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51Cr DIFFUSION IN ot-Zr SINGLE CRYSTALS
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The volume diffusion coefficients o f the fast-diffusing soluie 51 Cr have been obtained in oriented a-Zr single crystals, in the 
directions parallel and perpendicular to the c axis. The dependence of these diffusion coefficients on temperature was also 
measured between 750°C and 848°C.

Single crystals were grown by thermal cycling through the a  «-> /? transformation temperature (862°C). Diffusion coefficients 
were measured using the "thin film" method. In some experiments non-Gaussian penetration profiles were obtained and this 
behaviour is also analyzed.

The diffusion of 5lCr is faster in the c axis direction, with 4?|¡í 153 kJ/m ol) < Q ± (163 k j/m o l). The anisotropy factor 
j a =  D n/ D ± *  3. This factor, the activation energies and frequency factors are discussed in comparison with those of other 
solutes.

1. Introduction

a -Z r  belongs to a class o f so lvents w hich adm it 
ex trem ely  fast-d iffusing  so lu tes [1,2]. V olum e diffusivi- 
ties o f C o  [3], N i [4], Fe [1,4.5], Be [6], C u [7], C r [8] and 
M n [9] in a -Z r  have been d e term ined  by d ifferen t 
au th o rs . an d  show  valúes w hich a re  3 to  7 o rders of 
m agn itude  * larger th an  self-d iffusion. T o  explain  this 
behav iour, a m odel has been  considered  for the hetero- 
d iffusion  m echanism  in w hich one ad d itio n a l non-sub- 
s titu tio n a l State is availab le  for the solute. T his State is 
responsib le  for the fast d iffusion  and  is closely re la ted  
to  the  in te rstitia l con fig u ra tio n  [1,2].

Because a -Z r  is an iso trop ic , d ifferences in the valué 
o f  the diffusiv ity  a long  the c axis o r p e rp en d icu la r to it 
m igh t be expected  in self- an d  in he terod iffusion .

In stud ies o f 51C r d iffusion  in coarse-grained  poly- 
c ry sta ls o f Z r - S n  alloys [11], a rem arkab le  co n tra st was 
fo u n d  betw een the sm all b u t qu ite  defin ite  effect o f the 
Sn co n cen tra tio n  on  51 C r d iffusiv ity  in the  /8-phase and 
the  lack of a sim ilarly  clear co rre la tio n  in the a -p h ase . 
In the  th ree  experim en ts p e rfo rm ed  in the a -p h ase , the

* This range o f valúes can be 3 to 7 [ I ] or 5 to 9 [3] depending 
on which valué for self-diffusion is adopted: that for poly- 
crystals [10] or the one valué measured in single crystals found 
in the literature [5],

5lC r d iffusiv ity  in po lycrysta ls o f pu ré  a -Z r  was also 
m easured. T hese valúes show ed an  ap prec iab le  sca tter 
w ith  respect to  the previously  de te rm in ed  A rrhen ius 
p lo t for 5lC r  d iffusion  in po lycrysta lline  a -Z r  [8].

Both resu lts cou ld  be ascribed  to  the an iso tro p y  of 
the  a -p h ase  an d  the p resence o f variously  o rien ted  grains 
in d ifferen t sam ples [12], an  ex p lan atio n  th a t m otivated  
the  p resen t work.

O u r aim  was to reveal an d  q u an tify  this an iso tro p y  
th rough  m easu rem en ts o f 5lC r d iffusion  coefficien ts in 
a -Z r  single crystals in the d irec tions paralle l an d  pe r­
p en d icu la r to the c axis. T he dependence  o f these d iffu ­
sion  coefficien ts on  tem p era tu re  was de te rm in ed  be­
tw een 750°C  and  848°C .

2. Experimental

2.1. Growth o f  a -Z r  single crystals

T h e  single c rystals o f a -Z r  used in this study  were 
grow n by therm al cycling th rough  the a  <-> /? tran sfo r­
m atio n  tem p era tu re  [13].

C ylindrical sam ples 1.27 cm  in d iam ete r an d  0 .6 -0 .8  
cm  thick w ere cu t from  as-received rods o f  Z r 99.99% 
p u rity  (Z r I) an d  sub jected  to  the therm al cycling show n 
schem atically  in fig. 1.
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Fig. 1. Scheme of the thermal-cycle applied to grow a-Zr single crystals.
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Before annea ling , the sam ples w ere m echanically  
po lished  and  sub jected  to  e lectro ly tic  po lish ing  in a 
coo led  so lu tion  o f butyl-cellosolve an d  perch loric  acid 
9 0 : 10, and  c leaned w ith bo iling  ethyl ether.

A nneals were p e rfo rm ed  in an A r a tm osphere . T he 
sam ples, enclosed in T a  cylinders, w ere p laced  inside a 
q u a rtz  tube w hich was evacuated  to 10 7 T orr, pre- 
hea ted  and  sealed a fte r in tro d u c in g  A r (99.998% puré). 
T h e  arran g em en ts du rin g  the  an n ea ls w ere m uch the 
sam e as those em ployed  in the d iffusion  anneals.

T his m ethod  prov ided  single to  te tra-crysta ls from  
w hich ind iv idual g ra ins w ere ex tracted  by spark -cu tting . 
T he size o f these c rystals ranged  from  0.45 cm to  1.27 
cm  in d iam ete r an d  0.6 cm  to 0.8 cm  thick. T hey had a 
well stabilized  s tru c tu re  due  to  the last long anneal in 
the  a -p h ase  (fig. 1). T heir q u a lity  was confirm ed  by the 
sha rp n ess o f  the sp o ts in L aue back-reflection  X -rays 
d iagram s. T he un it stereograph ic  triang le  in fig. 2 show s

1120

Fig. 2. Stereographic triangle showing the orientations of the 
whole set of available single crystals.

Table 1
Impurity analyses of Zr used in this work

Z r l Zr II Zr III

A! 5 < 80 < 20
Ag < 0.1 < 1
Au < 0.1
B < 2 < 0 .0 5
Ca 0.2 < 50
Cd < 0.2
Co < 10 < 10
Cr 0.8 < 20 200
Cu 2.2 < 10 100-200
Fe 20 180 900
Ga 0.1
Hf <  200
In < 0.1
K 1.5
Mg < 0.1 < 10 < 10
Mn < 10 < 10
Mo < 0.1 < 20
Na < 0.1
Nb < 0.1
Ni 0.9 < 15 < 50
P 0.12
Pb < 0.1 < 10 < 20
Pd < 0.1
Pt <0 .1
S 1
Sb 0.1 nd
Si 5 < 50 100
Sn 2 < 10 < 4 0 0
Ti <0 .1 < 30 < 20
V < 10 < 50
w <0.1 <  100 < 5 0
Zn 0.86
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the  o rien ta tio n s o f the surface norm al relative to  the c 
axis o f the set o f single crystals from  w hich diffusion 
sam ples for this study  were chosen.

Single crystals w ere also  ob ta in ed  from  tw o o th er 
less p u ré  Z r rods. Im p u rity  analyses o f the three  rods 
a re  show n in tab le  1.

2.2. D iffusion sam ples

Since large enough single c rystals were available, it 
w as decided  to  o rien t and  cu t them  in such a way as to 
o b ta in . as far as possible. two sam ples from  each one, 
w ith the  d iffusion  d irec tion  (surface norm al) paralle l or 
p e rp en d icu la r to  the  c axis. In the sam ple  designation  in 
tab le  2 the sam e a rab ic  n u m b er refers to a com m on 
orig inal single crystal, and  the cap ita l le tter ind icates 
d iffe ren t pieces o f th a t crystal.

M ainly, tw o techniques were em ployed for surface 
p rep ara tio n .

(a) In experim en ts 1, 2 and  4 (tab le  2) single crystals 
from  the th ree  k inds o f Z r were m echanically  polished 
in a specially  designed ro ta tin g  m achine [10], w hich 
en su red  suffic ient flatness and  paralle lism  of the 
surfaces. S ubsequently  these sam ples were electrolyti- 
cally  po lished as w as previously  described.

(b ) A n o th er set o f sam ples included  in experim ents 
3. 5, 6 and  7 (tab le  2) w ere p rep ared  using the spark- 
cu ttin g  technique. A Servom et a p p ara tu s , M odel M D  
from  M etals R esearch  L td . w ith its accessories designed 
to  shape  single crystals, was used to cu t an d  polish the 
sam ples. T hey w ere m oun ted  in a tw o-circle goniom eter, 
o rien ted  by the L aue back-reflection  X -ray m ethod  and  
cu t. If necessary, they  were again m o u n ted  an d  o rien ted  
an d  the selected surfaces w ere po lished using the spark- 
cu ttin g  " p la n e r" . In th is o p era tio n  the tool was a brass 
disc o f 20 cm  d iam ete r w hich ro ta tes  in a  horizon tal 
p lañ e  ju s t above the  sam ples. T he a rea  o f the sam ple 
co m p ared  w ith the a rea  o f the  disc is sm all enough  to 
avoid  bo rd er effects and  a very fíat surface  (to  w ith in  5 
jum in an a rea  o f 9 X 10-2  cm 2) can  be ob ta in ed . T he 
spark -p o lish ed  sam ples were carefully  c leaned  w ith ace- 
tone  an d  a sho rt e lectro ly tic  po lish ing  p roduced  a mir- 
ro r-like  surface.

(c) O ne sam ple  in experim ent 5 u n derw en t Ar- 
sp u tte rin g  c leaning, w hich was perfo rm ed  a fte r  the sam ­
ple  had been m echanically  polished. An E dw ards High 
V acuum  C o a tin g  U n it, M odel 1 2 E G /1 2 2 9  was used.

T he sam ple  geom etry  was no t the  sam e in all cases; 
it dep en d ed  on  the size and  shape of the o rig inal crystal.

T he sam ples w ere carefully  c leaned  before the tracer 
d ep osition . T h e  ra d io trace r used was 5lC r as 5lC rC l3 in 
0 .5M  hydroch lo ric  acid  so lu tion  p rep ared  by N ew  Eng-

lan d  N u clear C orp ., USA. T he specific activ ities o f the 
so lu tions ranged  from  217 k B q /k g  to 421 k B q /k g . 
U sing the techn ique  described  in ref. 14 the surface of 
the  sam ple  was electro ly tically  p lated . T he p la tin g  tim e 
varied  from  sam ple  to  sam ple  acco rd ing  to  the activity  
o f the  deposit pe r unit a rea  p lanned  fo r each one. T able  
2 in §3 rep o rts the specific activity  pe r un it a rea  o f the 
d ep o sit in each  sam ple.

2.3. Diffusion experim ents

T he diffusion  an n ea ls were perfo rm ed  in an  A r 
a tm osphere . A t least two sam ples o f d ifferen t o rien ta- 
tion  were an nea led  together a t each tem pera tu re . T he 
experim en tal de ta ils  for the  d iffusion  an n ea ls  were 
described  in ref. 12. T he tem p era tu re  was m easured  
w ith  a P t - P t  10% R h therm ocouple .

A fte r the  d iffusion  anneals . the sam ples w ere ma- 
ch in ed  in to  cylinders. T h is p ro ced u re  also served to 
e lim ína te  the  zone possib ly  affected  by surface  d iffu ­
sion. T he w idth  o f the zone e lim inated  was betw een 
6 /D t  to  9 / Z ) 7 .  T his o p e ra tio n  was do n e  in a precisión  
la th e  in w hich the o rd in ary  tool was replaced by a 
p o rtab le  d en ta l iathe, su p p o rtin g  an  abrasive  disc. N o  
d am age on the  d iffusion  surface  cou ld  be de tected  by 
inspection  w ith an  op tica l m icroscope up to  a m agnifi- 
ca tio n  o f 500 X . T he final d iam eters o f the sam ples 
w ere betw een 0.25 cm  and  1.0 cm.

P en e tra tio n  p rofiles w ere de term ined  by the d irect 
section ing  m ethod , follow ing p rocedures described  p re ­
viously [12]. L ayers w ere rem oved using an  ab rad in g  
m ach ine  [15], In experim en ts 4 to  7 a C an b erra  8100 
M u lti-C h an n e l A nalyzer was used  in place o f the 
sing le-channel sp ec trom eter used before.

3. Results

T he experim ental se t-up  o f the d iffusion  sam ple  was 
p lan n ed  to co rresp o n d  to an  “ in fin itely  th in  deposit of 
trace r on  the fíat surface o f a sem i-in fin ite  spec im en” . 
In  such a case the co n cen tra tio n  C ( x ,  t )  a t a tim e t and  
a d istan ce  ,x from  the surface  is expressed by the G aus- 
sian  d is trib u tio n

C ( x , t )
( 77Dt ) 1/2 exp

x
~4Dt (1)

w here S  is the to ta l am o u n t o f tracer per un it a rea  and 
D  is the d iffusion  coefficient. P en e tra tio n  profiles are 
stra ig h t lines w hen p lo ttin g  log C  versus x 2. D  is o b ­
ta in ed  from  the slope of these lines.

G au ss ian  p rofiles were o b ta in ed  for all the sam ples
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(x2 10'3 cm2) (x2 10'3 cm2)

Fig. 3. (a) Typical Gaussian penetration profiles. a: 8 1 1°C 4.5 h. 8 =  90°; 848°C 2.5 h. b: 0 =  88°; c : 8 =  31°; 750°C 4 h. d: 8 =  86°, 
e: 6 =  30°; f: 789°C 3.58 h, 8 =  30°. (b) Typical non-Gaussian penetration profiles. a: 748°C 1 h, 8 =  31°; b: 816°C 7.25 h. 8 =  86°.

in experim en ts 3, 5, 6 an d  7 and  typical exam ples o f 
these  a re  show n in fig. 3a.

T ab le  2 sum m arises the  ch aracte ris tics and  resu lts o f 
the  w hole series o f experim ents.

In experim ents 1. 2 an d  4, the p en e tra tio n  profiles of 
log C  versus x 2 show ed p o in ts  o f extrem ely  high con- 
cen tra tio n  very cióse to  the  surface  (u p  to nearly  15 jum 
d e p th  from  the  surface) an d  the rest o f the p lo t w ith 
m uch  low er co n cen tra tio n  show ed p ro n o u n ced  upw ard  
cu rvatu re . Fig. 3b show s typical exam ples o f these pro- 
files. T his behav iour, w hich has also  been found  by 
o th e r w orkers [3,16], is analyzed  in the  A ppendix .

It is to  be no ted  th a t all the p lo ts  for sim ilar experi­
m en ts show  the sam e behaviour.

In experim en ts 3 an d  5 for the  tw o sam ples o f the 
less pu ré  Z r, D  valúes sm aller th an  the  ones expected

fo r th e ir o r ien ta tio n  w ere m easured  (fig. 7, A ppendix). 
T h is cou ld  be ascribed  to the deh an cem en t o f 5lC r 
d iffu sio n  as a  resu lt o f the  larger im purity  co n ten ts  (e.g., 
Fe, C u, C r) (tab le  1) [3,17],

O nly  G au ssian  p rofiles for Z r I sam ples (experim ents
3, 5, 6 an d  7) w ere used to  pe rfo rm  calcu la tions an d  to  
d raw  conclusions.

A t each tem p era tu re , the  coefficien ts for d iffusion  
paralle l ( D^ )  and  p e rp en d icu la r ( D ± ) to the c axis were 
de te rm in ed  e ither d irec tly  (0  =  0° and  90°) o r from  
m easurem en ts w ith tw o o rien ta tio n s o f the surface  n o r­
m al (6¡ an d  d2), by solving the equations:

De¡ =  D ± sin2#, +  Z>n eo s2Bl ,

D0i = D ± sin202 +  fin eo s2#2 • (2 )



S.N . Balart et a!. /  f l C r diffusion in a - Z r  single crystals 63

Table 2
Diffusion coefficients of 5lCr in oriental a -Zr single crystals. D n and D ± , characteristics of the diffusion experiments; S,. surface 
treatment; M. mechanical polishing; SC, spark-cutting. planing; S. Ar sputtering. cleaning; A s, activity of the deposit per unit area 
(counts/m in  crn")

T
(°C)

t
(h)

Exp. Samples 6
(°)

s, A s X 10"s Penetration
profiles

Ds
(10 13 n r /s )

0,1 O x

590 120 1 Zr III 1 A 32 M 1.0 erfc 0.0266
Zr III 1 B 32 1.3 0.0262
Zr II 1 A 69 2.9 0.0281
Zr II 1 B 72 3.0 0.0374

748 7 4 Zr 1 3 C 31 M 3.5 erfe 1.38
Zr I 3 A 60 4.5 0.930

750 4 6 Zr I 3 B 20 SC 0.22 Gaussian 2.45 2.64
Zr 1 9 A 30 0.27 2.74 3.32
Zr I 9 B 86 0.19 1.03 1.03

789 3.58 7 Zr I 9 C 27 SC 0.27 Gaussian 4.17 4.85
Zr I 9 D 88 0.25 1.56 1.56

811 4.5 3 Zr I 2 A 0 SC 4.8 Gaussian 7.87 7.87
Zr III 1 A 30 1.3 3.14
Zr I 2 B 90 3.0 3.03 3.03

816 7.25 2 Zr III 1 A 34 M 2.0 erfc 1 95
Zr II 2 37 5.2 3.23
Zr I 2 B 86 7.1 2.06

848 2.5 5 Zr I 6 A 31 SC 2.5 Gaussian 12.0 1 A 1
Zr I 3 C 32 M 3.0 11.6

I I

Zr II 1 B 72 S 2.8 5.07
Zr 1 6 B 88 SC 3.2 5.48 5.48

A least-squares fit o f the d iffusion  d a ta  betw een 
750°C  and  848°C  y ielded the p a ram ete r valúes in the 
follow ing expressions:

D ± = (0 .2  +  0 .2 ) X 1 0 '4

(163 +  6 )k J /m o l  \

T(°C)

X exp -
R T

=  (0 .2  ±  0 .3 )  x  10~4

(153 ±  1 l ) k J /m o l  \ 
R T  I

m / s .

X exp - m2/ s . (3)

T h e  co rresp o n d in g  A rrh en iu s plo t is show n in fig. 4.
In this figure the  size o f the p o in ts  rep resen t the 

e rro r  in D,  w hich was evaluated  from  the follow ing 
analyses. W eights d u rin g  section ing  were o b ta in ed  with 
a  precisión  o f ±  10-5  g using a M ettle r m icroscale, 
sam ple  d iam eters w ere m easured to  w ith in  + 5  X 10~4

Fig. 4. Arrhenius lines for 51 Cr diffusion in a -Zr along the c 
axis and perpendicular to it. The error in D is represented by 
the size of the points except when specifically indicated.

848 811 789 750

,-4 o í/- ' 1
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Table 3
The anisotropy factor ( / 0 ) for 51 Cr diffusion in a -Zr single 
crystals. Comparison with other solutes

Solutes 51 Cr 64Cu [7] 58Co [3]

£>n(m2/ s )
848°C

1.37X10 12 4.76X 10" 12 5.01 x  10"9

848 °C 2.7 3.0 8.3
J a

750°C 2.9 3.2 5.2

cm  and  the  activ ity  o f each layer was co u n ted  for long 
cnough  to ensu re  less th an  a \% e rro r. U n d e r these 
co n d itions, e rro r estim ates done  for each p o in t in the 
p e n e tra tio n  p rofile  gave an  e rro r in D  o f less th an  3%, 
excep t for D ± at 789°C  w hich was nearly  10%. In fig. 4 
we have also  to co n sider an  u n certa in ty  o f  ± 2 °  in the 
d e te rm in a tio n  o f the  angle and  +  2°C  in the an nealing  
tem pera tu res . T he Com puter p rogram  used to  o b ta in  Q 
a n d  D0 valúes also calcu la tes the erro rs in Q  an d  D0, 
tak ing  in to  accoun t the experim ental e rro r in the d e ­
te rm in atio n  o f D.

4. Discussion

C r dissolves dissociatively  in Z r and  m igrates in ter-
stitia lly . In a-Z r, C r is a fast-d iffusing  solu te, three
o rd e rs  o f m ag n itu d e  faster th an  self-d iffusion [1].

O u r m easurem ents show ed a sign ifican t an iso tropy  
for C r d iffusion  in the range of tem p era tu re  stud ied ,
w ith  Z>n >  D ± (fig. 4). T he an iso tro p y  f a c to r /a =  D H/ D ± 
tends to  increase as the tem p era tu re  decreases. T he 
sam e behav iour w as seen in p revious results for Cu 
d iffusion  in a -Z r  [7], while the reverse is found  for Co 
[3]. T h is is show n in tab le  3 w here the  d iffusion  coeffi- 
c ien ts were calcu la ted  w ith the co rresp o n d in g  A rrhen ius

eq u atio n s [refs. 3, 7 and  this work], T here  it can also  be 
seen that a t a given tem pera tu re , the faster the solute 
the  larger the  an iso tropy .

F o r the activation  energies we ob ta in ed  the result 
Q\\ < Q ± ( ta ^le  4). T he sam e result for Au and  Ag in TI, 
a n o th e r hcp m etal, was in te rp re ted  by A n thony  et al. 
[18] in term s of an  in te rstitia l d iffusion  m echanism  
w ith in  the fram ew ork o f the hard -sphere  m odel.

T ab le  4 co n ta in s  Q n an d  Q ± for the three  fast-d iffus- 
ing solu tes for w hich heterod iffusion  in a -Z r  single- 
c rysta ls has been m easured  (refs. 3. 7, and  this work).

for C r and  C u an d  Q ± for Cr, Cu and  C o at 
T  >  650°C  are  co m p arab le  and  the sm aller the Q  the 
larger the d iffusion  coefficient.

T he ra tio  betw een the activation  energy for solute- 
a n d  self-d iffusion  w as evaluated  w ith heterod iffusion  
d a ta  in m etallic  so lvents w hich ad m it fast-d iffusing  so­
lu tes [2,21], to p erfo rm  a com parison  w ith the co rre ­
sp o n d in g  valué for C r in a -Z r. Let Q K o r Q ± for C r and  
C u o r Q ± for C o at T  > 650°C  be called £?so| ulc and 
co n sider for £?seif_d iffus¡on the valué deduced  when 
ap p ly in g  to a -Z r  the sem i-em pirical rule Gsdf.d.ffusion 
=  35 r m, w ith Tm = 1870 K [19,20], T hen  0 , olute/  
^scif-diffusion ~  0 .5 —0.6, w hich falls in the range of 
0 .2 -0 .6  o b ta in ed  for the fast m etallic  so lu tes d iffusing  
in the  high valency m etáis o f g roups III and  IV [2,21], 
H ow ever. if the  m easured  valué in a -Z r  polycrysta ls for

£ ? s c l f - d ¡ r r u s i o n  ' s  ad o p ted  [10], G s o l u l e / C P s e l f - d i f f u s i o n  =

1.3. T his valué is cióse to th a t o b ta in ed  for the d issocia- 
tive solu tes (N i, Co. Fe and  C r am o n g  others) d iffusing  
in N b  and  in the  bcc phases o f Ti an d  Zr.

C om p ariso n  of the o th e r d iffusion  p a ram ete r (the 
frequeney facto r Da ) show s very closely sim ilar valúes 
[(0 .2 -0 .4 ) x  1 0 '4 m2/ s ]  for C r and  Cu, while for Co 
th ere  is an  ap p rec iab le  d ifference. up  to 5 o rd ers  of 
m agnitude.

It is in te resting  to  co m p are  C r d iffusion  in b o th  a 
a n d  /? phases o f Z r. T he ac tivation  energy is sm aller in

Table 4
The activation energies for 51 Cr diffusion in a-Zr single crystals. Comparison with other solutes

Increasing Dsolulc -»

51 Cr 64Cu [7] 58Co [3]

a-Zr Q jt (kj mol 1) 153 149 191
Q 1 (kJ mol “ 1) 163 154 146 ( T  > 650°C)

183 (r < 6 0 0 ° C )
P-Zr Q (kJ m ol" 1) 143

(914- 1240°C)
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-jr (10'4 "K"1)

Fig. 5. 51 Cr diffusion coefficients in a -Zr polycrystals and the
Arrhenius lines o f this work. + polycrysials (8) ¡11]: ----------
single crystals (this work).

Fig. 6. Arrhenius plot for: Cr (this work). Cu [7] and Co [3] 
diffusion in a -Zr single crystals; Cr [11,22] and Co [24] diffu­
sion in /?-Zr; self-diffusion in both phases [10,25].

iB-Zr [22] than  in a -Z r, Qp < Q afl < Q a± . the d ifference 
being  Q a± — Qp  =  20 k j /m o l .  A t the a  «-»/? transfo rm a- 
tion  tem pera tu re  the C r d iffusion  is slower in /3-Zr than  
in a -Z r. bu t this change is sm all, show ing thus only  a 
slight sensitivity to the phase  transition . T he ra tio  o f the 
d iffusion  coefficients in the tw o phases ( D p / D a ) is 0.29 
for Da)j and  0.11 for Da ± . This behav iour com pared  
w ith  that of Z r self-diffusion -  strongly sensitive to the 
transition  an d  faster in the /?-phase (the ra tio  here is 
300) -  was in te rp re ted  in term s of the hard -sphere  
m odel and  appears as a characteristic  of the in terstitia l 
d iffusion  o f m ost d issociative solutes [10,18,23].

Fig. 5 show s the previous m easurem ents o f C r d iffu ­
sion coefficients in a -Z r  polycrystals [8.11.12] and  the 
A rrhen ius lines ob ta in ed  in this work. As w as supposed. 
the m easurem ents in polycrystals are  con ta ined  betw een 
the A rrhen ius stra igh t lines for D H and  D ± and  their 
ex trap o la tio n s to  tem pera tu res lower th an  750°C. This 
confirm s the influence o f the an iso tropy  on the d ifferen t 
m easurem ents in polycrystals through the differing 
o rien ta tio n  of the various grains form ing each sam ple.

Finally, on fig. 6 are show n the A rrhen ius g raphs for 
diffusion  o f C r. C u and  C o in single crystals o f a -Z r 
(refs. 7, 3 and  this w ork) com pared  w ith the d iffusion  of 
C r an d  C o in /8-Zr [22.24] and  w ith self-diffusion in 
b o th  phases [5.10,25].

Appendix. Non-Gaussian profiies

T he first po in ts o f high activity  in the p rofiies of 
experim ents 1, 2 and  4 could be an ind ication  o f the 
ho ld-up  o f the rad ío trace r in the surface du rin g  the 
course of annealing.

These experim ents, com pared  w ith experim ent 3. 
suggested th a t the ho ld-up  m ight be a consequence of 
the surface trea tm en t of the sam ple before the tracer 
deposition . In experim ent 5 three d ifferen t types of 
su rface  trea tm en ts were used in d ifferen t sam ples (tab le  
2) o b ta in in g  G aussian  p rofiies for all of them . So, no 
influence of the surface trea tm en t was p roved at least at 
high tem peratures.

T he very low solubility  of C r in a -Z r [26] m ay be 
an o th e r source of tracer hold-up  ow ing to  the incom - 
p le te  d isso lu tion  o f the deposit du rin g  the annealing  
tim e. So, the am o u n t of the deposits in experim ents 6 
a n d  7 was reduced  by approx im ate ly  one o rd e r of 
m agnitude, ob ta in in g  G aussian  profiies (tab le  2). The 
com parison  of these experim ents w ith 1 and  4 provides 
evidence o f the influence o f so lubility  when ab u n d an t 
deposits  are used.

F inally  an a ttem p t to fit the p en e tra tio n  profiies of
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Fig. 7. Ds measured in the less puré Zr samples, Ds obtained 
from non-Gaussian penetration profiles and the Arrhenius lines 
of this work. De: O =  30°, a  > 6 0 °;  open circles or triangles 
represent a non-Gaussian profile (erfc) and filled circles or 
triangles represent a Gaussian profile; I. II. III denote Zr
purity. Arrhenius lines (this work): ---------- ||c and - l e ; -------
— 8 =  30° and 60° [calculated from eqs. (3) and (2)].

ex p erim en ts 1, 2 and  4 w ith the so lu tion  o f the d iffusion  
eq u atio n  for “ co n stan t surface  co n cen tra tio n  (C 0 )”

C ^ * ' '  - =  e r fc ( x / 2 \ p 5 t ) (4 )
M)

gave the results show n in table 2. T hese figures are 
low er than  the  ones calcu la ted  (fo r the sam e o rien ta tio n  
an d  tem p era tu re) using one o f the tw o p a rts  o f eq. (2) 
w here  D n an d  D L are o b ta in ed  from  eq. (3). T h is is 
c learly  show n in fig. 7 w here the  A rrh en iu s lines o f fig. 4 
a re  d raw n together w ith these valúes. T hus eq. (4) seem s 
no t to be an  ap p ro p ria te  so lu tion  for these cases.
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