temperature may be varied from liquid ni-
trogen temperatures (~190° C) to about
+250° C. The exact temperature ranges of
the probes provided with cach spectrome-
ter are shown in ‘l'able 2, Probes which go
to higher tenmiperatures are available as ac-
cessories.

Solids are most conveniently handled as
flat pieces with the dimensions givea in
Table 2. Very frequently, however, solids
are received for examination in pulverized
form; in this case 10 to 15 mg. of sample is
adequate. ‘I'he pulverized material may be
pressed into a disc, spread onte a metallic
backing (such as an abraded atuminum
plate), or dusted onto conducting tape
{such as double-sided adhesive tape). In
all of these sampling techniques, it is es-
sential that the sample he in good electri-
cal equilibrium with -the spectrosmeter so
that the Fermni levels of the two coincide
and Equation 1 holds. Samples that are
electrical insulators may hecome positively
charged during irrndintion with x-rays he.
cause clectrons are being emitted. This in-
crease in surface potential is called the
“charging effect’” and can lead to apparent
binding energy shifts of mnny voits, In
most spectrometers, however, a sufficient.
ly large number of sceondary (background)
electrons are present in the sample cham-
her to stabilize surfuce charge at a small
vahie. Furthermore, “radiation damage”
during irradiation of the sample may in-
crease electrical conductivity sufficiently
to provide charge transport through the
sample.

T'he “charging problem™ has been ac-
centuated in the Hewlett-Packard ESCA
5950A due to the use of a dispersed x-ray
source. Because of this source there is a
significant reduction in the number of sec-
ondary electrons inh the sample chamber
which normally serve 1o nentralize the
surface charge. In a recent paper, it was
reported that the Hewlett-Packard sam-
ple-charging is being controlled by use of
an electron gun in the sample chamber
(22). In cases where the charging effect
cannot be eliminated (for example, in
thick insulating samples), it is important
to find a reference line for which the shitt
due to the charging is identical with that
of the line under study. If there is no in-
ternal reference element, an external stin-
dard must be found. T'his may be accom.
plished by mixing the sample with a suit-
able reference standard or by in situ depo-
sition of some reference material (such as
gold) on the sample. Diauis and Lester
(23) and Swartz et al, (24) have discussed
this problem.

Sample accessibility and versatility are
important considerations in the use of an
electron spectrometer. All of the commer-
cial instruments except the McPherson

ESCA-36 have nt least three access ports
either in the sample chamber or in a sam-
ple pre-treatmerit chamber. The McPher-
son system, however, is unique in that it
has a large modular sample inlet system
which can accommodate odd-shaped sam-
ples up to 27, tubic inches (h slze. The
sdttiple chatbet vustoinarily holds  uif
eight-position sample wheel which can be
controlled manually or automatically. All
of the spectrometers except the Du Pont
650 and the Vacuum Generators ESCA-2
have multiple sample capability as may be
seen in Table 2.

A means for cleaning or chemically
modifying the sample prior to obtaining a
spectrum without exposure to air between
treatment and examination may be vital
in the study of many chemical systems. As
shown in T'able 2, pretreatment chambers
are available for four of the six insttu-
ments listed. In the AEl and McPherson
spectrometers sample preparation is done
directly in the sample chamber. Conimon
accessories for sample treatment include
ion bombardment guns for cleaning the
surface of solid $amples, evaporators for
deposition of melals on sample surfaces,
and gas-handling systems for in situ sam-
ple treatment. The availability of these
accessories is indicated in Table 2.

The . vacuum system in the sample
chamber should be designed to produce
high vacuum without contamination of the
sample. If the sample chamber also is used
for sample treatment, then the sample
chamber, the analyzéer and the source
should be separntely pumped and isolata-
ble from ench other. If a sample pretreat-
ment chamber is used then it is only nec-
essary that it be separately pumped. Sep-
arate pumping of the sample pretreatment
fegion removes some restrictions on the
gases that may be used in the chemical
modification of a sample surface. If one
wants to produce and maintain atomically
clean sample surfaces, then it is necessary
that the partial pressure of any reactive
residual gas be less than 10-2 or 10- 19 torr
in any of the regions to which the sample
is exposed; i.c., ultra-high vacuum condi-
tions must be maintained. At 10 ® torr
pressure of reactive gas the sample surface
may be covered with a monolayer of con-
taminant in 15 minutes. In actuality il is
not the pressure of the gas but the ux of
reactant (molecules per cm? per sec) im-
pinging on the sample surface that is criti-
cal. Therefore, care must be taken in the
choice of materials from which the sample
~hamber is constructed if clean. surfaces
.2 to be examined. A system can exhibit
fuite low pressures and still contaminate
samples beeause high outgnssing rates of
the chamber walls are compensated for by
high pumping speeds,

Several types of pumping svstems are
compatible with clean surlace studies;
each has its own advantages and disad-
vantages. The most common ulira-high
vacuum (UFIV) pumps are titanium sput-
ter-ion pumps which are. used by Hewlett-
Packard and Varian. The advantage of
these pumps is the absence of pump
fluids; the disadvantage is the low pas
throughput,! McPPherson uses a turbomole-
cular pumip in its standard pumping sys-
tem, and combines this with a cryopumy

(Continued on page A278)
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in its UHV phekage. This combination
vields extremnely high pumping speeds and
low  sample chamber pressures. It s
claimed that clean surfaces maintain their
integrity for hours in this system. AEL Du
Pont and Vacuum Generators use  the
more conventional ditfusion pumps, One
does have the possibility of pump oil con-
tamination in these systems, but properly
designed liquid-nitrogen-cooled cold traps
should eliminate this problem. AEI has re-
ported sample chamber pressures as low
as 10 1 torr in the ES200 spectrometer.
The advantage of diffusion pumps is their
high gas throughput which makes them
particularly attractive for studies involv-
ing gas treatment ol the sample. At pres-
ent, Du Pont does not ofter UHV capabili-
ty for their spectrometer. In general, the
suitahility of a particular type of pumping
system depends on the kinds of studies
envisioned by the experimenter. Most of
the studies of chemical compounds done 1o
date have heen done in vacuum systems
only capable of about 10 “7 torr.
Electron Energy Analyzer.
any electron spectrometer is the energy (or
momentum) analyzer. One wants an ana-
lyzer with both high .resolving power and
high transmission. A number of differenm
tvpes of electron energy analyzers are suit-
able for KSCA spectrometers: {(a) uniform
field magnetic sector; (b) double focusing
magnetic sector {first described by Sieg-
bahn (233} (¢) double focusing hemispher-

The heart ol
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Cwal electrostatic analyzer (26); (d) cylin.

drical electrostatic (27): (e) cylindrical
mirror (28, 29); {f) electrostatic non-dis-
persive energy filte s (30, 31, 32).

Reviews of the ‘heory of several of thow
analyzers are given by Sicgbahn (1) and
Sevier (/7). Although the lirst spectrome-
ter used for KSCA had a maguoetic mo-
mentum  analyzer. all commercial spec-
trometers currently availuble contain elec-
trostatic energy analyzers. "the reason for

choosing the electrostatic analvzer over

the magnetic analyzer lies in the difficulty
of reducing stray magnelic fields to ac-
ceptable levels (ca. 10-4 gauss) in a mag-
netie analyzer since three sels of mutually
perpendicular Helmholtz coils must he
used. For an electrostatic analyzer mag-
netic shielding may be used and the size
and complexity of the stray field cancella-
tion devices is considerably reduced. An-
other restriction on the environment of the
analyzer is that the pressure must be less
than 10 % (orr in order to minimize elec-
tron scattering from the theoretical trajec-
tories by residual gas molecules. Sinee the
viweuum requirements in the sample region
are the most stringent, any of the pump-
ing alternatives adopted for that portion of
the spectrometer will suffice in the analyz-
er.

Since all but one of the commercial in-
striments utilize a double focusing elec-
trostutic analyzer (shown schematically in
Fig. 61, some of its properties are discussed
in detail. The electrostatic field is radial.
It the radius and potkntial of the inner
and outer spheres are a, V, and b, V,, re-
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Figure 6. Schematic diagram of the McPher-
son ESCA 36 Spectrometer with some data
handling options.

spectively, then the field (&) is given by:

§=1(V, — VJab/[r¥db — a)] 3

The solution of the equation of motion
in this field for a 180° sector is of the form
17):

'o/'lnn = {)ll(l + ot /”n] -1 )

where. £ is the energy of the electron trav-
ersing the median radius, ¥ = (a + b)/2, re
is the entrance radius and rigo is the exit
radius of an electron of energy E. There is
a reciprocal relationship between trans-
mission and resolution in this analyzer.
T'he resolving power, R, is given hy:

/R = FWHM/FE
AE/E

1

W/2r + a?/4 (10



where Was the width of hoth the entranc
and exit slits (presumed equal) and o s
the analyzer acceptance anele. For an -
alvzer of mean radius 7 = 30 e, B of 1000
“ean he obtained for Wo~ 0.36 nim and o
~ 2% Sicgbahn (1) reported o transmis-
don ol 0.29% for this R al an electron
energy, 15, ot 1000 eV,

The MePherson ESCA 36 (Figure 6)

Cvontains an analyzer which is essentially
identical to the 36 ¢m analyzer described
by Sicghahn. (7). Electron trajectories are
defined by entrance and exit slits and -
Laflle which limils the aceeptanc » angle.
The instrament may he operated with
resolving power of K/AE = H000 at ener-

Cgies up to 4000 eV. This analyzer is con-
ceptually the simplest commercial analyz-
er. but it must he of large dimensions in
order to obtain adequate sensitivity at
usetul resolution values,

Since the important gquantily in an
ESCA experiment is the FWHM and not
K, one can see [rom Equation 10 that low-
ering the electron energy. E, would allow
one to operate at lower R bhut higher trans-
mission.  Several  manuficturers  have
adopled  this  approach---AEl,  Hewlett-
Packard, Vacuum Generators, and Varian.
In all of these instruments the electrons
leaving the ~ample are retarded so that
they enter the analyzer at some lower
ehergy. Thus, the desired value of the
FWHM can be obtiied at a lowey value
of R Therctore, a smaller monochromator
or wider slits can be used. Although the
retarding lens magnifies the source image
ut the entrance 1o the analvzer, the result-
ing intensity loss may be more than com
pensated for by the higher transmission
through the analyzer. ‘The first three in-
sruments use a retarding lens and a
hewikpherienl analyzer. The Varinn wna-
forer CE1 is of evimdrical syimmetry hewt
tlescribed s two concentric spheres with
solid segments removed along the axis. In
this geometry electrons of all azimuthal
ungles are accepted.

The Hewlett-Packard  spectrometer is
unique in that the retarding lens-analyzer
system has been designed for the dispersed
x-ray source described above (79). The
complete svstem is shown in Figure 5. X-
ravs are dispersed across the sample with
the higher energies closer Lo the center of
the apnalyzer. Thus, the photoelectrons
cjected (rom an energy level have energies
that depend on the position on the sample
from which they originate. ‘T'he retarding
lens performs (wo functions. It retards the
electrons (o an energy of approximately
115 eV; and it reimages the electrons leav-
ing the sample with a magnification of
about five, with the higher energy elec-
trons at larger analyzer radiic In order to
accotiplish these funetions, the sample
surfnee must be inclined by a ealeulated
ungle with respeet to the entrange plane of
the analyvzer. The higher energy electrons
have trajectories with farger values of r
than the lower energy eleetrons, By prop-
vily matehing the dispersion of the x-ray
uptics with the retarding lens potentials
and the analyzer dispersion, all ol the
electrons from one binding energy in the
sample are imaged at a single radius at
the exit focal plane of the spectrometer.
Therefore. the contribution of the x-rav

(Continued on page A282)
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Figure 7. Schematic diagram of the Du Pont
Speciromaler. - E

source o the observed linewidth can be
significanily  reduced. “Theoretically  the

contribution can be made. zero, but aber-

rations in the x-ray dispersing crvstals and
in the lens lead to an estimated dinewidth

contribution of from 0.2 to-0.3 eV, One:

other feature of this system is that it oper-

24|
ates simultancously at maximum  resolu-
tion and masimum sensitivity since there
is no entrance slit to the analyzer.
The Du Pent instrument does not use a
dispersive analyzer. Instead the analyzer
shown in Figure 7 is composed of an elec-

thin  mirtor  which reflects elettrons of

enekgies less than some fixed value £ <70

“eV) and a high pass filter which only pass-

es clectrons of @nergics greater than some
higher_ fixed value FE2(270 eV). Tracing
the path of “electrons through the spec-
trometer, one sees
cjected from the sample are retarded and
enter o low resolution “pre-lilter” tlow res-
olution parallel plate analyzer) which de-

Alects, the electrons of 4 chosen energy
-range through an aperture toward the low-
pass filter. Those electrons of energies less

than E; are reflected and imaged on an ap-
erture ‘in the center of the analyzer tube.
Those ol higher energies strike the mirror

that “photoelectrons.

s e | e
Fiqure 8. Photograph of AEI ES100 Electron |
Spactrometer. i

surface and are cither absorbed or scat. |
tered out of the main path. A quadrupole |
lens aids in alignment of the beam of re-
flected electrons on ‘the aperture. Those
electrons passing through the aperture en-
counter a high-pass electron filter set at a
voltage Vi, corresponding to energy E;
slightly lower than £,. Those electrons of
energy greater than Fkz pass through the
filter and are detected. ‘I'he resolution of
the analyzer is determined hy the differ.
ence hetween &y and E2 and by the shape
of the transmission function of the mirror
and filter, A system resolution of better
than 1 eV for energies up ‘to 1200 ¢V has
been obtained. ‘The real advantage ol this
analvzer scheme is that the -acceplance
angle is large (~m/25 steradians) and that
the flilter transmission function improves
as the acceptance-angle is increased. From
the specifications in Table. 1 the only ap-
parent disadvantage is a high spectfum
background.

An explanation of one entry in Table 2
is possibly necessary. By ‘“scan mode” is
denoted the set of instrument potentials
that are varied in order to bring photoelec: }
trons of dilferent energies into focus-on the
detéctor, *Retarding voltage™ implies that
the potential(s) of the retarding lenstes)
are varied in order to scan ‘electron ener- |
gies. “Hemisphere voltages™ imply that ]
the potentials on the inner and outer |
spheres of the analyzer itself are varied,

Detectors. The clectrons that (raverse
the analyzer are detected in the AEL Dy
Pont, McPherson, and Vacuum Generators

Figure 9.

Photograph of Du Pont 650 Electron
Spoctrometer




Figure 10.

Photograph of Hewlett-Packard
5950A spectrometer system.

spectrometers by channel electron multi
pliers. In the Varian instrument the elec-
tron multiplier is a discrete dynode multi-
plier. In all of these instruments the elee-
trons teaving the analvzer exit <hit (or fil-
ter) are amplitied by the clectron multi-
plier with a gain of 10% to 105, The result-
ing pulses are fed into an amplifier and
pulse-height diseriminator and then into a
counter. compuler or ratemeter. In the
Hewlett-Packard spectrometer the detec-
tor is an array of channel multipliers
called a Channelplate which is placed at
the exit imeage, plane of the analyzer. Tin-
poenent of an electron on one ol the
channels of the array results ina pulse of
clectrons exiting from that channel and
striking o phosphor scereen mounted on a
Cglass plate in the vacunm svstem. The
~tight pulses emitted by this sereen are de-
teeted by a vidicon tabe (television cam-
era) outside the window. The position of

242

the light pulse or the array cotresponds to
a khown electron kinetie energy and detece-
tion of a dight pulse resalls inoa coudl
being stored in the channel of & multi-
channel sealer correspoinding (0 that ener.
av. The use ol this parallel detector with
which clectrons of' energies over approxi-
mately a 10 ¢V energy range can he simul-
taneously detected is necessary hecause of
the low x-ray intensity striking the sample
in this instrument. Since there are ap-
proximately 150 channels across an enerpy
range of 10 eV, the contribation of the
detector aperture to the observed line-
width is negligible. However, the simulta-
neous counting reduces the data acquisi-
tion time by a factor equal to the number
of channels in which counts miay be simul-
tancously stored.

Data  Acquisition  and  Presentation.
There are two basic data acquisition and
Jor presentation modes in the commercial
spectrometers  analog or digital, In an an-
alog system the palses from the diserimi-
nator go to a ratemeter which drives the
Y-axis of an N-Y recorder. The X-axis is
driven by the analvzer voltage generator,
Thus, a spectrum of counting rate versus
kinetic energy is produced directly. The
operator has control over the usual param-
elers: sean nmagnitade, scan ‘speed; full-
senle count rate and time constunt. As
shown in ‘Fable 2, this type of display is
the normal mode of operation for the AEL
Du Pont and Vacuum Generators spece-
frometers.

In the digital systems the pulses from
the discriminator go to a channel in either
a computer memory or a multichannel an-

Fig Photograph of McPherson ESCA-36
with three analyzer assemblies in the fore-
ground.

alvzer. The channel is selected on the
basis of the analvzer voltage. The contents
of the memory are then recalled when the
operator wants to observe the spectrum,
Hewlett-Packard, McPherson and Varian
have this made as their normal mode of
operation. In the Hewlett-Packard spec-
trometer the storage device is a multi-
channel scaler. The sean amplitude, num-
ber ol -channels used, and dwell time per
channel are the important parameters in
this tyvpe of data acquisition syvstem. In
the Melherson aind Varian instraments
the  storage  device as a0 nuani compuater
which also controls the spectrometer fune.
tions, In these three spectrometers the
spectrum s displaved on a CRT sereen
during data acquisition so that the opera-
tor can observe the build-up of signal in

(Continteed on page A2SA)
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Fiqure 12. Photograph of the Vacuum Genera-
tors ESCA-2

the spectrum. When a sean is completed,
the spectrim anay be plotted on an X-Y
recorder. ‘The contents of the sealer or
memory also may he punched onto paper
tape for future manipulation. AEL Hew-
lett-Packard and Vacuum Generators have
computer control and data acquisition as
options for their spectrometers, ‘The pres-
ence of a dedicated mini-computer allows
the operator to perform some data han-
dling operations, e, smoothing, satethite
subtraction, or deconvolution. Also. with
the computer the spectrometer may be set
up to sean a number of bhinding energy
ranges sequentially without any interven-
ing operator action. One also may make
multiple scans of one region to enhance
the signal-to-noise ratio of the spectrum,
The computer may be used for data de-

" channel

convolution to remove the contribution of
the x-ray source to the spectral peaks. Att
present, AEL and Varinn offer fast-Fourier- |
transtorm  algorithims in - their snl'lwnrck
packages for this purpose. In general, the
utility of a computer on an ESCA spec-
trometer in terms of data acquisition and
manipulntion is warth the additional cost,

FUTURE DEVELOPMENTS

[SSCA is a relatively new and high-cost
technique which is undergoing rapid de
velopment. Nevertheless, the present in-
strumentation has advanced to the stage
where the major impetus to continued
growth must come from signilicant new,
applicatipns ol the method, Widespread
use in the study of the chemistry of sur-!
faces of solids will assure its place in!
chemieal instrumentation, Certainly, its)
application 1o problems in catalysis and!
surface coatings shows great promise, One
arca in which much work needs to-be done
is sample cleaning and pretreatment lead-
ing to reproducible sample surlaces, se of §
ion sputtering to obtain composition depth
profiles  will  become important.  Since:
[9SCA is one of the very few techniques by
which the second row elements Gaind their
oxidation states) may be determined, fu-;
ture developments  towards  quantitative
methods for these elements are quite prob.;
able. !

Developments in the instrumentation it-
selt will probably be weighted by the ap-
plications trends. The addition of multi-
detectors o dispersive  instru-
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Figure 13. Photograph of the Varian VIEE-15
spectrometer system.

ments without
of a monochromator could increase sensi-
tivity by up to 100 fold. Certainly,
monochromatized  sources  will  become
more common (lor the reasons outlined in
the text). The use of electron {lood guns ag
other means of surtade charge control will
spur the utilization of monochromatized
sources in commercial spectrometers. Al
ternate photon sources will be "developed;
e.g.. sodium or yttrinm: x-ray  sources,
Probably, the most useful developmeits in
instruinentation will he the expitann of
romputer sottware for data analvsis and
signal recognition and retrieval.
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ABSTRACT

Core line x-ray photoelectron spectra are reported for the
iron compounds aFeZOB’ yFe203, o FeOOH, NiFeZOQ, CoFezoa, Fe304 and FeO.
Such XP spectra are of particular value in characterizing surface films
contalning lron corrvsion products. For the oxides and hydroxides
FeOOH, Fe0 and Fe304, the observed chemical shift is sufficiently large
to permit these species to be uniquely distinguished from the other
ferric oxides. 1In Fe304, both ferrous and ferric oxidation states are
observed and their relative concentrations can be determined using
spectral line fitting procedures., The oxides aFeZOS, YFEZOB’ NiFe204
and CoFe204 have almost identical core binding energies, but the mul-
tiplet 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 aFe203 agrees well with splitting
previously calculated for the free Fe+3 ion. Valence band spectra for
YFeZOB’ uFe203, Fe304 and FeO are reported and band assignments are
made. The effect of jon bombardment of iron oxide surfaces has been

studied and evidence for the reduction of ferric oxides to FeO is

presented.
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INTRODUCTION

The formation of a variety of ferrous and ferric oxides and
hydroxides is possible during the aqueous corrosion of iron metal sur-
facés under alkaline conditions. At low temperatures {<100°C) 1in high-
oxygen environments, a‘number of forms of ferric hydroxide result,
which, on further heating gradually transform to oFeOOH (geothite) and
aFe203 (hematite). At similar temperatures but under reducing coqditions,
(1)

Fe304 (magnetite) is a major corrosion product

(300°C), ion exchange occurs rapidly between Fe304 surfaces and other

At high temperatures

ions such as Ni+2 or Co+2 leading to the formation of the mixed spinels

(2)
NiFe204 and CquZO4 .

show that YF8203 (maghemite) is formed by hydrolysis as a passivating
(3) | ]

Electréchemical studies of magnetite oxidation
- ‘ e

layer on the Fe304 surface 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
and mixed iron oxides aFe203, YFe203, Fe304, FeO, NiFe204 and CoFeZOA
and the hydroxide aFeOOH. The details of core line spectra (Fe(2p),
Pe(3s), Fe(3p) and 0(ls)), valence band spectra, and Auger linc spectra
(L3M4,5M4.5) are discussed with the particular view to identifying

features which allow identification of each species in corrosion systems.



In addition, the effect of ion bombardment on a number of iron 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 Allen et a (4) who obtained Fe(2p) and 0(ls) spectra of aFe,0,,
Fe304, 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 multiplet splitting and shape-up-phepomega. 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 can
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 eff;ct on the‘splitting of the Fé(2p) line. The resultant
Qhape of the Fe(2p) line is useful for characterizing some of the ferric
oxides where chemical shifts are minimal. Using both cheﬁical shift and
multiplet splitting effects, distinct spectral characteristi;s can be

described for each oxide studied.

Several previous XPS studies have been concerned with the

(4-9)

analysis of Fe,0 This inverse spinel oxide is of particular

374

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 Fe304 have shown that the core line
shapes are skewed on their low binding energy side, compared to spectra
of pure ferric oxides, particularly after ion bombardment of the Fe304_
surfac . This suggests the presence under the envelope ofla'ferrous
ion component of low binding energy. Asa&i et 31(9) have recently
attempted to isolate a component due to ferrous iron by subtraction of
the Fe(2p 3/2) spectrum of Fe203 froﬁ‘tﬁat for Fe304.
confrqnting XPS investigations of Fe304, FeO and'NiFezo4 is the tendency

A major problem

of these surfaces to react rapidly with oxygen to yield an overlayer of
0 (10)

Fe2 3 . In this present work, spectral characterization of these

oxides has been improved considerably by taking account of this during

sample handling. The Fe304 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, 43

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—7 Pa. Primary energy calibration is based
on values 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
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magnesium metal. Appropriate relativistic correctioﬁs-were made to the
energy values(ll). During operation, copper metal is uéed.is a secopd~
ary energy standard in the spectrometer. The values of Cu(Zp‘3/2) and
Cu(3p 3/2) lines used were 932.45 eV * 0.1 and 75.02 + 0.1 eV respect-
ively. Al Ka exciting radiation was used, except where the higher

resolution Mg Ko radiation was required for improved definition of a

complex peak shape.

Surface charging was not deteéted on any sample except aFeOOH.
This observation is based on the invariance of the background hydro-
carbon C(1ls) binding-energy (285.0 t 0.15 eV) as well as the reproduci-
bility of sample binding enérgies to better tban + 0.2 eV for at least
three independently prepared specimens. The surface charging on aFeQOH

was measured using the C(ls) line and ranged from 0.9 - 2.3 ev.

Ioﬁ bombardment of samplé surfaces was carried out with a
Varian ion gun. With this gun, it is possible to raster the ion beam
evenly over an area 7 x 7 mm. Argon ions of 3 Kev enefgy were used with
a flux density of 20 ma/mz. 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 flat. aFe203 (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. ~YFe203
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(maghemite) was prepared by reaction of iron (II’ sulphate and iron
(I11I) ammonium sulphate in boiling 1M NaOH, followed by autoclaving
under oxygen in 1M NaOH at 130°C for 4 days. X-ray diffraction showed
th;t the tetragonal system of YFe203 was the’only form present. The
powder was crushed under argon immediately before examind;ion to open
surfaces not previously exposed to air. XPS specta were identical to
those for uncrushed powder showing thaé no decomposition product such as
hematite formed on the outside surface. CoFe,0, was obtained from Cerac
Inc., Butler, Wisc. and its structure was confirmed by x-ray diffraction.
NiFe204 was made by coprecipitation of the_oxalates of nickel and iron
followed by heating at 600?9 for several days. Although the bulk com~
position was confirmed to be NiFe204 by x-ray diffrac;;on, 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

274

surface. Samples were considered acceptable only where the sensitivity

(12)

corrected intensity ratio approached that expected from stoichi-

ometry.

High purity Fe304 was prepared in a quartz tube furnace by
reacting aFe203 at 700 - 1000°C under a mixture of CO and co,, cal-

culated(l3)

to give stoichiometric Fe304 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

attributable to Fe304. The Fe+2/Fe+3 concentration ratio was determined
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to be 0.50 ¢+ 0.02 by redox titration of a sample immediately following
its dissvlution fin dilute sulphuric acid. Fe304 gspectra with ferrous/

ferric ion concentrations lower than normal were obtained from samples
, 4
prepared using iron metal as a starting material rathter than Fe203(1 ).

Ferrous oxide (Wustite) was also prepared by reducing Fezp3 at 600°C in

4013

a C0/CO, mixture whose ratio was adjuste to give FeO0 g5° This

2
sample was also handled completely under nitrogen. oFeOOH (Goethite)

was prebared by dehydration of gelatinous Fe(OH)3, which was precip-

(15)

itated from a 1M Fe(NO,), solution by 0.1N NH,OH The precipitate

3)3 4

was dried in a vacuum furnace for four days and was confirmed to be pure
aFeO(OH) by x-ray diffraction.

- To reduce distortion caused by the sharply
rising backgrounds in the Fe(2p) and Fe(3p) spectra, a baéeline‘cor
rection function of the type suggested by Barrie and Streewas

subtracted. The form of this function is shown in Figure i(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 region with Gauss-Lorenzian peak
shapgs‘is found to be substantially better when using this function,

instead of the more common linear approximation which over-estimates -the
et ——— ot

background contribution fn thls region.

The peak fitting routine used in this work has been described

previously by Bancroft et a1(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 distributions)
and intensity. These parameters are theh varied to obtain a tinimum
error sum of squares between the values for the e#petimencal curve and
the trial combination of bands. A quantitative measure of the '"'good-
ness" of the final fit is provided. An important feature of this pro-
gram is its ability to constrain certain parameters of selécted bands
within set limité, 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 LINE SPECTRA

(1) oFe,0,, YFe and aFeOOH

203

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 aFe are shown in Figure 1, while high

2%3
resolution Fe(2p 3/2) spectra of o-and y forms of Fe203 are compared in

Figure 2. Although the main Fe(2p 3/2) line is broad (FWHM n 3 eV),
a— pan S N
considerable structure which is quite reproducible, is seen as part of

the asymmetric peak envelope (see Figures 1(a) & 2(b)). Prominent also
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in the aFeZO3 Fe(2p) spectrum is a satellite band about 8 eV above the

Fe(2p 3/2) line (see Figure 1l(a)). For YFe the shape of the main

2%
Fe(2p 3/2) line is clearly narrower. The spectrum of the @ form has two
distinct peaks separated by 1.0 eV.while that for the Y form has only

one slightly broadened maximum. 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 maximum in the uFe203.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 (GShave 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 @ and Y Fezo3 spectra. The energy-intensity dis-
tributions of the experimental spectra clearly resemble that predicted
for Fe(2p) multiplet splitting of the Fe+3 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) line 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 aFeZO3 Fe(2p 3/2) line is 1.2 eV, as compared with 1.6 eV calculated

for Fe+3. An analysis of the same Fe(2p 3/2) envelope for YFe203

ylelds an intensity distribution almost identical to that in GFe203, '

but splitting is reduced by 0.2 eV resulting in the observed narrowing

of the peak maximum. The mean binding energy of 711.0 0,15 eV (weighted

average of all components) is the same for @ and Y Fe203. 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 Fe (see Figure 4(a)). Evidence of several com-

2%
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 GFezo3 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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that for Fezo3 (see Table 1). Fe(2p) chemical shifts of a similar

tmagnitude and direction have been previously found between the equiv-
alent oxides and hydroxides of copper,. cobal zinc and chromiw@.
A shift of 0.9 eV is sufficiently large to permit FeOOH to be distin-
guished from F§203.

The Fe(3p) spectra of o and YFeZO3 are identical, both in
terms of intensity distribution and the measured binding energy of the
main peak, The Fe(3p) spectrum for oFeOOH has an intensity distribution
similar to Fe203. but is chemicaliy shifted 0.6 # b.2 eV to higher
binding energy (see Tabl; 1). A low intensity satellite is observed 7.0
eV above the main 3p for all these compounds (see Figure 1). Neither
this peak nor the shape of the main line can be explaiﬁed by the Fe(3p)

multiplet splitting predicted for Fe+3 by‘GS(ls).

However, electron
correlation effects in the Fe(3p) level are expected to be more im-
portant than in the deeper core lines and would be expeqted to affect

strongly the observed Fe(3p) intensity distributio (21)

The Fe(3s) peak for aFe203 (see Figure 1) is splitsinto two
major components as expected for a high spin d5 ferric 1O§ZE§}§ 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 63 ground state. 1In 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
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those seent in the Man Mn(3s) spectrudifti- The 3s spectrum for YFeZO3

shows identical splitting of the components.,

The 0(1s) spectra for & and YFe203 and 0FeOOH are shown in
Figure 5(a) = (c). The lattice oxygen binding ehergy in GFé203 is shifted
0.2 + 0.05 eV lower than for YFe203 (see Table 1). For relatively clean

o and YFe surfaces (Figures 5(a) and (b)), two additional low intensity

203
bands are observed with quite similar binding energies. These are likely
due to chemisorbed hydroxyl or carbonyl species. The very loﬁ'intenaity of
these bands in the reference spectra of & and YFe203, indicates that surface

hydroxides of iron do not complicate the spectra of these oxides.

The spectrhm for aFeOOH (Bee Figure 5(c)) contains approkimately
equal contributions from hydroxyl and oxide oxygen, as expected from stoi--
chiometry (0.9:1.0 ratio in Figure 5). Allen et a1(® préviously obsefved
the broadened 0(ls) band for FeOOH under lower resolution. The lattice
oxygen (0=) 0(ls) line in FeOOl is shifted significantly higher (0.5 # 0.1
eV) than that for the structurally similar aFe203. This suggests that the
proton on the hydroxyl oxygen has some interaction with the 0 oxygen. The
binding energy for the hydroxyl oxygen ié very similar to that in Ni(OH)2

and Co(OH)z(lg).

(2) NiFe Co Fe,0, and Fe, 0

294 2% 39

The Fe(2P) and Fe(3p) spectra of mixed oxide NiFezo4 are shown
in Figure 6(a). 1In the 3p spectrum the Ni(3p)/Fe(3p) 1ntensity‘rétio,
corrected with the appropriate photoelectron cross-gection (12),\gives

a Ni/Fe atom ratio of 2:1. The overall intensity distribution under
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the Fe(2p) spectral envelope differs from that for Y or aFe203. In
NiFeZOQ, the core line shape is almost symmetrié and appears to contain -
none of the fine structure seen for the oxides discussed above. The
satéllite peak 8 eV above the Fe(2p) line, which is particularly‘char—
acteristic of the Fe(2p) spectra of Fezo3 and FeOOH, is not observed in
the Fe(2p) spectrum of NiFeZOA' Spectra of similar shape are obtained
for COFEZOA' 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. Fe203 6r

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 CoFeZO4 and NiFezO‘. No differences in binding energy were found

between these ferrites. Core line chemical shifts between the ferrites
and Fezo3 are also quite small and are not very useful for analytical

purposes.,

The Fe(2p) and Fe(3p) spectra for pure and partially oxidized
FUBUA gre shown in Figures 6(b) and 6(c). The iron core line gpectra
For Fe 0, can he compared with those for NiFe 04 = an lron oxide of

34 —n_ﬁ-_—b_gm___

Identical wtructure but containing only ferric lonas. Both Fe304 and

NlFeqoh have inverse spinel structures with almost identical cell con-

stants (ao(FeBOA) = 00,8396 nm. ao(NiFezoa) = 0,8339 nm.). It is

assumed that ferric iron binding energies are not affected by the ex-
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change of Ni+zions in the lattice for ngz. This {s supported by the
W

fact that the ferric iron binding energies and peak shapes are identical
for the inverse spinels‘CoFezoa and NiFeZOA. From inspection, the Fe3oa
Fe(3p) spectra are clearly broadened on the low binding energy side
compared with the NiFeZOA 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 Fe304 spectra were analyzed in detail using the least
squares peak fitting program, allowing the ferric iron contribution
under each Fé304 envelope to be repreéented by the equivalept iron core
line spectrum of NiFe,0,. In Figure 7(a), the Fe(3p) spectrum of
NiFezo4 was fitted psing two peaks whose energy centroids, half—widths
and rglative intensities define its characteristic shape. These para-~
meters were constrained within the limits of experimental reproducibility
and the entire shape was fitted under‘the Fe304 Fe(3p) envelope, allow-
ing only the overall intensity of the entire ferric contribution to
vary. The remaining portion of the FeBQA 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 pure Fe304 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 NiFe The lower binding energy peak (cross~hatched in

204. ’
Figure 7(B)) represents the ferrous iron contribution ﬁﬁder the Fe30_4
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
Fe304 spectrum. In the pure Fe304 Fe(3p) spectrum, the ferrous/ferric
intensity ratio of the resolved compoﬁents was found to be 0.52,  This
is in excellent agreement with the ferrous/ferric ion stoichiometry of
0.50 in Fe304 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 Fe304
surfaces containing lower concentrations of ferrous ion (Sample .II). In
Figuré 7(c) the Fe(3p) spectrum from Figure 6(c) has been analyzed. The
resulting péak representing ferrous iron had the. same shape, width and

energy as in the analysis of pure Fe30 but its intensity, relative to

4°

the ferric component was reduced to 0.15.

The Fe(2p) spectra of these.Fe304 samples were analyzed using
the same spectral line fitting procedure as outlined above. The Fe(2p
3/2) spectrum of NiFezo4 (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,0, envelope using this procedure is a symmetric

374
narrow peak (FWHM = 1.8 eV) centered at 708.3 eV (see Figure 8(b)). The
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+3 peak intensity ratio is 0.32, which is low compared to the

Fe+z/Fe
Mcorrect" value of 0.5 obtained from Fe(3p) 'line analysis. This dis-
crepancy could arise from the presence of additional weak.Fe+2‘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.

304 with a lower Fe+2 concentration

3

The Fe(2p) spectrum for Fe
is shown in Figure 8(c). The Fe+2/Fe+ ratio of 0.07 measured from this

spectrum is 22% of the measured ratio for pure Fe,O, in Figure 8(b).

3%
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

374

in the ferrous/ferric ratio.

the Fe_ 0, surface, the change in this ratio appears to reflect changes

(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 v 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 Fe203 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
multiplet splitting pattern calculated for the Fe+2 free ion by Gupta

(24)

and Sen This 18 seen from 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 Fezo3 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 O4 are substantially

3
lower than those for ferrous iron in FeO. Moreover, the Fe(2p) line

i
shape for Fe 2 in Fe304 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, aFe203,

YFQZOB and Fe304 samples. Valence orbitals in iron oxides are formed

from Fe 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 present 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(zs). The peaks at 1.5 eV and
4.0 represent excitations from eg and tZg levels respectively.

In the valence spectra of both @ and YFe203 (Figures 10(b) and‘
10(c)), three distinct peaks are obsérved. 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 1l), are clearly different in the

spectra for Y and ¢Fe,O The two bands of lowest energy are assigned

2737
to excitations from 3eg and 2t, orbitals respectively. A recent SCF

2g
(26)

X, calculation for aFe,0 has determined a splitting energy of 2.5

273
eV between the 3eg and 2t2g orbitals, in good agreement with our ex-

0, is also 2.3

perimental value of 2.3 eV. The splitting found in YFe2 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 aFe, 0, envelope located

273
2.4 eV above the 2t2g band is identified with the Zeg orbital, which
also has strong 3d character. In the X, calculations(ZG), this orbital

was determined to lie approximately 2.5 eV below the 2t2g level in the
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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 GFe203.

result from orbitals with strong 3d character, since each band system is

This confirms that all bands
split about a common energy.

The valence bahd spectrum of pure Fe304 (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 concentfa—
tion in the Fe.0, matrix results in a diminution of the peak.around.h

374
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 VV line shape with chemical structure have been

2,3
(28)

observed by Seo et al , using electron excited Auger spectroscopy.

Analysis using this particular line is not practical in XPS, but the

more intense L., M, M and L, M lines were investigated for
3’ T4,574,5

3My.9% 5

several oxides to determine if they could provide further character-

i .
zable spectra. The L3M4,5M4,5 9 2O3 and Fe304

werce quite broad (6-9 eV (FWHM)), becausc of the many overlapping Auger

lines for FeO, aFe 03, YFe
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

L3M2‘3Ma'5'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. 1If 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 aFe203, NiFeZOA, Fe304 and Fe0 were subjected to a
3 kev argon ion beam flux of 20 mA/m2 for periods up to 10 minutes.

This is equivalent to removal of ~ 40 nm of oxide film(lz).

Bombardment of an OtFeZO3 surface resulted in almost complete
reduction to FeO during the first few minutes of ion sputtgfing, This
can be seen from the Fe(2p) spectrum of sputtered Fezo3 iﬁ Figure 12(a)

which has the same structural features and mean binding energy as the

spectrum of FeO in Figure 9.

Ion bombardment of the spinels Fe304 and CoFe204 also resulted
in the appearance of a new low binding energy compgnent in the Fe(2p
3/2) and Fe(3p) spectra that indicates their partial conversion to
ferrous oxide. This is particularly clear in the Fe(2p) spectrum of
CoFe204 (Figure 12(b)), where only a single ferric component was visible
hefore ion bombardment. The low binding energy component produced by

sputtering was deconvoluted using the previously described procedure and

was lidentified as FeO. Tor the more complex Fe,,Oé spectra, the partial
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reduction to Fe0 was inferred from the spectral broadening observed and
the analagous behaviour of CoFeZOA. No effect 6f ion bombardment on FeO

was found.

ion bombardment of ferric oxides under our conditions thus
results in the conversion of at least a portion of the top several
atomic 1ayérs to FeO0. XPS identification of a specific iron oxide phase
thus becomes difficult following ion bombardment. Hdwever, 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 Fe304 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 electronegative 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 of FeOOH, precipitated from alkaline solution, has been de-
tected oh actively corroding iron surfaces, using the distipctiy higher
Fe(2p) and Fe(3p) core binding energies for this species . The
chemical shift between Fe203 and Fe0 is useful for charactérizing the
initial oxide species formed during oxidation of a clean iron metal
surface. Kishi and Ikeda(30) report a mean Fe(2p) binding energy dif-
ference of 0.8 eV between that for the initianl oxide and the Fe203
which predominates after increased oxygen exposure. The initial oxide
phase which nucleates during exposure of an iron _surface to oxygen has

been identified as FeO in earlier LEED studie (31)

Among, the simple and mixed ferric oxides, very little change
jn mean core line binding energy is evident, and characterization by
means of binding encerpgy is not possible. However, differences in the
Fe(Zp) core liue spectra due to multiplet interaction are clearly
present and these can be used to provide  "fingerprint' identification of

— —
the poarvticuiliar oxide specles present. For example, the product of the

oxldat ion o an Fe304 surface in air could be identified as @ or YFeZO3
on the bagis of the Fe(2p) peak shape provided this product layer were
suffdciently Lhick (3 nm) to obscure any contribution from the originmal
be304.

In their treatment of multiplet interaction in free transition
metal ions, Gupta and Seézzgz;%oint out that the crystal field could be
fwportant In determbifng the fInal terms of the fon, partlcularly Lf the

degeneracy of tlie ground state is removed by this field, resulting in a

redistetbutIon of the Intensitles of the predicted lines, However, even
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without crystal field and other effects being taken into account,
remarkably good agreement has been achieved bgtween the predicted
energy-intensity distributions and those observed experimentally for a
number of transition metal compounds with high spin. In addition to

the reasonably good accord shown here between the Fe+2’and Fe+3 free ion
models and their respective oxides, Kowalczyk-gt al(zj have found éven
better correspondence between Gupta and Sen's predicted Mn(2p). structure
for high spin Mn+2 and their experimentally observed_structure for Man.
The exceptionally good agreement probab esults from the highly ionic
nature of the compound used. Signorellii:fB has also compared multiplet’

structure in the Fe(2p) spectra of high spin ferric organometallic

complexes with the Fe+3 results of Gupta and Sen.

A study of the XP spectra of both structures of Fe203 is
useful in isolating some of the factors affecting chemical shifts and
multiplet splitting in different core levels. 1In both Y and GFe203;
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 & and YFe203. Because this multiplet results
from 7S and 5S 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-

ting of the Fe(2p) levels. The energy splitting of the two main multiplets
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is 0.20 eV larger for GFeZO3 than for YFe203. In the hexagonal close
packeduFezo3 structure, the octahedrally situated oxygens create a
symmetric field about each ferric iron, while in the distorted spinel
structure of YFe203 an axial field component is present. It is possible
for such an axial field to result in reordering of fingl 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

gtate which was more stable than the 7P or 5P states calculated for Fe+

(18)

3

The multiplet structure in the Fe(2p) spectrum of FeOOH is
similar to that observed in Fe203, except that some alteration in the
relative intehsity of the components appears likely. As in aFe203, the
ferric ions are octahedrally surrdunded by oxygen, but three of these
are hydroxyl ions which create a siightly asymmetric field on the metal
ion. No coméonent structure is observed in the Fe(2p) spectra of the
iron spinels, NiFe, O, and CoFe,O

274 274°

to that calculated for the Fe+3 free ion may be at least partly asso-

The absence of structure comparable

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 interactionm, shape-up inter-
action does not appear to make a major contribution to the spectra.
However, Carlson 33) has shown that the shape-up process is responsible

for strong satellites in the Fe(2p) spectra of a number of ferric and
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ferrous salts. 1In the case of the oxides, the probability of the

(0(2p) » M(3d))Acharge transfer transition, thought responsible for

shake-up in these compounds , 1s apparentiy very low.-
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TABLE 1

Binding Energies of Major Core Lines in The

: Iron Oxides®

COMPOUND Fe(2p 3/2)°  Fe(3p 3/2, 1/2)°¢ Fe(3s)© (s
"Fe metal 706.7 + 0.10 53.0 ¢ 0ﬂ15 90.9 + 0.3

FeO 709.5 *+ 0.2 54,9 £ 0.3 92.5 + 0.2 530.0 + 0.2

Fe,0, Fe+2 708.3 + 0.15 53.9 ¢ 0.2 | 530.2 + 0.2

Fetd d d d

NiFe,0, 710.6 * 0.2 55.9 + 0.2 93.5 + 0.2 530.1 + 0.2

CoFe,0, 710.6 + 0.2 55.9 £ 0.2 93,5 + 0.2

aFe,0, 711.0 + 0.15 55.7 % 0.15 93.6 + 0.2 529.8 t 0.10

YFeZO3 711.0 *+ 0.15 55.7 + 0.15 93.6 + 0.2 530.0 *+ 0.10

aFe0OOH 711.9 *+ 0.2 56.6 + 0.2 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 maximum binding energy.

d Inferred from binding energies of NiFeZOA and CoFe204
(see text).
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LIST OF FIGURES

FIGURE 1 - Major core line photoelectron spectra of ¢ Fej03. (a)
Fe(2p) spectrum (b) Fe(3s) spectrum (c) Fe(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.

FIGURE 2 - Detailed Fe(Zp 3/2) spectra of (a) YFe203 (b) aFe,0,.

FIGURE 3 - Spectral line fit of (a) aFep03 (b) YFe203. Calculated
splitting' and relative intensities for a free Fet3 ion
are shown by the solid bars. TG denote peak center of
gravity. The solid line drawn through the points is the
sum of the individual bands in the envelope. ’

FIGURE 4 - (a) Fe(2p) spectrum of GFeOOH.(b) Spectral line fit of
Fe(2p 3/2) envelope using peaks of identical width to
those in Figure 3(b). CG denotes peak center of gravity.

FIGURE 5 - 0(ls) spectra for (a) aFep03 (b) YFe,O3 (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, .

FIGURE 6 - Fe(2p) and Fe(3p) spectra of (a) NiFep0, (b) pure Fe304
(c) partly oxidized Fe304.

FIGURE 7 -~ Spectral line fits of the Fe(3p) line for (a) NiFe204; (b)
pure Fe30; (c) partly oxidized Fe30,. The peak parameters
obtained for the NiFep0, spectrum in (a) were constrained
to these values in spectra (b) and (e). CEross-hatched
areas are ascribed to the ferrous iron contribution.

FIGURE 8 - Spectral line fits of the Fe(2p 3/2) line for (a) NiFej04
(b) pure Fejy0, (c) partly oxidized Fe30,.

FIGURE 9 - (a) Fe(2p 3/2) spectrum for FeO (b) Spectral line fit of
a portion of the FeO Fe-2p 3/2 spectrum.

FIGURE 10 - Valence band photoelectron spectra for (a) FeO (b) aFe204
(c) YFe203 (d) Fe304. Exciting radiation used was MgKqg
(1253.6 ev).
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FIGURE 11 - Spectral line fits of the valence. band spectta for {a)
' ' YFe203 (b) aFe203 CG denotes envelope center of gravity.

_FIGURE,IZ - Fe(2p 3/2) Spectra of (a) Fezo (d) CoFeZQ& (c) Fe304-
C following 2 minutes of bombardment with 3 KeV argon ions
with a flux of 20 ma/m2, A
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ESCA-STUDIES OF THE COMPOSITION PROFILE OF LOW
TEMPERATURE OXIDE FORMED ON CHROMlUMO
STEELS—I. OXYDATION IN DRY OXYGEN*

1. OLEFIORD
Dept. of Enginccring Metals, Chalmers University of Technology, S-402 20 Goteborg, Sweden

Abs}(:|cl»-~!'iSCA (l-;lccqun Spectroscopy for Chemical Analysis) has been used to analyse the come
position ol oxide films formed on chromium steels with 6-20%,Cr at room temperature in pure
oxygen at 0-2 atm. during diffcrent times from 2 min to 46 h. Ton etching was uscd to clean the

sunfl'l:lclc before oxidation and to investigate the composition profile by successive stripping of the
oxide layer.

It ‘is demonstrated that the total chromium content in the oxide is proportional to the concentration
in the metal, but that it varies with depth inside the film. At the oxide-gas boundary the chromium
concentration is less than in the metal, while chromium is coriched at the metal phase boundary, Tt is
stuppested  that the oxide consists of (Fe,Cr).0, in the outermost zone and FeCr.00, at the inside,
with the reservation thit the method is not sensitive to deviations from stoichiometry.

‘The thickness of the layer has been determined as 25 A from the intensity ratio of the deconvoluted
ESCA peaks of the metallic and oxidized statés. The thickness and the composition profile of the film
do not vary noticeably with the oxidation time.

INTRODUCTION

EARLIER ESCA  studics* of oxide films formed on austenitic stainless stecl
(18-10--1-8Mn) have shown that the composition of the films depends on rcaction
temperature and time. At high temperatures, the oxide was found to be enriched with
the casily oxidizable elements Cr and Mn. Afier oxidation at room temperature!?
and at an intermediate temperature (250°C),® iron was found to be tic dominating
component in the top layer of the oxide. Investigation of the top layer after oxidation
at 500°C for ditlerent times?* showed an inerease of chromium content with oxidation
time. It has also been demonstrated® that heating a specimen with a clean metallic
surface in high vacuum in the 10-8 Torr region results in a layer (or islands) of chromium
oxide on the surface. These studics are now continued by ESCA analyses of films
formed on synthctic, highly purc ferritic stecls in dry and wet corrosion media at
room temperature. The chromium content of the steels is in the range from 4 to 309%.
The present paper (part I) deals with oxidation in pure oxygen for different times.

ESCA (Electron Spectroscopy for Chemical Analysis) is a rclatively new surface
sensitive technique which has been developed by Professor K. Sicgbahn in Uppsala®
during the last decade. The principle of the method rests on the energy analysis of
photoclectrons emitted from a sample on irradiation with monochromatic X-rays.
The difference between the incident photon energy and the measured kinetic ‘enérgy
of the photoclectrons is approximately cqual to the binding encrgy of the clectrons
within the stonms of the sample, and seeves (o identily the atomic species,

The binding encrgics of the core electroas change when an outer electron is removed
or added by oxidation or reduction. The dilterence between the oxidized and the

*Manuseript received 2 April 1975 inaevised Tform 2 July 1978,
O8N/
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Fii, 1. ESCA spectra of synthetic ¥Fe40, and Cr0,. Solid and dotted peaks —oxidic
state; dashed peaks—metallic state,

metallic state is called a chemical shift. An example is shown in Fig. 1. The solid and
the dotted peaks show the ESCA spectra of Fe,O, and Cr,O, respectively. The dashed
peaks show the metadlic states of Fe and Cr. The chemical shifts are 4:0 and 32 ¢V
respectively.

The photoclectrons forming these peaks come from a zone near the surface whose
depth is of the order ol 20-50 A which is in the same order of magnitude as the
thickness of oxide films formed at room temperature and that of passive layers. The
chemical shifts allow onc to distinguish the signals of the oxide Trom those of the
underlying metal. This is the most important property of ESCA in corrosion research.

The instrument used is a Hewlett Packard ESCA (HP 5950 A), to which a special
specimen preparation and handling system with a reaction chamber has been added.
The system has been deseribed ciscwhere.34 The main features are complete UHV-
design, with separate ion pumping and the possibility to cxpose the specimen to any
desired atmosphere in the chamber after separation from the ESCA by a cut-off valve.
The specimen is moved to and from the analysis position without breaking the vacuum
through this valve. In the preparation chamber, the specimen can be hcated and
subjected 1o high- and low-encrgy ion bombardment as well as a variety of other
trcatments. fon bombardment has been used to clean the specimens before oxidation.
It has also been used for determining the composition profile of the oxide layer.

Semi-quantitative evaluation of ESCA spectra

The chromium content in the oxide layers can be estimated by an approximative
deconvolution of the Fe 2py;, and the Cr 2py;, peaks in their metallic and oxidized
states. These are the most intense peaks of Fe and Cr. A calibration of the relative
" yields of these elements in the oxide state was obtained from analyses of synthetic
Fe,0, and CryO, (Fig. 1), using the intensity of the oxygen's peak as a joint reference.
This is a good approximation because the two oxides have the sume oxidation state,
formula and crystal structure. The analyses were performed on oxide films formed on
purc Fe and Cr by oxidation in air for 15 min at 500 and 800°C respectively. The
oxide film thickness was greater than the escape depth of the photoclectrons, but in the
case of chromium oxide it was thin enough to prevent charging, wlmh would lmve
broadened the oxygen and the chromium peaks.?
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ESCA-studics of the composition ptoiile of fow temperature oxide 689

The total intensity of Fe, Iy, is cxpected to be greater than that of Cr, t,, because
the yields of any electronic level increase with the atomic number.8-® This is satisfied
if integrated intensitics are estimated by multipilying peak height with half width, -
The half widths arc 5-6 for Fe3+ and 2-9 ¢V for Ce?*, and the peak heights are in the
ratio S(Fe)d: S(Cr)®' = 1 :1-2. The intensity ratio obtaiied, 3¢, : ke, = 116, is
in good agreement with Jorgensen's yicld figures,®

The broadening of the Fe?* peak is inherent in the clectronit structure of the ion
and is not expected to change with its environment. Therefore it appeared permissible
to usc peak height, (S), for comparison of Fe?* with Cr®t making allowance for the
different half-widths by using a weight factor of {2 for Fe?+, Thus the integral Cr
concentration in the oxide phase is obtained as

N SOx
c& = “*+1zs o

For the metallie statc, the Cr and Fe peaks have almost the same half width. There-
fore, one only has to correct for the yield ratio by multiplying the iron peak height with
1/1:6 = 0-625:

M SM

cM — oo ' ' p)
SN 40625 S o , @

The term integral concentration is uscd beciuse the Cr content may-—and, as will
be scen, does in fact-—vary with depth below the oxide/gas interface. Thc mtcns:ty,
1(z), from a film of thickness a may be written as

X . . .
1(2) = Kj’ C(x) P(z) cxp ( P TN ):(z)) dx, 3
where z is an index for the clectron cnergy level and clements, and x is the depth
coordinate, with origin at the outer oxide surface. C(x) describes the concentration -
profile in the layer. The absorption of the X-rays is assumed to be constant throughout
the thin fayer. “The expression exp (- x/(sin 38:5".A(z2))) is the probability that a
photoclectron from a distance x underneath the surface will lcave the sample without
encrgy loss. A is the escape depth of the photoclectrons. The x-coordinate is divided by
sin 38-5°, because 38-5° is the angle between: the surface of the speeimen and the
entrance of the spectrometer including the clectron transmission function of the
analyser. The constant K represents all other factors affecting the intensity. P(2) is the
photoionization function and is the only paramcter which changes when Feisexchanged
for Cr in analysing thick layers of Fe,0, and Cr,0;. No investigation of escape depth
in the iron-chromium-oxygen system has been performed and a value of A must be
gucssed, using as a guideline studies in the same cnergy region of Au and Al. The

escape depths of these elements arc 19 A in the metallic state,®: Wand 13 A for Al "

in ALO;. A bricf discussion of mean free paths is given by Powell.?? The valuc for the
2 paso peaks of iron and chromium in both metallic and oxidic state will be assumed
tobe 15 A,
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If the thickness of an oxide film is of the same order of magnitude as thé'electron
escape depth, a metailic peak will be found beside the oxide peak. The film thickness
can be estimated from the intensity ratio of these peaks, applying the teasoning behind
the expression for integral concentrations above, The calculation is most conveniently
done in chromium cquivalents, since the ratio between the yiclds of Fe and Cr is
known. The intensitics from the layer and from the metal beneath then are proportionat
to the expressions [1-exp (— a/(sin 38-5°.M(2)))] and 2 exp (— a/(sin 38:5°.M(2))) respec-
tively with the same proportionality constant. The factor 2 in the second expression
comes from the fact that the density of metaf atoms per unit volume in metal is roughly
twice the density in oxide. The ratio between the intensity of oxide and metal signats is
1/2 (exp (a/(sin 38:5°.1(2))) — 1). The thickness a is calculated by equating this
expression with the ratio of the weighted, measured intensitics, assuming an average
value of A = 15 A in both the metaf and tite oxide. Thus, the film thickness becomes

a=Aginp. V2 SEASE Lo e @
0-625 . Sp 4+ SM

A similar expression has been used by Carlson.'? It will be noted that both in the
estimation of film thickness and in the calculation of the integral Cr contents, A has
the character of a scale factor so that even if the guess of & should be wrong, theresults

to be presented below will be correct in terms of a depth scale expressed in fractions
of A.

EXPERIMENTAL
The samples are laboratory-produccd binary iron-chromium alloys. The chemistry of the specimens
is shown in Table 1.

Tasee 1. The CHEMISTRY OF THE SPECIMENS IN Wil

P

Cr C Ti Si Mn Ni Mo Ay p S N be
58 0002 912 - 002 . G0 - B02 - 092 0007 0007 - (-003 0004 Balance

H0 0002 0143 <002 040 -.002 <1006 0007 0007 -- 0003 0-005

199 0002 013 --002 - 040 - 002 .. 0?()6 0:006 0010 -~ 0003 0-002

»”

After casting, the specimens were diffusion anncaled at 1250°C for | h and then hot forged at
1050°C. Finally, they were anncaled at 920°C for 20 min and quenched. The microstructure is ferritic
with uniform grain size. ) ’

The samplcs were machined out of sheets in the dimensions 1-30 > 8 x 12 mm? and prepolished
on emery paper in steps down to no. 400, Final polishing was performed on paper no. 600 in mcthanol
of p.a. grade. Then they were transferied to the preparation chamber under a stream of pure nitrogen.
These precautions were taken to minimize oxide film formation on the surface. After introduction
in the specimen handling chamber, the sample surfaces were clcancd by ion bombardment, The -
encrgy of the argon jons was 400 ¢V and the ion density was about 10-* Afem®. Oxygen was then
admitted into the chamber at 0-2 atm, and 25°C and altowed to react for 2 min, 2 h and 46 h.

In recording the ESCA speetra, a fong scan between 0 and 1000 eV binding energy was run for
cach specimen to check for impuritics. Narrow scans of 2py;, and 3p levels of Fe and Cr and 1s level
of oxygen were then recorded. The 3p levels were sclected because the kinetic cnergy of these photo-
clectrons is roughly twice that of clectrons from the 2p levels of Fe and Cr. Comparison of the mctal

and eoxide peaks in the 2p and 3p levels yiclds qualitative information about the uniformity of the
thickness of the laycr.

After analysis of the top surface of the oxide layer, the specimens were again bombarded with =

400 cV Ar ions to remove successive zones of the oxide film in order to establish the conccntrat_on
. _ i
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prolide below the sarface. ‘The thickness of the remaining Inyer could be estimated ih each case by the
procedure described above.

RESULTS

Figure 2 is a collection of the ESCA spectra recorded before and after oxidation
for 2 h. The dashed pcaks show the “cican™ surface after the ion cleaning which
preceded oxidation. The as-oxidized state is shown as solid curves, while the dotted
peaks are the spectra recorded after roughly half of the layer had been removed by ion
bombardment.

The spectra of the ion-cleanced sutface show Fe and Cr in their metallic states,
but minority peaks of oxide rcmain. Small peaks of oxygen and carbon are afso
present. The fatter appears as a double peak. The high binding encrgy component of
this is found in all ESCA spectra owing to contamination by hydrocarbons. The low
cnergy component appears only after ion ctching, and its position agrees with the
position of carbon in metal carbides.™ 1t appcars that after ion cleaning, the impuritics

O and C are present as islands or as a thin layer (at most a monolayer) of compounds
with Cr and perhaps also Fe.

After oxidation at all times the spectra show that the top layer consists mostly of
iron oxide. The positions of the iron and chromium peaks are 711 and 576:5 eV
respectively, corresponding to the three-valent states in the synthetic oxides (Fig. 1).
Also the oxygen peak position agrees with that found in the synthetic oxides. The

Fetmn | Citeg |00 [ €t [ R® W
5.8% Gr - Ke/s
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Fi, 2. BESCA spectra of e -Cr aHoys after oxidation for 2 h (solid fines). Dashed
peaks—cleaned surfaces before oxidation; dotted” peaks—oxidized specinens after
15 min of ion ctching,
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shoukder on the left-hand side of the oxygen peak is attributed to surface contuming.
tion by adsorbed oxygen and/or other oxygen-contaitiing gases. This contamination
small, but part of it persists or recurs cven after ion bombardment.

Ion bombardment reveals an increase of Cr content below the oxide/gas phase
boundary. To evaluate the integral chromium content, the partial overlap of oxidic
and metallic states in the recorded peaks must be deconvoluted, The peaks of the
metallic state are subtracted—after suitable scaling-down, and with their experi-
mentally rccorded half-width and high-energy tails {Fig. 1)—from the recorded peaks.
The heights of the deconvoluted peaks are inserted in eqn. 1 to calculate the integral
Cr content in the remaining zones of the layer. Figure 3 shows the integral Cr content
(cxpressed as fraction of all cations) vs thickness of the remaining layer (as determined
from equation 4) for films formed during different exposure periods.

It appears that all films are poor in chromium at the outer surface; in all three
cases, the Cr content is about half that of the metal. In the centre of the layer the
integral chromium content agrees roughly with the concentration in the metal, while
at the metal phase boundary it is slightly higher. The true Cr gradients must be a good
deal steeper than those of the integral Cr contents shown in Fig. 3.

The thickness of the layer is found to depend very little on either the chromium
content of the alloy or the oxidation time. Only at the highest chromium content and
the shortest oxidation time is a slightly thinner layer formed. Otherwise the differences
are within the limits of error.

At the present state of the art, quantitative composition analyses are seldom
attempted with ESCA. The absolute reliability of the calcutated values should not be
overvalued. Rough verification is obtained by comparison of the nominal Cr-contents
of the alloys with the Cr-signals recorded for the ion-cleaned specimens. These are
stown as horizontal lines to the left of each ordimate in Fig. 3(a~c). Only in one case
1119, Cr stcel, specimen oxidized for 2 min) is the agreement perfect; in the remaining
wases, the ESCA signal indicates Cr levels which are somewhat low. Nevertheless,
the results may be characterized as semiquantitatively correct, It must be remembered
That the metallic spectra were recorded from surfaces which may have been covered
with a very thin oxide and/or carbide film.

~a) _b) _c)
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Fro. 3. mcgral chromiurh content in metal and oxide: (a) 5:8%, (b) 11:0%, (c)
19:99, chromium.
xidation times: 2 min (——), 2h (---), 46 h (—+ —).
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Fii. 4. Row 1: Deconvolution of the 2pyy, fevel of ntloy Fe-5-8 Cr oxidized for 2 min
and after ion bomburdment for 15 and 30 min. Characteristic peak positions: metallic
at 707 eV, divalent at 709 eV, and thrce-valent at 741 ¢V.

Row 2: Synthetic Fe,O, before and after ion bombardment for Jand 18 h.

For both rows: The broadening after ion etching has been deconvoluted into divalent and
three-valent peaks (dotted lines).

If the ratio of nominal to ESCA-detcrmined Cr content in cach specimen is applied
as a correction factor to the integral Cr contents in the oxide film, the Cr profiles
become almost identical and independent of oxidation 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.

Eigurc 4, row 1, shows the specimén containing 5-8%; chromium after oxrdatlon
for 2 h. The peaks are recorded in the as-oxidized state (solid lines) and after 15 and
30 min of ion bombardment. They have been approximatety deconvoluted in.terms
of metaliic and oxidized contributions. The peak of metallic iron in Fig. I has been
scaled down and subtracted from the recorded peak. The remaining peak is due to the
oxide. In comparison with the Fe3* peak of Fig. 1, it appears somewhat broadened
to the right, indicating a possible Fe2+ contribution. Deconvolution of the divalent
and the three-valent peak was performed by subtracting the Fe?+ peak of Fig. 1, with
variously reduced scale factors, from the total pcak until the remainder had the
proper shape for an ESCA peak. This remaining peak is found to lic at 709 ¢V, which
agrees very well with the standard position of Fc2+.4 The result is that Fe is present
in the as-oxidized state mainly as Fe3*, with a small admixture of Fe?+, :

After the top layer of the oxidc has been removed, the ratio of Fe?* to Fe®+
incrcases. If onc assumcd that the sputtering yields of all elements were equal, and
that no change occurred in the chemical statc of the remaining oxide, the results
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would indicatc that the oxide layer consists of FFe?' in the surfacc region, with w
gradual transition towards Fe?' at the metal/oxide phasc boundary. However, sweh
ah assumption is not immediately justified because there is evidence that ion bombied
ment of some compounds may change their valence states. S. Hiifher'® has deiiome
strated that ion bombardment of Fe,0, may reduce the three-valent state of iron to ¥
metallic state. Kim'® has shown that the tendency to reduction depends on the free
cnergy of the compounds. These studics indicale also that the reduction depends on the
kinctic cnergy of the ions usced, the sputtering rate and the pressure of the residunt
oxygen.4 '

Figurc 4, row 2, shows ESCA spectra of synthetic Fe,O4 before and after ion bom-
bardment for 3 and 18 h. The shape and position of the peaks are quite similar to
those of the oxidized state of iron in Fig. 1(a). After ion bombardment the pcak
broadens on the low binding energy side. Deconvolution in the same way as above
reveals the shoulder as a contribution from the divalent state. However, even after
18 h no metallic component occurs, in contrast to Hiifner’s results. The ratio between
Fe2+ and Fe3+ is approx. 04 after both 3 and 18 h of ion bombardment, suggesting
that a stcady state has been established. The absence of metallic iron after bombard-
ment may be due to re-oxidation of the metal atoms to the divalent state, in view
of the low sputtering rate and the non-negligible partial pressurc of oxygen in the
chamber.! :

Whilc ion ctching, as has been shown above, may produce a certain amount of
Fe?t, it is clear that not all of the divalent ions revealed in the deeper zones of the
oxide films can have been produced in this way. The ratio of Fe?* to Fe3* is 0-6 in the
film after only 30 min of ion bombardment, whilc much longer bombardment of the
synthetic specimen brings this ratio to only 0-4. Furthermore, the removal of oxygen
which must be the first event in the chain leading (o the formation of Fe*t by sputter-
ing, is likcly to be more difficult in a (Fe,Cr),0, mixed oxide than in pure Fe,Os, con-
sidering the difference in the oxygen affinity of the clements.

DISCUSSION

This study confirms carlier results!-4 that oxidation of stainless stecls at room
temperature and normal pressure does not lead to films consisting predominantly of
chromic oxide. However, profiling by ion bombardment reveals a chromium gradient
in the film, and chromium appcars to be considerably enriched near the metal/oxide
interface. The enrichment must, in fact, be even more intense than indicated by Fig. 3,
because if the profiles were converted from integral to actual (local) concentrations, the
gradicnt would become still steeper.

Thermodynamically, Cr,O, is more stable than Fe,Oy; the free cnergics of formation
of the oxides are — 2505 and — 176-8 kcal/mole respectively. Therefore the selective
oxidation of chromium would be favoured by a higher driving force. Because of the
‘low atomic 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 aoy. Later on, however, chromium atoms will
move preferentially into the film, substituting for iron which in turn will migrate
outwards and form further oxide. Depletion of Cr in the metal next to the oxide inter-
face will accentuate the deerease of Cr concentration in the outer zones of the oxide
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film, which arc formed at a fater stage. In this way, a film structure with outwardly
decrcasing chromiwm content will be established, in accordance with the classical
theory of sclective alloy oxidation.

The build-up period of this structure seems to be very short,.in any case shorter
than the 2 min which was the shortest exposurc time in this study. Also the film thick-
ness, as calculated from the ESCA pceak ratio of oxide and metal, has almost finished
increasing after only 2 min of exposurc, :

Whife both iron and chromium are prescnt in their three- varent states in the outer
zones of the oxide, it has been shown in this study that divalent iron appears in the
inncrmost, chromium-rich zone. Chromium is three-valent in all zones.

These findings can be considered to support the view!? that the room-temperature
oxidation of Cr-containing stcels "at normal pressures produces a spincl-like com-
position near the metal/oxide boundary, and a mixed Fe-Cr-sesquioxide at the oxide/
gas boundary. (i is not possible to say whcther the spmel {ike composition is present
as a film or in the form of islands.)

In room temperature oxidation, oxygen pressure must be of decisive importance
for the composition of the first-formed film. Obviously at very low oxygen pressure
there will be time cnough for the majority of adsorbcd oxygen atoms to react pre-
fercntially with chromium atoms.

The present conclusions fit well itito the pattern cstablished by our earlier studies,
which indicate that under conditions allowing more extensive diffusion, i.e. iugher
temperature and/or longer t:mc, the Cr content of.the film increases also in the
outer zohes. '
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ESCA STUDIES OF THE COMPOSITION PROFILE OF
LOW TEMPERATURE OXIDE FORMED ON CHROMIUM
STEELS —II. CORROSION IN OXYGENATED WATER*

1. OrLerIord and H. FISCHMEISTER

Dept. of Engineering Metals, Chalmers University of ‘Technology, S-402 20 Giteborg, Sweden

Abstract - ESCA (Electron Spectroscopy for Chemical Analysis) has been used to analyse the chemical
compaosition of passive films formed on chromium steels with 4 --30%,.Crat 25 and 70°C in oxygenated
water for ditferent times. The composition-depth profile of tl.. films has been investigated by successive
steipping of the ilm by ion ctching, '

The composition of the lilm varies with exposure time: short time yields an Fe-Cr ratio cor-
responding to that of the alloy; prolonged exposure produces increasing enrichment of chromium
through the whole layer, with the highest concentration at the outer surface. The passive film generally
scems to consist of two layers: outermost onc of (Cr(OH),) and underncath onc of iron-chromium
oxide (Fey . ,Cra O, The low alloy steels (3-9 and 7-8%,Cr) were passive for a limited time during
which the Cr enrichment was high (8 times); after breakdown of the chromium-rich mssnvc layer, it
was repliaced by FFeOOLL

When a dhy-formed oxide film, which consists mainly of iron oxide, is c\posul to W.Il(.l’. its com-
position stowly changes until that of o water-formed film is reached.

INTR(_)DUCTION

Siwer the days of Schnbein,' who in 1836 pointéd out that iron could be made passive
by anodic polarization, studies of the corrosion behaviour of pure metals and alloys
have been performed mostly by clectrochemical method... Very little is known about
the chemical composition of the passive lilms, in spite of the great importance of
alloys like stainless steel, whose usclulness depends an the ability to passivate. The
main reason lies in the fact that the films arc extremely thir. Ellipsometric investiga-
tons® © have shown that the thickness of the passive film on stainless steels and Fe-Cr
allovs is in the region of 10-60 Angstroms, depending on the potential and the com-
position of’ the alloy and the medium. Eleetron dilfraction studics® "' revealed no
distinet erystalline diffraction pattern; the amorphous character of the lilms makes
their analysis by difiraction methods very diflicult.

Surlace sensitive electron spectroscopic methods such as ESCA (Electron Spectro-
scopy for Chemical Analysis)'? and Auger spectroscopy., which have become available
during the last years, enable one to analyse the chemistry of such thin layers. The
special advantage of ESCA is that it casily distinguishes between the dilferent valence
states ol a species. The sensitivity and resolution are good enough to detect a fraction
of a monolayer of oxygen adsorbed on an oxide substrate. These properties are
particularly useful in passivation rescarch because they allow an experimental checek
of the two hypothcetical models of the passive state, i.c. the oxide film theory and the
wdsorption tacory. Che former, going back to Faraday, assemes a solid diffusion
Batnier, the existonee of which was livst experimentally verticd by ‘Troastad?® osimg
optical methods, The arguments for the adsorption theory are analogous to those of

*Manuscript reccived 2 April 1975 in revised form 2 July 975,
27
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Langmuir,!® who showed that oxygen at low pressure and high temperatuse doces nog
react with a metal, but is only chemisorbed at the surface, where it will change the
clectron emission ind at¥ect the further reaction with oxygen. This model is belicved
to {it data for transition metals such as chromium.* Fontana'* observed that stainless
stecls in sulphuric acid and scawater will loose passivity after vacuum treatment, but
regain it after exposure in air, This he interpreted as support of the adsorption theory.
A link between these two theorics is prescenied by Mucller!® who suggests a first stage
in which the unprotected surface is covered by a monolayer of oxygen which decreases
the anodic dissolution, and a sccond stage with film formation by a chemical com-
pound.

This paper reports an experimental investigation by ESCA of the compositions of
passive {ilms formed on Fe-Cr steels in oxygenated water for different times. 1t will
be seen that this new technigue yields essential and detailed insight into the process of
pasive film formation.

EXPERIMENTAL
The BESCA-instrument uscd is a HP 5950 A, cquipped with a home made specimen preparation
and handling system, which has been described elsewhere. ! The specimens are synthictic binary
Fe Cr alloys, from the same series as used in the preceding communication on dry-Tormed films.'*
Chemical analyses of the samples are shown in Table {.

TanLe 1. THE CHEMISTRY OF THE SPECIMENS IN WT %,

Cr C Ti Si Mn Ni " Mo Cu p S N Fe
39 0002 013 2002 <2010 <002 <006 0006 0007 0-:004 0-002 Balance
58 0002 012 <002 <010 <002 -:006 0007 0007 <0003 0004 v
78 0002 015 -:002 <010 -z002 <« 006 0006 0007 <0004 0002 v
10 0002 013 <002 2010 <002 - 006 0007 0007 -20003 0005 "
1557 000} Q12 002 ;040 <002 - 006 0006 0008 <0003 0002 ve
199 0002 013 <002 <010 -~ 002 - 006 0006 0007 20003 0002 v
299 0002 012 - 002 - 010 « 002 - 006 0006 0007 - 0003 0002 '

Titanium was added (o the alloys in order to bind sulphur and to prevent precipitation of FFe-Cr
stilphide, which can change the electrochemical propertics of the alloys, The specimiens were passivited
at 25 or 70 C for 2 min, 1 h, 50 h and 300 h in oxygen-saturated double-distilted water.

Precautions were taken to prevent formation of oxide filiis in air helore passivation, and structaral
changes alter passivation, Aficr prepolishing on emerpy paper dowa to $1 400, the final polishing was
performed cither in the passivating medium itself (for the room temperature experiments) or in -
methanol of pa prade (for experiments s 70 O), .

Phe specimenwaes then pruohed up snder ignnd ina smiadt eup, the protecting liguid was exchanged
and the specunen rinsed by running the passivating miedivan through a funnet to the bottom of the
cup. Afterwards the specimen was transferred --again under tiquid - to a beaker, where oxygen was
led through a glass tube into the water in such a way that the specimen was surrounded by a curtain
of oxygen bubbles. After this treitment the specimen was transferred to the specimen handling
chamber of the ESCA under a strcom of pure nitropen through a special shuice, :

Anadysis of the specimens started by recording i long scan belween 0 and 1000 ¢V binding energy
ta check for impurities. Thereafter, narrow scans of the 2 py,, and 3 plevels of Cr and Feand the 1s
levels of oxygen and carbon were recarded. The camposition gradient in the film was determined by
alternating ion bombardments and ESCA analyscs.

RESULTS
Figure | shows examples of the ESCA spectra obtained after passivation for 1 h
at 25 and 70°C. The specimens represent the extremes of chromium content in the
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FiG. 1. ESCA speetra of Fe-Cr steels after passivation for 1 h at 25 and 70°C (solid
lines). Doticd peaks show spectra after 15 min of ion bombardment. (The peaks of Fe 3p
and Cr 3p are scaled up 5 x).

scries, i.c. 3-9 and 29-9%,. The solid lincs rcprl'cscnt the as-passivated state, while the
dotted peaks were recorded after the top layers of the films had been removed by ion
bombardment. Further stages of ion ctching have been recorded but are not shown to
keep the figure clear.

I the as-passivated state, both metallic and oxidic states of the metals arc found.
The binding encrgics of the mctallic components of Cr and Fe arc 574 and 707 ¢V
respectively, while their oxidized states lic about 3 and 4 ¢V higher. The presence of
metallic signals indicates that the tiickness of the layers is in the region of a few tens
of Arigstroms, where photoclectrons cscaping from the mctal substrate can still pass
through the oxide film. The ratio between the metaltic and the oxidic components of
the Ip level is greater than for the corresponding 2p level, which indicates that the ©
layer is uniformly thin,

The integral chromium content (in terms of the cation fraction, Cr)(Cr - Fc))
in the fitms was determined Tor all specimens in Table 1 after passivation for 1 h at
25 and 70°C, by the method described in the preceding communication.'® The figures
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presented in the following are the integral values; they differ {rom the real; focal
concentrations wherever chemical gradlems exist.
Figuse 2 shows the chromium content in the films vs that of the alloys. The dots

70 ¢ /
60 |- /

50
40

30

Cr/{CrFe)-100 in the oxide

10 20 30
Croin the alloys

Fi1G.2. The integrat chromium content {cation %) in the films after passivation for 1 h
at 25 C (dots) and 70°C (crosses). Crosscs and dots represent the as-passivated state;
ringed symbols arc for ion ctched surfaces.

and the crosscs represent the as-passivated state after passivation at 25 and 70°C
respectively. The sloping lines are the least square fits of the series. Thesc demonstrate
two things: first, at least at room temperature the chromium content in the surface
region of the film is proportional to the bulk chromium content of the alloy for all
alloy compositions studicd here; sccond, the cnrichment of chromium in the film is
greater at the higher temperature (the enrichment factors are 17 and 2-5 at low and
hightemperature respectively). Analysis after removal of the top layer by ion bombard-
ment (ringed symbols) indicates an inward chromium gradicnt in the passive film.

Dcp('h profiles of the integral chromium content in the films arc shown in Fig. 3.
The alloy compositions are marked by the black triangular flags on the ordinates.
The thickness of the layers has been calculated by the approximative method explained
in the preceding communication.!®

Figure 3 shows that passivation time has an important influence on the composition
of the layer. At the shortest time (2 min) the chromium fraction in the film is approxi-
matively constant throughout the film, and equal to that in the alloy, Passivation for
1 h and longer times produces enrichment of chromium in the film and a marked
gradicnt, with the highest chromium content in the outermost zone.

It appears from Fig. 2 that the enrichment factor of chromium with respect to the
bulk content of the alloy is approximatcly the same for all alloys after 1 h exposure,
but on prolonged exposure the relation between the compositions of the film and the
alloy is no longer linear. After 50 h the enrichment factor of the low alloy steel
(3-9°%Cr) is four times higher than that of the high alloy steel (29-9%Cr). The
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chromium content ‘of the film on the high alloy steels docs not incrcase markedly
when the treatment is carried on to 300 h. On-the other hand, it was not possible to
keep the low alloy stecl (3:9%Cr) in its passive state for more than 50 h. Thereafter
passivity brokc down and a thick layer of corrosion product, formed on the surface,
which yielded only iron and oxygen peaks. The 7-8%Cr stecl passivated for 300 h
shows a high concentration of Cr in the outermost region of the film. The metallic
states of Fe and Cr arc just dctectable, indicating that the thickness of the oxide is
about 40 A ; this is the only case where longer exposure in the passive state produced a
thicker film. :

In all spectra of as-passivated specimens, the oxygen signals have two components
ca. 1'5 ¢V apart; their positions can be scen in the lowest and high chromium
specimens shown in Fig.1. The low binding energy (righthand) component corresponds
to the position of oxygen in Fe-Cr oxides.!® The ratio between the intensitics of the
high and low binding encrgy components varics not only with chromium content but
also with ion bombardment. : _

The recorded oxygen peaks were deconvoluted into their two components. The
ratio of the high binding encrgy peak intensity (0 (h.b.)) to the total signal intensity is
plotted in Fig. 4 vs the integral chromium fraction in the films. Tt is found to be closely
related to the chromium content in the film, which invites a more detailed study.

The positive shift of the oxygen peak, together with the proportionality with
Cr content, suggest the presence of a chromium-rich hydroxide, at least in a surface
layer. Support for the chromium hydroxide hypothesis is obtaincd from two scparate
experiments. First, synthetic Cr(OH), was precipitated on a gold plate and analysed
by ESCA. Sccond, pure chromium was passivated for a few minutes at 25°C in the
same way as the other spccimens. Solid Cr(OH), is a very poor conductor; therefore
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Fi1G. 4. The ratio of the high binding energy component of oxygen, O(h.b.), and the
intensity of the total oxygen peak vs the chromium content in the top layer of the film.

the layer must be kept very thin to avoid spurious shifts due to specimen charging.
‘This was achieved by precipitating Cr(OH), from a soiution of 0-0IM CrCl, into which
onc drop of NH,OH was introduced. The Cr(OH), sedimented in a very thin layer
(not visible to the naked eye) on to the gold substrate. The ammonium chloride formed
in the reaction was removed by dilution in such a large volume of water that neither
nitrogen nor chloride could be detected in the spectra (Fig. 5a).
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Fi1G. 5. ESCA spectra of: (a) Cr(OH), (solid pcaks) and Cr,0, (dashed peaks) formed
by heating Cr(OH); to 300°C (arrows y indicate expected peak positions for NH,Ci);
(b) Chromium mctal as-passivated (solid peaks) and after heating to 300°C.

The solid peaks in Fig. 5(a and b) show the synthetic Cr(OH), and the passive film
formed on purc chromium. The position of the metallic Cr peak in Fig. 5b is the
normal one for this element, showing that spurious shifts due to surface charging are
absent. Since the peak positions of the synthetic hydroxide agree with those ol the
passivated chromium, we may conclude that also Fig. 5a is free from spurious shifts:
The agreement between Figs. 5(a and b) lcads to the interesting hypothcsis that
chromium passivates by forming a layer of Cr{OH),.

This was tested in two ways. First, both samples were heated in vacuum to 300°C,
which should lead to the transformation Cr(OH), -> CrOOH — Cr,0,. The dashed
peaks in Fig. 5(a and b) show the spectra recorded after heating. In both cascs, the
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oxide peaks have movéd to the position of the low-cnergy peak in Fig. 1, i.c. the
normal position of the O%~ peak in oxides. 1t was possible, in fact, to follow the steps
of the reaction scquence at intermediate tepmeratures by the gradual decline of the
high-cnergy peak and the growth of the low-encrgy peak, including the stage where
equal intensities of both peak components indicated the presence of CrOOH. A second
test was bascd on the intensity ratios of the oxygen and the chromium peaks before and
after heating. The ratio of the photoclectron yields for oxygen and chromium can be
determined from the spectrum of Cr,O, (Ref. 18); it is found to be ca. 0-4. This
would give an oxygen/chromium intensity ratio of 0-6 for Cr,0, and of 1-2 for
Cr(OH),; the obscrved values were 1:12 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 conclusion seems justified that chromium passivates by forming a layer
of Cr(OH),, and that the oxygen peak at 531-5 ¢V is to be assigned to oxygen in
hydroxyl ions. Objections could be raised against this argument, because the hydroxide
component of oxygen overlaps with adsorbed oxygen components as H,0, CO and
COjf~. A contamination layer of these compounds is certainly present. It shows a
carbon peak, which disappcears after a very short time of ion bombardment. However,
no corrclation exists between the intensity of the hydroxyl (plus adsorbed oxygen and
hydroxide) peak and that of the carbon peak. The contribution of a monolayer of
adsorbed oxygen to the total observed oxygen peak intensity would be about 159,
more than 3 atomic layers would be required to produce the correlation obtained in the
cases with high chromium content in the surface region of the films. It is not probable
that the bonding between the moleculcs of oxygen in a layer of this dimension is strong
cnough to keep it on the surface in vacuum.

With this background, the *high binding encrgy component™ of the oxygen peaks
in spectra of the outermost zonc of the layer formed on chromium stecls (Fig. 1) may
be identificd as a hydroxide peak. This Icads to theconclusion that the passivating film
consists of an outer layer of Ct(OH),, possibly with small content of threc-valent iron.
The surface layer is obviously very thin, since the shape of the oxygen peak changes
very quickly from hydroxyl to oxide on ion bombardment. After deconvolution of the
hydroxide and oxide components, one can estimate the thickness ratio of the hydroxide
and exide layers. With a total film thickness of ca. 20A (sce below), the hydroxide layer
is found to be between 3 and 5 atomic layers thick. Below this there is a layer of oxide
containing only O®- ions. The iron pcaks in Fig. 1—both Fe 3p and Fe 2p,,—cach
show a minor contribution of the divalent state, recognizable as a broadening of the
peaks towards the right. This suggests that the bottom layer may consist of a spincl
type oxide Fey; (Cry Oy, as in the case of dry-formed films. '8

The total thickness of the passive films can be determined by the method described
in Ref. 18. It is found to depend both on alloy composition and on exposure timé.
Figure 3 shows that the films actually became thinner with prolonged exposure, and
thus with increasing chromium content in the film. The thinncst films (ca. 20 A) are
found after long exposurc on specimens with high Cr content. For pure chromium,
the film is cxtremely thin (ca. 10 A).

Figurc 6 shows the spectra recorded after exposure for long time of the low alloy
steel. It shows iron in its threc-valent state. No chromium can be deteeted. The double
peak with cqual intensitics of O~ and OH- indicatcs that the corrosion product is
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Fi1G. 6. ESCA spectra of the 39 7 chromium specimen after exposure for 300 h at 25°C
(solid lines) and aficr removal of ca. 100 A of the top layer by ion etching (dotted lincs).
Fe 3p scaled up 5 x.

FeOOH. The film is much thicker than thosc formed in the passive state. The shape
of the pcaks did not change alter long ion bombardment (100-200 A removed), and a
discoloration was visible on the specimen.

A comparison of the profiles in Fig. 3 with those of films formed in dry oxygen!®
shows that the enrichment of chromium occurs at the opposite phase boundaries. In
dry oxidation, chromium is depleted in the outer parts of the film; in aqueous medium,
chromium is increasingly enriched with time in the outer part. This difference made it
important to learn whether an air-formed oxide film would adjust its composition
gradient when exposed to water, Specimens with 5:8, 110 and 1999, Cr were cleanced
by ion bombardment, oxidized in pure oxygen at 0-2 atm for 46 h, and the top layer
analysed. Then the specimens were treated in oxygenated water at 25°C for 35 h.

The triangles in Fig. 7 shows the integral chromium contents at the top layer after
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oxidation in purc oxygen. The profiles obtained after exposurc to water are marked
by the solid lincs. The figure demonstrates that air-formed oxide films, which consist
ma’nly of iron oxide at the surface, slowly change their composition when treated in
water. The result is a superposition of the two gradients during the transitory stages
of this adjustment.

CONCLUSIONS

There is a striking contrast in the composition profiles of passive films formed on
Cr-steels in oxygenated water and of films formed on the same steel in dry oxygen. As
shown in the preceding communication!® dry oxidation at room temperature produces
an average composition in the film corresponding to that of the alloy. It also leads to a
depletion of chromium in the outermost region of the film and a stight cnrichment at
the metalfoxide interface in agreement with classical oxidation theory.!™ When the
metal is exposed to oxygenated water, the film composition at first also agrees with
that of the alloy, owing to the low dilfusivity at room temperature. Prolonged exposure,
however, causes the chromium content to increase in accordance with the higher
aflinity of chromium to oxygen. In contrast to dry oxidation, chromium is now mainly
enriched in the outermost region of the film, where the chromium content in fact
approaches 1004, after long exposure.

The passive film in its stationary statc consists of two layers: a bottom layer of
iron-chromium oxide, possibly of spincl type Feyy (Cr,.,,O4, and a very thin top layer
of hydroxide Cr(OH),. Support for this is found in the following: (i) the agrecment
hetween the oxygen peak positions of the hydroxide amd the oxide components of the
lilm spectra with the corresponding peaks from synthetic compounds; (ii) the corre-
lation between the chromium content in the outermost layer and the intensity of the
hydroxide peak ; and (iii) the separatc study of purc chromium which showed that the
passive layer on that metal consists of an extremely thin film of Cr(OH);,. This last
obscrvation demonstrates that chromium hydroxide is a very cffective barrier to the
reaction of chromium metal with oxygenated water.

It is known that the chromium content of iron-chromium alloys must ‘exceed a
threshold value to allow the development of persistent passivity. The results of this
ESCA investigation suggest a possible mechanism. The composition of the first-formed
film, with respect to the metal jons, will correspond to that of 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 thermodynamic stability
of Cr-rich oxides. These changes, and the obscrvation that the films actually become
thinner with time, can be explained by an exchange process, where iron dissolves
preferentially into the liquid, while chromium remains behind in the film. Such pre-
ferential dissolution has been demonstrated by Kolotyrkin,2 who monitored the iron
and chromium concentrations in clectrolytes in contact with ferritic chromium stecls
in the passive region by activation analysis. Continued dissolution of iron at a faster
ratc than chromium will build up the obscrved chromium enrichment towards the
outer surface of the film. Preferential migrition of Cr may contribute to the enrich-
ment since the dccrcasc in film thickness is not fully in accordance with the degree of
conversion.

The presence of hydroxide at the oxide/water interface scems plausible for a



337

706 1. Ourfsorp and H, FISCHMEISTER

system close to equilibriurit, where exchange of ‘the ionic species must proceed at
simifar rates in both directions™Top layers of hydroxide have also been found in an
ESCA study of fims formed on pure iron passivated in aqueousenvironment by means
of inhibitors.t Initially, the top film of ferritic chromium stecls may be assumed to be
mainly FCOOH. As thc chromium content of the underlying oxide rises, this will be
replaced by Cr(OH), with varying, but finally very small, contents of iron. At this stage,
the transport of iron through the double layer will have reached a low, stationary
rate, corresponding to the rate of dissolution and rencwal of the passive film. 1 may be
noted in passing that the sotubility product of FeQOUH is higher than that of Cr(OH),.

The process ol preferential dissolution of Cr, and the change in composition of the
hydroxide film, may be described as follows:

Cr(s) + xFcOOH(s) 4- Z OLg) + (: + x) H,O(l) - Cr(OH)y(s) + xFe2+(l) + |

IxOH-(h

where v is a time dependent parameter (1 << &' < 2).

In the case of the low-alloy steels studied here, chromium is rapidly enriched in
the film during the first stages of cxposure, but depletion in the alloy undeérneatlt the
film and the low atomic mobility at room temperature make it impossible to uphold
the necessary chromium content in the film for prolonged periods. Consequently, the
lilm will break down and be replaced by the non-protecting corrosion product of the
Cr-depleted ctal, FeOOH. _—

At the present time, it seems difficult to decide whether the chromium hydroxide
layer plays an active role in establishing passivity in chromium steels by presenting an
added resistance to the passage of iron ions from the oxide to the water, or whether
it is only a corollary of the chromium enrichment in the film. _

Many investigators have proposed that chromium is one of the metals which is
passivated by adsorption. This is not necessarily in conflict with the present results
because most of the studics on chromium have been performed in acids ; e.g. Armstrong
et al* inferred that chromium is passivated in 0-5M 11,50, by forming a monolayer
ol oxygen on the surface. On the other hand, an ESCA analysis of Okamoto?* 2 has
demonstrated the formation of compact layers on austenite stainless stecl in acids: the
enrichment of chromium was found to depend on the passivation potential.

For purc iron, the formation of a second phase within the passive film has been
suggested carlier in the literature. Nagayama and Cohen?® proposed an inner layer
of Fe,04 and an outer of y-Fe,0, with high defect content, while Sato et a/.28 inferred
Fe,0,.0-4 H,0 with an inner anhydrous ferric oxide layer and an outer layer of
hydrous oxide. The presence of water molccules in the passive films cannot be excluded
by the present study.
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X-Ray Photoelectron Spectroscopic Study of the Aqueous
Oxidation of Monel-400

N. S. Mcintyre, T. £. Rummery, M. G. Cook, and D. Owen
Atomic Energy of Canada Limited, Whiteshell Nuclear Research Estaﬁlishment, Pinaws, Manitoba, Canada

ABSTRACT

The surface of Monel-400 alloy was exposed to high pH, aqueous cor-
rosion at 285°C, under both oxidizing and reducing conditions. After exposures

lasting from 0.3 to 335 hr the surfaces were

examined by x-ray photoelectron

spectroscopy, scanning electron microscopy, ahd other techniques. Under re-

ducing conditions, no corrosion film
oxidizing conditions,

face is entirely Ni(OH)2.

pH ~ 10 but which rapidly converts to NiO at pH ~
composition of the corrosion 1
nickel and copper at the interface. A composition
beneath the outermost film shows a gradual in-

a precipitation process. The
by the relative solubilities of
profile of the corrosion layer

forms on the metal surface, but under

the first corrosion layer which forms at the solution inter-
This hydroxide, which persists for long times at

14, is shown to result from
film is determined

crease in cuprous ion concentration with increasing depth, probably due to

solid-state migration. This sugges
involves both solid-state oxide grow
tion mechanism.

Monel-400t (66% Ni, 32% Cu) is one of the alloys
used as heat-exchanger tubing in CANDU-PHW?
power reactors. As part of a study of the transport of
radionuclides in reactor coolant systems, we have in-
vestigated the aqueous corrosion behavior of Monel-400
under conditions of high temperature and pressure
which simulate those found in the coolant of a power
reactor.

Most aqueous corrosion studies of nickel-copper al-
loys have concentrated on film growth rates (1-10) or
on the composition and structure of oxide films which
were formed over lengthy periods of corrosion (1l-
13). One study used electron diffraction to identify
the corrosion products Ni{(OH);, NiOOH, and NiO
which had formed on some copper-nickel alloys after
several hours of aqueous corrosion (14). With the de-
velopment of other analytical techniques sensitive to
surface films no thicker than a few atomic layers, both
composition and structure can be determined quali-
tatively and quantitatively following very brief ex-
posures to corrosion conditions.

In this work, corroded surfaces were studied by
x-ray photoelectron spectroscopy (XPS or ESCA) as
well as scanning electron microscopy, and, where pos-
sible, by x-ray diffraction. In XPS, photoelectrons pro-
duced by an impinging x-ray beam emerge from the
top 1-2 nm of a surface and their kinetic energies are
analyzed (10). The exact kinetic energy of the photo-
e]c_‘clron refiects not only the atomic number of ‘the
originating element, but also the chemical environment
of this element. If this technique is combined with ion
§puttex*ing to remove successive layers of surface film,
it is possible to obtain a profile of the elemental dis-
tribution through the corrosion layer.

XPS provides an average analysis of the elements on
scvcral square millimeters of surface. Complementary
m{ormation about the distribution of crystallites within
this arca can be obtained using scanning electron mi-
croscopy. Also, where a film of suflicient thickness
(~0.1-1 um) has formed, x-ray diffraction can be
used to confirm the XPS analysis.

In two previous XPS studics, corroded copper-nickel
surfaces have been examined. Hullet and co-workers
(16) examined films on a 70:30 cupronickel alloy which
had been anodized in sodium chloride solutions. Above

Key words: Moncl, nickel hydroxide, aqucou -
elc:’-l_ron spectroscopy, corrosion, i s oxidation, photo
“'mll{:ullc name of the International Nickel Company of Canada
. (U
wa»"t(é{_\NDU-PHW = Canada deuterlum uranium-pressurlzed heavy

ts that the aqueous corrogion of Mongl-_400
th and an ionic dissolution and precipita-

the passivation potential, the surface was found to
consist primarily of a nickel-oxygen species whose
identity could not be absolutely established. The XPS
core line spectra of the nickel-rich surface did not,
however, correspond to stoichiometric NiO. Castle -
(17), however, examined 70:30 copper-nickel alloy
surfaces heated in oxygen and in this case was able
to identify the nickel phase as NiO. The surface of the
oxidized alloy was enriched in nickel compared with
the bulk metallic phase. Both cuprous and cupric ox-
ide phases were identified under different oxidizing
conditions.

In this work, the corrosion films formed on Monel-
400 were studied following brief exposures of the alloy
to alkaline (pH = ~10-14), high temperature (285°C)
solutions saturated with respect to either hydrogen or
oxygen. In each case the XPS spectra of the corrosion
products could be clearly identified with the spectra
of known nickel or copper species. From the analysis
of the surface corrosion products and the elemental
depth proflle, a mechanism for the aqueous corrosion
of Monel-400 is proposed.

Experimental

Mechanically abraded Monel-400 coupons of 3 cm?
surface area were exposed to 0.1 liter of 1.0 mol/kg
and 1 X 10-4 mol/kg Li(OH) solutions at 285°C in a
Tefion-lined titanium autoclave. The autoclave was
initially purged and filled to a pressure of 0.1 MPa at
25°C with reagent grade hydrogen or oxygen. The
inner surfaces of the autoclave, in contact with solu-
tion, were lined with Teflon since it was found that
even after thorough cleaning microquantities of metal-
lic contaminants remained on the titania surfaces and
were readily transported to the Monel-400 surfaces
during exposure. The Teflon liner was pretreated un-
der reaction conditions for over 50 hr to eliminate any
significant contribution of fluoride and chloride ion to
the solution and the abscnce of these impurities on
the Monel-400 surface after treatment was confirmed
by photoelectron spectroscopy. Photoelectron spectro-
scopy also confirmed the absence of elemental impuri-
ties, other than adsorbed oxygen and minor quantities
of hydrocarbon, on the Monel surfaces prior to ex-
posure.

Blective exposure periods varied from 0.3 to 335 hr.
The effective period was taken to be the lime at which
the surface was corroded at temperatures between 225°
and 285°C, and allowed for the time of additional cor-
rosion during heating-up and cooling-down. Following
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exposure, coupons were cooled in situ, \l'vashed with
distilled water, and transferred to the spectrometer.
When the eflects of dissolved hydrogen were studied,

particular care was required to prevent possible oxi-

dation of the surfaces after exposure, and the transfer
to the spectrometer was done under an argon atmo-
sphere. The total quantities of copper and nickel prod-
ucts in solution from each corrosion reaction of Monel
were determined using flame or flameless atomic ab-
sorption spectroscopy.

A McPherson ESCA-36 XPS spectrometer with a
cryogenically pumped sample chamber was used. The
excitation radiation used was either the Mg K4 or
Al K, line. The instrument work function (3.8-4.2 eV}
was set so that the Au(4f 7/2) peak was at 84.00 eV
for a gold metal surface. Rather large charging shifts
(1-3 eV) were encountered for all Monel surfaces ex-
posed to aqueous oxidation. The surface charging was
corrected by measuring the shift of the background
carbon C(ls) line, which normally occurs at 285.0 =+
0.2 eV, In some cases a gold film was evaporated onto
the surface and its equivalent charging shift was mea-
sured (18). In general, agreement between the two
measurements, however, was within +0.2 eV, Such cor-
rections, however, substantially affect the precision of
the peak assignment and the errors quoted result
from ten determinations of the peak position.

Appropriate relativistic energy corrections were
made to all binding energies reported. A 10 keV argon
ion gun was used for depth profile studies. Ion flux
on these surfaces was limited to 5 uA cm—2 to minimize
effects of chemical decomposition and preferential
sputtering. Surface morphology was determined with
a Cambridge “Stereoscan” Mark 2A scanning electron
microscope. X-ray diffractometry was carried out using
a Philips vertical goniometer with monochromated
Cu K, radiation.

XPS Spectra

The x-ray photoelectron spectra of a number of ox-
ides and hydroxides of copper and nickel have been
studied in this (19) and other (20-22) laboratories.
The binding energies associated with the more promi-
nent metal and oxygen core lines as well as the energy
of the major metal LMM Auger transition arc given
in Table I. In Fig. 1 and 2 the M(2p) and M(3s) spec-
tra for some oxides and hydroxides of copper and
nickel are shown. Cuprous oxide is distinguishable
from copper metal only by the shift of the Cu Auger
LMM line. Cupric oxide and hydroxide are character-
ized by their differing metal and oxygen core binding
encrgies as well as by the metal “shake-up” satellite
spectra located on the high binding energy side of
most cupric compounds (23). In the case of the nickel-
oxygen system, NiO and Ni(Ol); can be clearly dis-
tinguished using similar criteria as in the copper spec-
tra. Spectra of another nickel-oxygen species have
been reported by Kim and Winograd (22) following
the low pressure oxidation of polycrystalline nickel
surfaces. They suggest that this species is a defect
stracture containing NiYY, Similar spectra have heen
observed in this laborqlory (24) during room tempera-
ture oxidation of nickel surfaces. Although this oxide
has metal and oxygen core line energics rather close
to those for nickel hydroxide, the separation is still
adequate to provide characterization of either species,

Toble |. Some metal and oxygen core binding energics of copper
and nickel oxygen compounds

>3%

AQUEOUS OXIDATION OF MONEL-400 1165

cu(3s12) |

(a) Copper metal

Cu(2p 3/2)

+ —

Com- M(2p 3/2) M(3p 3/2) O(1s) M LaMe.sMus)

pound ¢ eV oV C oV
Cumetal 9324201 75101 — 919.0*0.2
Cuo 9324 +0.1 75.1%01 530502 9174+ 03
€u0 9337 +02 76.6 = 0.25 527.6:=0.15 917.7% 0.3
Cu(Oil)2 0342025 77.0::0.25 531.2+02 -
Ni metal 852 5 = 0.1 (6.3 *°0.15 — 442,31 203
NiO #54.0 >+ 0.2 67.4 202  529.6 % 0.15 839.5 204
Ni(OH)2 559 =09 60.1 0.2 5314203 838.4 £ 0.3

(b)y CuO

(c) Cu(OH),

{ ENERGY CORRECTED
FOR CHARGING )

048 035 ) 120
<«—— BINDING ENERGY (eV)

Fig. 1. XPS Cu(2p 3/2) ond Cu(3s) core line spectra for Cu
metal, CuO, and Cu(OH)a. The arrows indicote satellite peaks due
to multi-electron excitation (shake-up) or multiplet interaction
processcs.
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Fig. 2. XPS Ni(2p 3/2) and Ni(3s) core fline spectra for Ni
metal, NiQ, and Ni{OH)s. The arrows indicate satcllite peaks due
to multi-elcctron excitation (shoke-up) or multiplet interaction
processcs. :
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particularly when combined with the quite different
satellite and Auger spectra produced by each. The
“surface nickel oxide” species of Kim and Vinograd
(22) was not observed during the present work.

Resutts

Exposure in 104 mol/kg Li(OH)—0.1 MPa H; over-
pressure.—After exposure of a Monel coupon in 285°C
solutions (pH ~10) under hydrogen for periods up to
335 hr, no evidence of any significant oxidation product
on the surface was seen using XPS. Spectra of the
Cu(2p 3/2) and Ni(2p 3/2) lines for a Monel surface
were the same as those for pure metal surfaces [Fig.
3(a)]. As little as 0.3 of a monolayer of NiO or Ni(OH),
could. be detected using these lines. The O(1s) spec-
trum of the Monel surface {Fig. 3(a)] shows a small
peak at 531.7 eV due to minor concentrations of a sur-
face oxygen species. Such complexes are normally ob-
served on metal surfaces not treated under vacuum
prior to examination. The copper-nickel ratio of the
surface was determined from both M(2p) and M(3p)
integrated line intensities using prepared copper-nickel
alloys of known composition as intensity standards
(25). Using the M(2p) line ratios a nickel: copper atom
ratio of 75:25 = 10% (2¢) was determined while an
atom ratio of 65:35 *+ 7% (2¢) was found using the
M(3p) line ratios. The M(3p) photoelectrons with ki-
netic energies of 1200 eV have a mean escape depth
(1-2 nm) around three times larger than the M(2p)
photoelectrons which have kinetic energies of 300-400
eV (26). Although the more deeply sampled surface
layer has, within experimental crror, copper-nickel
ratio equivalent to that in bulk of Monel-400, the ex-
treme outer surface appears to be depleted in copper.
This could be due to a preferential dissolution of cop-
per or surface segregation as discussed below.

The absence of any oxide is consistent with thermo-
dynamic calculations. Comparison of calculated equi-
librium partial pressures for hydrogen reduction of
NiO, Cu20, and CuO (27) with the hydrogen overpres-
sure of 0.1 MPa used in these experiments indicates
that the metallic phase is thermodynamically stable for
both nickel and copper. .

Exposure in 104 mol/kg Li(OH)—0.1 MPa O; over-
pressure.—The exposure of Monel-400 under conditions

852.5ev

‘—932401‘1
)

Cu(2p3/2) Ni(2p 3/2)

O(is)

n e

(b "“ THN% D eV

Ni(0p 872 ) O(1e)

‘& e

Fig. 3. XPS Cu(2p 3/2), Ni(2p 3/2), and O(ls) core fine spectra
for Monel-400 surface exposed to 1 X 10— M Li(OH) at 285° for
0.3 hr; (a) hydrogen overpressure, (b) oxygen overpressure.
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as described above except for an oxygen overpressure’
resulted in rapid growth.of a corrosion film. After an’
cffective exposure of 0.3 hr, a scanning electron micro-
graph of the surface [Fig. 4(b)] indicated a layer of
acicular crystals 0.1 um in diameter. A micrograph of
the reduced surface {Fig. 4(a)] is included for com-
parison. The needlelike morphology of the crystals sug-
gests that they were formed by precipitation from
solution rather than by a solid-state growth process.
Only a nickel phase was detected on the outer sur-
face using XPS. If copper was present at all, it con-
stituted less than § atomic per cent (a/o) of the corro-
sion layer (expressed as CuQ). Spectra of the Ni(2p
3/2), Cu(2p 3/2), and O(1s) line regions are shown in
Fig. 3(b). The binding energies of the principal lines

Fig. 4. Scanning electron micrograph of o Monel-400 surface
exposed to 1 X 10~4M Li(OH) at 285°C for 0.3 hr, (a) hydrogen
overpressure, (b) oxygen overpressure,
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correspond within 0.2 eV to those given for bulk
Ni(OH): in Table 1. Morcover, the characteristics of

the Ni(2p 3/2) shake-up spectrum (twin peaks at 5.1

and 6.8 eV nbove the principal line) ahd Ni(3s) spee-
trum {slrong satellite at 6.1 e¥) are the same as those
observed for Ni(OH),. Confirmation of this assignment
of Ni(OH), as the outer layer was not possible by
x-ray diffraction because of the very thin surface film
developed, but diffraction analysis of Monel surfaces
exposed for periods of 48 hr indicated the presence of
Ni(OH); as the sole detectable corrosion product phase.

Several possible mechanisms for Ni(OH), formation
were considered: (i) hydration at high temperature
or during cool-down of a predominantly NiO surface
phase could yield an external film of Ni(OH)j; (ii)
Ni(OH); is known to be unstable in a nonaqueous en-
vironment at 285°C (28). Thus the Ni(OH). observed
could have formed during cooling of the autoclave;
(iii) Ni(OH); could form at high temperature by di-
rect precipitation of an excess of nickel at the solid-
liquid interface.

The first premise was tested by exposing a suspen-
sion of stoichiometric NiO under similar autoclave con-
ditions for 48 hr, with oxygen or hydrogen overpres-
sures. Under neither condition was there any indication
of a significant quantity of surface Ni(OH),, although
when NiO was exposed to oxygen-saturated solutions,
evidence of some change in the oxide structure was
seen. Production of Ni(OH)s on Monel surfaces by
hydration of NiO is thus not considered likely.

Significant precipitation of Ni(OH). during cooling

- of the autoclave is also considered unlikely. Solubili-
ties of Ni(OH); 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), in
cooling down from 300°C is less than 10-¢ mol/kg.
Precipitation of this magnitude would result in a cov-

-erage of the sample surface no greater than 0.1 mono-
layers which is three to four orders of magnitude below
the thickness of the Ni(OH), films observed in this
work.

If Ni(OH)» is the major cotrosion product at 285°C,
its stability under such hydrothermal conditions is sur-
prising considering the known instability in nonaque-
ous conditions at these temperatures (28). Recently,
however, Swaddle (30) has measured the stability of
bulk Ni(OH); under hydrothermal conditions similar
to those above. It was found that, although the Ni(OH),
phase did indced decompose to NiO at 280°-300°C, the
rate was quite slow, typical half-lives being of the
order of several hours, Thus, with continual precipi-
tation on the Monel-400 surface it is possible to ration-
alize the existence of a significant layer of Ni(OH): at
these temperatures.

The aqueous oxidation of Monel was also carried out
for periods considerably longer than 0.3 hr. In all cases,
XPS studies of the outermost surface showed the
major product to be Ni(OH),, although small gquanti-
ties of copper in cupric form were sometimes observed.
X-ray diffraction of samples exposcd for these periods
indicated the presence of Ni(OH)2, but no other cop-
per or nickel corrosion products were detected. Scan-
ning clectron microscopy  coupled with energy disper-
sive x-ray spectrometry showed that a sccond crystal-
lite phase develops on the surface at these longer
exposure times, This phase, indicated with an arrow
in Fig. 5, contains both copper and nickel and is quite
localized, covering no more than 10% of the surface
arca.

The effect of increased concentration of copper ion
in solution on the surface composition was studied by
adding a 300 cm? copper foil to the autoclave. The
surface composition was largely unaffected by the ad-

- dition except 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

AQUEOUS OXIDATION OF MONEL-400
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Fig. 5. Scanning electron micrograph of a Monel-400 surface
exposed s in Fig. 4(b). for a period of 48 hr. A cupronickel phase
is indicated by the arrow.
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Fig. 6. Scanning electron micrograph of a Monel-400 surface )
exposed as in Fig. 5 with an additional copper source present in the
outoclave.

deposited copper phase is much different from the film
obscrved on a Monel surface with no copper source
present (Fig. 5). The addition of an cxternal source
of copper causcs, at saturation, the formation of rela-
tively pure, localized, large crystallites of a copper
phase on the film, leaving the major surface area as
Ni(OH),.

Elemental intensity profiles of the Morel-400 corro-
sion films were obtained using argon ion bombardment
and a typical onc 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 value about 25% of the
nickel concentration [pure Cu;O and Ni(OH), 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 function of integrated
sputtering current for o Monct-400 surface exposed to 1 X 10— *M
Li (OH) at 285°C for 0.3 hr under dxygen.

The Cu(2p 3/2), (3p 3/2) and Auger LMM cnergies
indicated the presence of only cuprous oxide. Although
10 keV ion bombardment of cupric oxide has been
found to result in some reduction to cuprous oxide,
some contribution due to CuO usually remains, par-
ticularly in the Cu(3p) spectrum. The Cu(3p) line,
because 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 xA-min),
rapid changes in metal and oxygen binding energies
indicated a partial dehydration of Ni(OH); to NiO.
This can also be seen from the sharp change in slope
of the O(1ls) 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 the film
would have been detected by x-ray diffraction. Dur-
ing the remainder of the sputtering .profile the ratio
NiO/Ni(OH),; gradually increased, and it is not clear
whether this represents the appearance of an NiO phase
which was actually present in the original film during
formation, or whether it .is due to additional ion bom-
bardment damage.

The effect 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-
placement with a hydrogen atmosphere and continued

exposure for 335 hr. SEM photomicrographs showed -

that features of the surface film were basically un-
changed from those seen in Fig, 4(b), XPS analysis of
the outer surface indicated that both NiO and Ni(O11).
were present in comparable quantities, but that no
metallic nickel was present on the surface. Thus, aside
from some decomposition of Ni(OH), to NiO, the sur-
face film was not greatly aflected by long exposure to
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hydrogen, indicating that the reduction of Ni(OH)g
tand NiO) to elemental nickel is very slow under

_ these aqueous conditions.
- Attempts to estimate selution concentrations of cop-

pet and nickel during the high temperature exposures
gave unreproducible results ranging from 10-100 ng/
liter for both elements.

Exposure in 1.0 mol/kg Li(OH)—0.1 MPa O, over-
pressure.—~To further understand the role played by
solution phenomena in 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 estimated 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 different from the acicular crystals found
at pH ~10. A SEM photomicrograph of a typical region
is seen in Fig. 8. XPS showed that the surface con-
sisted entirely of NiO. No Ni(OH). or copper phases
were identified on the surface nor was any copper
phase revealed when the surface was sputtered to a
depth of several nanometers, The film was sufficiently
thick that strong x-ray diffraction lines were obtained
showing the bulk corrosion film to be entirely NiO.
The detection limit of additional oxide phases such
as Ni(OH)2, Cu20, or Cu(OH), was ~5% in this case,

The observation of NiO rather than Ni(OH), is still
consistent with a precipitation-based mechanism for
film formation. The rate of decomposition of Ni(OH)g,
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 ug/liter of cop-
per vs. 400 g/liter of nickel).

Exposure in gaseous oxygen.—The compositions of
corrosion films formed on Monel-400 under agqueous
conditions were compared with those formed under
gaseous oxidation at the same temperature. Abraded
Monel-400 surfaces were cxposed at 250°-300°C to 0.1
volume per cent (v/o) dry oxygen in argon for 0.3
hr. The resultant XPS spectrum, shown in Fig. 9(a),
indicated that NiO and Cu;O were present on the outer

Fig. 8. Scanning clectron micrograph of @ Monct-400 surface ex-
posed to 1.0M Li(OH) at 285°C for 48 hr.
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surface in approximately the 2:1 atomic ratio expected
from the alloy composition.

No attempt was made to determine whether the
cuprous oxide and nickel vxide formed by gascous cor-
rosion of Monel-409 are in solid solution of are present
as separate oxides, 1,840 and Cu0. According to
Schnal and Muller {31) these uxides are mutually in-
soluble, and hence one would expect a mixture to
form, However, XPS spectra show only one prominent

O(1s) line. Since the bxygen binding energy in CusO _

is different from that in NiO by 0.8 eV (19), one wouldi
have cxpected Lo see a contribution from both oxygen
in Cux0 and NiO, if separate phases were present. Thus
at least on the surface, a mixed cupronickel oxide may
be formed. '\ .
Discussioh

This work shows that, under the experimental coh~
ditions uscd, the aquenus oxidation of Monel-400 is at
least partly ' controlicd by a dissolution-precipitation
mechanism. At pH ~10, the nickel-rich otter cortosion
film is believed to be a result of Ni(OH); precipitation
from a solution not yet saturated with respect to any
copper species. When the copper dces eventually reach
saturation in the closed system, it nucleates in localized
areas on the hydroxide surface, leaving the major sur-
face coverage as Ni(OIDa Al pH ~14, the copper-
nickel solubility difference is much larger and the re-
sultant corrosion film is composed entirely of a nickel
phase (NiO) after 48 hr. Longer exposures would
eventually result in saturation with respect to copper
species, and again a copper phase would be cxpected
to nucleate and grow at the nickel phasc-water inter-
face. )

The possibility was considered that nickel enrich-
ment in the surface phase could also arise from a
higher outward diffusion rate of nickel ions in the solid
lattice. Howevcr, the oxide film produced by solid dif-
fusion in the gaseous oxidation experiments on Monecl-
400 contains copper and nickel in quantities propor-
tional to their concentrations in the alloy. Thus, under
these time and temperature conditions, it appears that
the relative diffusion rates of copper and nickel are ap-
proximately the same and are unlikely to result in sur-
face nickel enrichment. Castle (17) previously studied
the oxidation layer of a 50:50 Cu/Ni alloy and after
heating the specimen in 13 kPa of oxygen for 0.5 hr
at 500°C, the surface layer was found to be somewhat
richer in copper than in nickel. ’
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Fig. 9. Comparative XPS spectra of a Moncl-400 surface cx-
posced in (@) oxygen and (b) 1 X 10 ~'M Li(OH) with an oxygen
overpressure. In (b) the shoulder on the Ni(3p) peok indicated by
the arrow results from o multi-clectron excitation,

AQUEOUS OXIDATION OF MONEL-400

sz =

1169

One other possibility whict might iead to only a
nickel oxidation product on the surface is the prior
enrichment of ohe component of the allpy due to phase
separation. Copper-nickel alloys are known to exhibit
phase separation in this tempetature ranpe (32); How-
ever, the analyses of Monel-400 surfaces cxposed inder
hydrogen at 285°C show that if suparation docs lake
place its extent is clearly insuflicient to explain the
major compositional change observed here during oxi-
dation.

Under the oxygen partial pressure and temperature
used in the aqueous corrosion expcriments, ilm growth
must occur by both solid-state diffusion and by dis-
solution-precipitation. An oxide of copper appears
rapidly as the outermost layers of corrosion films
formed at pH ~10 are removed by sputtering. It is be-

slieved that this copper is present in the film by virtue

of 4 diffusion process since, as shown above, copper
precipitation has not been found to occur in significant
uahtitics even alter .lengthy exposurc. The rising
concentration of copper in the composition profile
shown in Fig. 7 is likely controlled by the diffusion
rate of the ion and possibly by the rate of leaching
of copper by the unsaturated solution. On the other
hand, while the presence of a significant diffusion
process is based on the observation of copper in the
underlying oxide Inyer, the evidence for a dissolution-
precipitation process is based on the identification of
Ni(OH),, a phase which can only form by this mech-
anism. The occurrence of Ni(OH): in a film thick
enough to be measured by x-ray diffraction helps to
establish that the precipitated layer is not just a negli-
gibly thin layer formed on top of a layer formed
largely by solid diffusion, but rather that it constitutes
an appreciable portion of the total corrosion produet.
At pH ~14, it is clear that the major corrosion process
is dissolution precipitation since no copper phases are
detected by any means in the film.

Since the composition of the surface products de-
pends at any time on the solution concentrations of
copper and nickel, the effects of exposing Monel-400 in
a “once-through” autoclave system are expected to be
different from those observed for the “closed” system
in the present study.

Manuscript submitted Dec, 8, 1975; revised manu-
script received March 29, 1976. This was Paper 75
presented at the Toronto, Canada, Mceting of the
Socicty, May 11-16, 1975. : :

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1977
JournaL, All discussions for the June 1977 Discussion
Section should be submitted by Feb. 1, 1977.

Publication costs of this article were assisted by
Atomic Energy of Canada Limited.
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