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T r a c e r  di f fus ion coe f f i c i en t s  w e r e  d e t e r m i n e d  fo r  the  t h r e e  i s o t o p e s ,  Zn 65, Cu 67, and Ni 66, 
in homogeneous  C u - N i - Z n  b i n a r y  and t e r n a r y  a l l o y s ,  to 30 pct  Ni and Zn, and p u r e  copper  
a s  a function of compos i t ion  and a s  a function of t e m p e r a t u r e ,  within about 250~ of the 
so l idus  s u r f a c e .  Ac t iva t ion  e n e r g i e s  and Do f a c t o r s  w e r e  d e t e r m i n e d  a s  funct ions  of c o m -  
pos i t ion  f rom t h e s e  m e a s u r e m e n t s .  It i s  found that  a s  the  compos i t i on  p lane  i s  t r a v e r s e d  
in the  g e n e r a l  d i r e c t i o n  f rom high n icke l  c o m p o s i t i o n s  on the  c o p p e r - n i c k e l  b i n a r y  to high 
z inc  c o n c e n t r a t i o n s  on the c o p p e r - z i n c  b ina ry ,  i .e. ,  a s  n i cke l  i s  r e p l a c e d  by z inc ,  the  d i f fu-  
s iv i ty  of a l l  t h r e e  t r a c e r s  i n c r e a s e s ,  and the ac t iva t ion  ene rgy  for  diffusion d e c r e a s e s .  
The to ta l  change in d i f fus iv i ty  a c r o s s  the compos i t ion  p lane  i s  about two o r d e r s  of m a g n i -  
tude.  The  t h r e e  d i f fu s iv i t i e s  a r e  a lways  in the  o r d e r :  /~Zn > D~u > D~i, with the  r a t i o  be ing  
9:3:1 at  900~ for  a l l  compos i t i ons .  The t h r e e  ac t iva t ion  e n e r g i e s  a r e  u sua l l y  in the  o r d e r  
Q~i > Q~u > Q~n. T h e s e  r e s u l t s  a r e  shown to be cons i s t en t  with a tom s i ze  and e l e c t r o n - t o -  
a tom concen t r a t i ons  of the  t h r e e  s p e c i e s  in th i s  a l loy  s y s t e m .  

A l o n g - r a n g e  e x p e r i m e n t a l  p r o g r a m  a t  the  U n i v e r s i t y  
of F l o r i d a  on the c o m p l e t e  a n a l y s i s  of diffusion b e h a -  
v i o r  in a s ing le  t e r n a r y  s y s t e m  has  c o n c e n t r a t e d  upon 
the fcc so l id  solut ion in the  s y s t e m  C u - N i - Z n .  The ob-  
j e c t i v e s  of th is  p r o g r a m  a r e :  1) to p rov ide  the e x p e r i -  
men ta l  in fo rmat ion  which i s  n e c e s s a r y  fo r  a s s e s s i n g  
the va l id i ty  and u t i l i ty  of v a r i o u s  a p p r o a c h e s  to the 
t h e o r e t i c a l  phenomeno log ica l  d e s c r i p t i o n  of m u l t i c o m -  
ponent diffusion in so l id  so lu t ions ;  1-5 and 2) to p r o v i d e  
a r e a l  b a s i s  for  p h y s i c a l  ins ight  into the  ways  in which 
a tomic  s p e c i e s  i n t e r p e n e t r a t e  to e s t a b l i s h  diffusion 
pa ths  for  a s y s t e m .  The in i t i a l  phase  of th i s  s tudy fo-  
cused  upon the pene t r a t i on  b e h a v i o r  of the t h r e e  
t r a c e r s ,  Cu 67, Ni  66, and Zn 6s in homogeneous  c o p p e r -  
r i ch  a l l o y s  conta ining up to 30 pc t  Ni  and Zn. T r a c e r  
diffusion coef f i c ien t s  of Zn 6s have  been r e p o r t e d  e a r -  
l i e r ;  6 the  p r e s e n t  p a p e r  i s  a f inal  r e p o r t  on the  t r a c e r  
diffusion b e h a v i o r  of a l l  t h r e e  i s o t o p e s  in th i s  s y s t e m .  
In te rd i f fus ion  b e h a v i o r ,  and i t s  r e l a t i o n  to the  t r a c e r  
diffusion coe f f i c i en t s ,  wi l l  be  r e p o r t e d  in a subsequent  
p a p e r .  

The  a p p r o a c h  app l i ed  to the p r e s e n t  e x p e r i m e n t a l  
s tudy invo lves  e l e c t r o p l a t i n g  the  t r a c e r  upon an a p p r o -  
p r i a t e ,  p o l y c r y s t a l l i n e ,  homogeneous  a l loy ,  sub jec t ing  
the s a m p l e  to a diffusion anneal ,  and then d e t e r m i n i n g  
the p e n e t r a t i o n  by the s t a n d a r d  l a t h e - s e c t i o n i n g  t e c h -  
nique.  The  e x p e r i m e n t a l  p r o c e d u r e  i s  d iv ided  into the 
fol lowing sub jec t  a r e a s :  1) a l loy  p r e p a r a t i o n ;  2) dens i ty  
d e t e r m i n a t i o n ;  3) diffusion s a m p l e  p r e p a r a t i o n ;  4) the  
diffusion anneal ;  5) l a t h e - s e c t i o n i n g  and ac t i v i t y  a n a l -  
y s i s ;  and 6) da ta  p r o c e s s i n g .  The e x p e r i m e n t a l  r e s u l t s  
a r e  r e p o r t e d  a s :  1) t yp i ca l  p e n e t r a t i o n  cu rves ;  2) v a r i -  
a t ion of d i f fu s iv i t i e s  with concen t ra t ion ;  3) t e m p e r a t u r e  
dependence  of the diffusion coef f i c ien t s ;  4) e m p i r i c a l  
c o r r e l a t i o n s  of t r a c e r  d i f fus iv i t i e s  and ac t iva t ion  en -  
e r g i e s  with compos i t i on .  The r e s u l t s  a r e  then shown 
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to be  c ons i s t e n t  with the c ompos i t i ona l  v a r i a t i o n  of 
a tom s i z e s  and e l e c t r o n - t o - a t o m  r a t i o s  fo r  th i s  
s y s t e m .  

EXPERIMENTAL PROCEDURES 

Alloy Preparation 

Two series of binary and ternary Cu-Ni-Zn alloys 
were prepared for the tracer studies. The first set of 
alloys was produced in our laboratories, and was used 
in the tracer diffusion investigations involving Zn 8s. 
The compositions of the base materials used in pre- 
paring these alloys are given in Table I. Alloys used 
for the Ni 66 and Cu 67 tracer experiments were pur- 
chased from Materials Research Corporation. Nominal 
compositions of these alloys were at intervals of I0 at. 
pct in the composition field. To facilitate discussion, 
each alloy was given a two digit designation, with the 
first digit indicating the nickel content, and the second 
the zinc content. Thus, 03 represents a 0 pct Ni, 30 pct 
Zn, balance copper alloy; 31 represents 30 pet Ni, I0 
pct Zn, balance copper alloy; and so on. Nominal and 
actual compositions of the alloys used in this study 
are presented in Table If. Alloys purchased from Ma- 
terials Research Corporation are designated with su- 
perscript (+). 

No a t t e mp t  was  made  to prepare s ing le  c r y s t a l s  of 
t h e s e  a l l o y s ,  a l though it  i s  r e c o g n i z e d  that  d i s t o r t i o n s  
of the  p e n e t r a t i o n  p r o f i l e s  may  r e s u l t  f r om the  p r e s -  
ence of g r a i n  b o u n d a r i e s .  7'8 A f t e r  homogen iza t ion ,  the 
s a m p l e s  used  in th i s  s tudy w e r e  l a r g e - g r a i n e d  (of the  
o r d e r  of 1 to 3 ram),  and by confining the  s tudy to 
within 250~ of the  so l idus  t e m p e r a t u r e ,  the  p r o b l e m s  
a s s o c i a t e d  with diffusion s h o r t - c i r c u i t i n g  pa ths  w e r e  
l a r g e l y  e l i m i n a t e d .  

The f i r s t  s e r i e s  of a l l o y s  w e r e  induction m e l t e d  in 
evacua ted ,  s e a l e d  Vycor  c a p s u l e s .  The capsu le  had a 
ho t - top  conf igura t ion ,  in o r d e r  to m i n i m i z e  sh r inkage  
p ipe  dur ing  so l id i f i ca t ion .  The mol ten  a l l o y s  w e r e  

1 w a t e r  quenched to m i n i m i z e  s e g r e g a t i o n .  The -~ in. 
ingots  w e r e  swaged to a p p r o x i m a t e l y  -~ in.  d i am rods ,  
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Table I. Compositions of Base Materials Used in This Study 
(Compositions Listed are Given in Weight Percent) 

Alloy 
Cu: 99,999 Cu (3 in. diam by 12 in. long bar) Put- Designation 

chased through Materials Research 
Corporation (MRC) 00 

99.99 Cu (�88 by 2 by 12 in. electrode sheet) 01 
02 Courtesy of American Smelting and 

Refining Company 03 
10 

99.95 Cu (s  in. sq by 4 in. long ingot) Courtesy 11 

of Anaconda American Brass Corn- 12 

pany 13 

Ni: 99.9 Ni 20 
0.003 Cu 21 
0,030 Fe 22 
0.004 S 23 
0,060 C 30 

Trace Si and Co 31 
32 

Zn: 99.9951 Zn 33 
0.0025 Pb 
0.0014 Cd 00+ 
0.0007 Fe 01 § 
0,0001 Cu 02* 

0.0002 Ag 03* 
10 § 

Muntz Metal: 60.85 Cu 11 § 

39.12 Zn (6 in. by 8 by 0.050 in. sheet) Cour- 12 § 
0.01 Pb tesy of Anaconda American Brass 13" 
0.02 Fe Company 20 § 

Cu-Ni Master Alloy: 63.5 Ni (4 in. sq by 10 in. long ingot) Cour- 21 § 
36.5 Cu tesy of International Nickel Com- 22* 

pany, Incorporated 23 § 
30 § 

Commercial Alloys: Alloy 220 31 * 

89.96 Cu 32* 
10.03 Zn 33+ 

<0,01 Pb 

<0.01 Fe (�89 in. diam by 36 in. long bar) Cour- 
tesy of Anaconda American Brass 
Company 

Alloy 240 

79.60 Cu 
20.39 Zn 

<0.01 Pb 
<0.01 Fe 

and homogen ized  within 30 ~ to 50~ of the so l idus  t e m -  
perature  in evacuated quartz tubes.  The h o m o g e n i z a -  
t ion t ime  and t emperature  wa s  adjusted according  to 
the compos i t ion  of the a l loy ,  and se l ec t ed  a l l oys  were  
spot -checked  for c h e m i c a l  homogenei ty .  

The a l l oys  supplied by Mater ia l s  Research  Corpora-  
t ion were  arc  me l ted  in vacuum (for low z inc  c o m p o s i -  
t ions)  or in inert  a tmosphere  (for high z inc  c o m p o s i -  
t ions) ,  and the ir  compos i t ions  de termined  by wet 
c h e m i c a l  a n a l y s i s .  The  homogenizat ion  t rea tments  
w e r e  e s s e n t i a l l y  ident ical  to those  used  for the f i r s t  
s e r i e s  of a l l oys .  

Dens i ty  Determinat ion  

In the l a t h e - s e c t i o n i n g  technique,  it i s  n e c e s s a r y  to 
de termine  the th ickness  of each layer  removed .  This  
i s  done by co l lec t ing  the chips  as  they are  machined  
and weighing  them on a mieroba lanee .  In order  to 
convert  the weight to the th i cknes s  of the s l i c e  r e -  
moved,  it i s  n e c e s s a r y  to know the densi ty  of the a l loy  
being machined.  According ly ,  a s m a l l  sample  of each 
al loy  was  cut f rom the homogen ized  bar,  and used to 

Table II. Densities of Cu-Ni-Zn Alloys 

Composition, At. Pct Density, 
Cu Ni Zn g]cm 3 

99.99 - - 8.96 
88.9 - 10.1 8.80 
79.5 - 20.5 8.67 
69.8 - 30.2 8.53 

90.7 9,3 8.95 
80.4 9.3 10.3 8.79 
70,2 9.3 20.5 8.68 
60.1 9.1 30.8 8.57 
81.8 18.2 - 8.95 
70.8 18.8 10.4 8.80 
60.6 18.6 20.8 8.69 
50.3 18.7 31.O 8.60 
71.4 28.6 8.94 
61,2 28.2 10.6 8.79 
50.8 28.2 21.0 8.72 
40.7 27.9 31.4 8.64 

99.999 8.96 
90.25 9.75 8.82 
80.08 - 19.92 8.68 
70.94 - 29.06 8.55 

90.08 9.92 - 8.95 
82.72 12.55 4.73 8.88 
72.04 11.21 16.75 8.73 
65.06 10.82 24.12 8.64 
80.28 I9.72 - 8.95 
69.68 19.42 10.90 8.81 
63.95 20.80 15.25 8.75 
55.17 20.59 24.24 8.66 
71.73 28.27 - 8.95 
60.97 29.49 9.54 8.81 
47.12 33.08 19.80 8,75 
40.30 30.70 29.00 8.68 

determine  i ts  densi ty  by the standard water  i m m e r s i o n  
technique.  The sample  was  turned to a cy l inder  and 
faced,  notched at one end, c leaned,  and dried thor-  
oughly.  It was  weighed on a Mett ler  s e m i - m i c r o -  
balance ,  then suspended on a fine copper w ire  in a 
beaker  of d i s t i l l ed  water ,  and weighed in water.  Cor-  
rec t ions  for the weight of the wire ,  and for the v a r i a -  
tion of the water  t emperature  were  included in the ca l -  
culation of the dens i ty .  The d e n s i t i e s  of the a l loys  
used in this  study are  l i s t ed  in Table  II. 

Preparat ion of the Diffusion Samples  

MACHINING AND POLISHING 

Samples  about 3 in. long were  cut from the homo-  
gen ized  bars ,  mounted in a p r e c i s i o n  lathe with an 
adjustable  chuck s and faced perpendicular  to the ax i s  
of the cy l inder  to within 0.0001 in. The face  to be e l e c -  
troplated with t racer  was  hand ground through 4 /0  
paper,  and an optical  flat used to check the f la tness  of 
the surface .  Spec imens  with surface  i r r e g u l a r i t i e s  
greater  than 0.0001 in.  w e r e  repol i shed .  

ELECTROPLATING 

The pol i shed end was  c leaned in 95 pct ethanol just 
pr ior  to e lec troplat ing .  A thin layer  of t racer  was  de-  
pos i ted  from a mixture  cons i s t ing  of about 4 ml of 
t racer  solut ion and a suitable  e l ec tro ly te .  The sample  
was  placed in a holder and lowered  to make contact 
with the solut ion,  then withdrawn s l ight ly  so  that a 
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Table II I. Elactroplating Conditions 

Tracer Zn as Ni 66 Cu 67 

Tracer Solution ZnCI2 in HCI NiCI~ in HCI 

Electrolyte A1C13(12.5) NiSO4(20) 
Composition NiCI~ (3) 

gpl H20 Na2 SO4(47.5) NH4CI(I 0) 
H3BO~(10) 

Bath Temperature, ~ ~25 ~25 ~35 
Plating Current 30 30 50 
Density, ma/cm 2 

Plating Time, min 8-12 12-20 6-10 

Table IV. Radiation Characteristics of Available Zn, Ni, and Cu Radioisotopes 

Principal Energy of Radiation 
Tracer Half-Life Radiation /], MeV 7, Mev 

Cu(NO3)2 in HN03 

CuSO, (10) 
Na2COa(30) 
KCN (15) 

Zn 6s 245d 7, EC, ~§ 0.33 1.11, 1.35 

Ni ~ 92y fl" 0.067 - 
Ni 6~ 55h ~', EC 0.20 0.20 
Cu 66. 5.1m ~', 7 0.57, 0.66 1.038 
Cu ~ 12.8h ~+, EC 0.57, 0.66 1.34 
Cu 67 61h ~', 7 0.40, 0.48, 0.58 0.182, 0.090, 0.092 

*See decay scheme of Ni e6 in following section. 

t i m e  annea l s ,  and by p ropor t iona l ,  r a te ,  r e s e t  con-  
t r o l l e r s  for  high t e m p e r a t u r e ,  shor t  t i m e  t r e a t m e n t s .  
The  hot zone t e m p e r a t u r e  was  regu la ted  to within 
•176 for the proportional-type controllers, and to 
•176 for the on-off controllers. Specimens experi- 
encing temperature variations of greater than •176 
were rejected. Diffusion anneal times were estimated 
by applying the rule of thumb that 4~-D-*-t-should be 
about 15 mils, where D* is an approximate estimate of 
the tracer diffusion coefficient for the sample. This 
depth of penetration produced about 15 to 30 sections 
of measurable activity using the subsequent lathe- 
sectioning procedure. 

Individual specimens, with tracer plated on one end, 
were placed in evacuated Vycor capsules, and inserted 
into the furnace at a predetermined temperature and 
time. Heating and cooling corrections were made at 
the end of the annealing period. Early in the investi- 
gation it was found that the zinc tracer evaporated 
essentially instantaneously, so that the entire speci- 
men was subject to a uniform vapor pressure of radio- 
active zinc. This effect was examined both theoreti- 
cally and experimentally, with the conclusion that this 
change in boundary conditions introduces no significant 
error into the application of the standard thin film 
solution .11 

shor t  column of solut ion was  suspended f r o m  the 
po l i shed  face  by cap i l l a ry  act ion.  Cu r r en t  was  suppl ied 
by a dry  ce l l ,  and con t ro l l ed  by a v a r i a b l e  r e s i s t o r .  
Pla t ing condi t ions  w e r e  s e l e c t e d  to p roduce  a l a y e r  of 
the o r d e r  of 0.1 ~ in th i ckness ,  and a m i n i m u m  ac t iv i ty  
of app rox ima te ly  50 ~Ci .  The  plat ing condit ions for  
each i so tope ,  and the compos i t ions  of the e l e c t r o l y t e s  
used ,  a r e  l i s t ed  in Tab le  III. 

ISOTOPE SELECTION 

The radiation characteristics of the available Zn, Ni, 
and Cu i so topes  which may  be appl ied to t r a c e r  diffu- 
sion s tudies  a r e  l i s t ed  in Tab le  IV. The i so topes  that 
w e r e  used,  Cu 67, Ni 66, and Zn 65, w e r e  s e l e c t e d  on the 
ba s i s  of half  l i fe  and ease  of de tec t ion .  These  i so topes  
w e r e  obtained f rom the Oak Ridge Nat ional  L a b o r a t o r y .  
The i so topes  Cu ~v and Ni 66 a r e  not commonly  ava i l ab le ,  
and w e r e  spec ia l ly  p roduced  for  th is  p ro j ec t  through 
the coopera t ion  of Dr .  J .  J .  P inaj ian  and the I so topes  
Development  Cen te r .  ~~ The copper  i so tope  has  a half  
l i fe  that is  longer  than that of Cu 64, which has  been 
commonly used in diffusion studies. Ni 63, commonly 
used in tracer studies, is an emitter of weak /3 radia- 
tion; by using Ni 66, which is a 7 emitter, in the present 
study, the necessity for acquiring the involved tech- 
niques necessary for measuring /3 activities was 
avoided. 

The Diffusion Anneal  

Because  the expe r imen t a l  p r o g r a m  spanned such a 
long p e r i o d  of t ime ,  a v a r i e t y  of fu rnaces  and fu rnace  
cont ro l  equipment  was  used  fo r  the diffusion annea ls .  
T e m p e r a t u r e s  w e r e  m e a s u r e d  by t h e r m o c o u p l e s  ca l i -  
b r a t ed  agains t  a Nat ional  Bureau  of Standards  P t / P t -  
10 pct Rh s tandard  couple.  T e m p e r a t u r e s  w e r e  con-  
t r o l l ed  by on-off  c o n t r o l l e r s  fo r  low t e m p e r a t u r e ,  long 

Lathe Sectioning and Activity Analysis 

The analysis of the tracer penetration in the annealed 
samples requires the careful separation of thin layers 
of material from the plated end of the sample on a pre- 
cision lathe. The resulting chips are carefully col- 
lected and weighed to determine the thickness of each 
layer as it is removed. The level of radiation in the 
chips from each layer is then measured with an appro- 
priate counting device, and is proportional to the con- 
centration of tracer solute present in the layer. Appli- 
cation of the ~ thin film solution 12 to the resulting data 
on the penetration of the tracer allows the calculation 
of the tracer diffusivity for the sample. This proce- 
dure may be applied to systems in which tracer diffu- 
sion coefficients fall within the range 10 -s to 10 -13 
cm~/sec. All diffusivities determined in the present 
study fal l  within th is  range.  

Examina t ion  of the p la ted  end of a sample  a f t e r  the 
diffusion anneal  usual ly  r e v e a l e d  sma l l  s ca l e  su r face  
rumpl ing .  Th i s  roughening was gene ra l l y  of the o r d e r  
of 0.0002 in.,  and in the wor s t  case  was 0.0005 in. A 
v e r y  l ight pol ish  on 4 /0  paper ,  unti l  continuity of the 
pol i sh ing  s c r a t c h e s  was  obse rved ,  r educed  th is  r u m -  
pl ing to 0.0001 in. or  l e s s ,  as  de t e rm ined  with an op-  
t i ca l  f lat .  

In o r d e r  to i n s u r e  that the pene t ra t ion  ana lyzed  was  
e s sen t i a l l y  one d imens iona l  ( i . e . ,  to r e m o v e  the ef fec ts  
of rad ia l  diffusional  flow) a rad ia l  l a y e r  app rox ima te ly  
6 ~ - } -  deep and -~ in. wide was  r e m o v e d  f r o m  the s a m -  
p le .  The d i a m e t e r  a f t e r  machin ing  was m e a s u r e d  with 
a v e r n i e r  m i c r o m e t e r  to within 0.0001 in. 

The s ample  was then i n s e r t e d  into the ad jus tab le  
chuck, which p e r m i t t e d  ad jus tmen t s  of the or ien ta t ion  
of the axis  of the sample .  Al ignment  was  ach ieved  with 
the help of a dial ind ica to r  with a working a c c u r a c y  of 
0.0001 in. T h r e e  f ixed points  on the c i r c u m f e r e n c e  of 
the ac t ive  su r f ace  w e r e  used  as  r e f e r e n c e  points ,  and 
the chuck adjus ted  until these  t h r ee  points  a g r e e d  to 
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within 0.0001 in. ,  and then locked in place .  Mate r ia l  
l aye r s  approx imate ly  1 mil  in th ickness  were  then r e -  
moved,  s t a r t i ng  at the ac t ive  face, and the chips col -  
lected in a " L u c i t e "  con ta iner  su r round ing  the sample .  
The chips f rom each cut were  then t r a n s f e r r e d  to a 
preweighed th in -wal led  Pyrex  cu l ture  tube and weighed 
on a s e m i m i c r o a n a l y t i c a l  ba lance .  The weight of the 
chips was de t e rmined  by d i f ference;  the volume was 
then ca lcula ted  f rom the densi ty  m e a s u r e m e n t s ,  and 
the th ickness  of the co r respond ing  wafer  ca lcula ted  
with the aid of the d i a m e t e r  m e a s u r e m e n t .  The a b s o r p -  
tion of rad ia t ion  in the wal ls  of these  Py rex  con ta ine r s  
was es tab l i shed  to be negl ig ib le  for  the isotopes  used 
in th is  study. 

The re la t ive  ac t iv i t i e s  of the t r a c e r  in the chips 
f rom each l a y e r  were  de t e rmined  by s tandard  counting 
p r o c e d u r e s  us ing a sc in t i l l a t ion  de tec tor  and pulse  
height ana lyze r .  All  s amp le s  were  counted for  a m i n -  
imum of 10,000 counts.  Suitable ca l ib ra t ion  s t anda rds  
were  used  for  each isotope,  and i n s t r u m e n t  s tabi l i ty  
was checked pe r iod ica l ly  dur ing  counting by r e f e r r i n g  
to s t andard  ac t iv i t i e s .  Cor r ec t i ons  for i n s t r u m e n t  
dead t imes ,  isotope decay, and radia t ion  absorp t ion  
were  found to be negl ig ib le  for the se lec ted  counting 
ra tes ,  counting t imes ,  and sample  geomet ry ,  r e s p e c -  
t ively.  

Data Processing 

Measured values of the activity were plotted on a 
logarithmic scale vs the square of the penetration 
depth. According to the standard thin film solution for 
diffusion, if volume diffusion is dominant, such a plot 

1 , should be linear, with a slope equal to - -$D t. This 
behavior was found to hold over the full range of com- 
positions used in this study for the three tracers. In a 
few cases, the "near surface effect"13,14 was observed 
at one end of the plot, and at the other end, at low tem- 
peratures, deviations from linearity, normally asso- 
ciated with short circuiting mechanisms, 7'8 were also 
found. However, even in these cases, intermediate 
regions of the penetration plots were linear and per- 
mitted the evaluation of a diffusion coefficient from 
the standard thin film solution. Diffusivities were cal- 
culated by the method of least squares; confidence lim- 
its for each diffusivity were also evaluated. 

Plots of the logarithm of the measured diffusivity vs 
the reciprocal of absolute temperature were obtained 
for each composition and tracer. All plots were linear 
with a high degree of correlation. Activation energies 
were calculated using the slope of these least square 
plots, confidence limits on the estimated activation 
energies were also determined. 

A nonlinear least squares analysis was performed 
by computer 15 to develop an empirical correlation be- 
tween the measured D* values and concentration at 
900~ The same program was also applied to develop 
correlations between the activation energies (deter- 
mined from the Arrhenius plots) and composition. 
These correlations, as well as the individual determina- 
tions of the diffusion coefficients and activation ener- 
gies, are presented in the next section. 

EXPERIMENTAL RESULTS 

A total  of s ixteen nomina l  composi t ions ,  including 
pure  copper,  s ix b ina ry  a l loys ,  and nine  t e r n a r y  a l loys ,  
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Fig. 1--Representative penetration plots for the diffusion of 
Zn ~ in Cu-Ni and Cu-Zn alloys. 

14 

were  examined in the course  of this  work.  A total of 
381 diffusion coeff ic ients  were  de t e rmined  in the cour se  
of the p r o g r a m .  These  data were  analyzed to yield 48 
ac t iva t ion  ene rg i e s .  

Pene t ra t ion  Plots  and Measu red  Diffus ivi t ies  

Typica l  pene t ra t ion  plots  obtained for each of the 
t r a c e r s  a r e  given in F igs .  1 to 6. In format ion  given on 
each curve  inc ludes  the nomina l  composi t ion,  diffusion 
annea l  t e m p e r a t u r e ,  and t ime ,  and the value of the dif-  
fusion coefficient  de t e rmined  f rom the plot.  Specific 
cases  i l l u s t r a t ing  the inc idence  of n e a r  su r face  and 
shor t  c i rcu i t ing  effects a r e  p r e se n t e d  in these  plots .  
The d i f fus iv i t ies  de t e rmined  f rom these  and s i m i l a r  
plots  a r e  p r e se n t e d  in Tab les  V (Zn65), VI (Cu67), and 
VII (Ni66). The al loy composi t ion,  diffusion annea l  t e m -  
p e r a t u r e s ,  and t i me s  cor respond ing  to these  d i f fus iv i -  
t i es  a r e  a l so  l i s ted .  F o r  the Zn 6~ t r a c e r ,  anneal ing  
t e m p e r a t u r e s  ranged f rom 700 ~ to 1080~ annea l ing  
t i m e s  ranged f rom 3 hr  to 378.8 hr .  F o r  the Cu 67 
t r a c e r ,  t e m p e r a t u r e s  ranged f rom 720 ~ to 1113~ and 
t i m e s  f rom 4 to 176.3 hr .  M e a s u r e m e n t s  of the Ni 66 
t r a c e r  d i f fus iv i t ies  were  made in the range  739 ~ to 
1134~ for pe r iods  of 3.7 to 547 hr .  

Concent ra t ion  Dependence of the 
Measu red  Diffus iv i t ies  

The va r i a t ion  of the t r a c e r  diffusion coeff icients  for 
each of the i so topes  with composi t ion on the Gibbs t r i -  
angle  is  graphica l ly  p r e sen t ed  in the plots p resen ted  
in this  sect ion.  The 900~ i so the rm was chosen for 
this  display because  di f fus ivi t ies  of all  th ree  isotopes 
could be de t e rmined  over  the full range of compos i -  
t ions  covered  in th is  study. 

F igs .  7, 8, and 9 p re sen t  isodiffusivi ty contours  for 
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each of the t r a c e r s .  These  contours  were  de te rmined  
graphica l ly  f rom the cor re la t ions  resul t ing f rom the 
nonlinear  leas t  squares  computer  ana lys i s  of the data.  
The computation yielded the following empi r i ca l  r e l a -  
t ionships for  data obtained at 900~ 

= 0117~T 1.25 logzo D~n -3.20NNi + 5 . ,=J .1 , ,  Z n  - 9.00 
_-- N L . L 6  i 0 2  loglo D~u - 3 . 5 3  Ni + 3-60Nz'n - 9 . 4 6  [1] 

- Y 1 . 3 0  1 . 0 7  logzo D~i =-4.Ub Ni +3.28NZn --9.96 

where NNi and NZn are the atom fractions of nickel and 
zinc, respectively. A visual assessment of the validity 
of this fit may be obtained from Figs. I0 and 11. The 
dependence of each of the tracer diffusivities upon zinc 
content in binary Cu-Zn alloys is shown in Fig. I0; the 
circles are measured diffusivities, and the curves 
shown a r e  plotted f rom the computed leas t  squa res  
equation. Fig. 11 shows the concentrat ion dependence 
of D* in binary Cu-Ni a l loys .  

Figs .  12, 13, and 14 r ep resen t  the concentrat ion de-  
pendence of log D* in t e r n a r y  composi t ion space .  In 
each case ,  a th ree  dimensional  plot of the var ia t ion  of 
diffusivity with composit ion is shown for  a specif ic  
t r a c e r .  

These  plots  c lear ly  show the genera l  t rend in com-  
posit ion dependence obse rved  in all  of the data ob- 
tained. Diffusivi t ies  a r e  highest in b inary ,  high zinc 
a l loys ,  and lowest  in b inary ,  high nickel  a l loys.  The 
range  of diffusivi t ies  between these two e x t r e m e s  
va r i e s  over  about two o r d e r s  of magnitude for  each 
isotope.  At any composi t ion,  the ra t io  of the th ree  dif-  
fus iv i t ies  is about the same ,  and is given by 
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D *  . r l *  � 9  Zn'~Cu'~Ni a s  9:3:1.  The  s u r f a c e  of Zn 6s, F ig .  12, i s  
smooth  ove r  the  whole  compos i t i on  r eg ion ;  the  c o r r e -  
sponding s u r f a c e s  fo r  Cu 67, F ig .  13, and Ni 66, F ig .  14, 
show s o m e  rumpl ing ,  with a r e l a t i v e  m i n i m u m  in the  
r ange  of the  11 a l loy .  

T e m p e r a t u r e  Dependence  and Ac t iva t ion  E n e r g i e s  

Al though no p r e v i o u s  m e a s u r e m e n t s  of t r a c e r  diffu-  
s i v i t i e s  have  been  made  in th i s  t e r n a r y  s y s t e m ,  it i s  
p o s s i b l e  to c o m p a r e  s o m e  of the  m e a s u r e d  D* v a l u e s  
with independent  work  in the  two b i n a r y  s y s t e m s  in -  
volved .  T h e s e  c o m p a r i s o n s  a r e  m o s t  r e ad i l y  made  
f r o m  A r r h e n i u s  p lo t s  of da ta  f r o m  the p r e s e n t  s tudy 
d i s p l a y e d  with o b s e r v a t i o n s  of o the r  i n v e s t i g a t o r s .  
Such a c o m p a r i s o n  i s  shown in F ig .  15 for  a l l  t h r e e  
t r a c e r s  d i f fus ing in p u r e  copper .  S i m i l a r  c o m p a r i s o n s  
m a y  be m a d e  fo r  z inc  and copper  t r a c e r s  di f fus ing in 
b r a s s  a l l oys  conta in ing a p p r o x i m a t e l y  30 at .  pc t  Zn, 
a s  shown in F ig .  16. F ig .  17 shows a s i m i l a r  c o m p a r i -  
son for  Ni 6~ and Cu 6v dif fus ing in nomina l ly  20 a t .  pc t  
Ni Cu-Ni alloys. In all cases data obtained in the pres-  
ent study fall within the range of values for comparable 
determinations by independent investigators. In some 
cases small differences observed may be rationalized 
on the basis of minor differences in composition in 
the alloys used in various studies. 

The temperature dependence of diffusivities of each 
of the tracers in each of the sixteen compositions 
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Fig. 7--Concentration dependence of D~n in copper-rich Cu-Ni- 
Zn alloys at 900~ 

s tud ied  a r e  r e p o r t e d  in A r r h e n i u s  p lo t s  in F i g s .  18 to 
29. Ac t iva t ion  e n e r g i e s  c a l c u l a t e d  f rom l e a s t - s q u a r e s  
a n a l y s e s  of t h e s e  p lo t s  a r e  given in T a b l e s  VIII,  IX, 
and X. 

The  compos i t ion  dependence  of the  ac t iva t ion  e n e r -  
g i e s  may  be r e p r e s e n t e d  by 

-^ - y  1 8 1 .oa_~0.4  Z'n +45"5 Q~n ( k c a l / m o l )  = 29.2NNi 

Q~u ( k c a l / m o l )  = 481.2(1 + 2 37N 4"55~ [2] 
�9 N i  " 

1 .29  x (1 - 0 .07Nzn ) - 432.3 
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Alloy 
Designation 

Table V. Tabulated Data for Tracer Diffusion of Zn 6s in 
Alloys of the Cu-Ni-Zn System 

Diffusion 
Coefficient 

Composition At. Pct D~ n • 10m, 

Cu Ni Zn Temp, ~ Time, hr cm 2/sec 

00 99.99 - - 800 160.00 1.62 
807 105.50 1.64 
842 30.00 3.57 
846 64.83 3.86 

1009 9.90 48.0 
1040 36.53 75.1 

01 89.9 - 10.1 748 96.00 1.18 
795 56.00 3.06 
849 48.40 8.50 
901 15.00 23.3 
979 24.50 65.5 

02 79.5 - 20.5 748 77.00 3.10 
800 21.00 9.79 
850 6.00 22.0 
900 6.00 49.3 
940 5.00 85.2 

03 69.8 - 30.2 700 150.00 4.67 
750 49.33 13.7 
798 21.00 33.2 
850 3,25 66.8 
868 24.00 102.0 
902 3.00 158.0 

10 90.7 9.3 - 795 221.50 0.659 
849 90.12 2.15 
850 203.30 1.56 
897 63.10 3.85 
934 43.10 7.11 
960 51.70 11.8 

1032 4.90 40.5 
1040 36.53 43.4 

11 80.4 9.3 10.3 750 109.65 0,486 
795 100.00 1.36 
849 55.25 3.88 
897 31.40 9.55 

1005 18.53 49.2 

12 70.2 9.3 20.5 750 109.65 1.33 
795 32.50 3.40 
848 15.98 10.5 
940 10.67 47.0 
976 4.60 88.5 

13 60.1 9.1 30.8 700 150.00 1.99 
748 75.40 4.71 
795 14.25 12.8 
852 17.50 47.8 
901 6.30 61.6 

20 81.8 18.2 795 378.80 0,267 
853 289.16 1.09 
900 127.50 2,51 
934 20.00 4.71 

1005 11.50 14.8 

21 70,8 18.8 10.4 800 165.00 0.699 
849 60.00 1.71 
900 48.00 5.34 
975 20.25 16.8 

1040 36.53 39,5 

22 60.6 18,6 20.8 800 214.00 1.66 
849 76,95 4.36 
850 94.20 5.60 
902 25.50 12.8 
979 29.51 40.3 

1011 5.10 74.7 

Table V. (Contd) 

Diffusion 
Coefficient 

Alloy Composition At. Pct D~n • 101~ 

Designation Cu Ni Zn Temp, ~ Time, hr cm 2/sec 

23 50.3 18.7 31.0 748 77.00 1.98 
800 41.00 6.10 
849 t9.50 14,2 
901 15.00 33,5 
940 7.25 68.1 

30 71.4 28.6 - 870 301.00 0.751 
886 129.75 0.664 
900 313.00 1.24 
950 100.33 3,51 

1005 20.50 8,54 
1041 39.20 13,9 
1080 20.00 24,5 

31 61.2 28.2 10.6 855 311.80 0,909 
900 127.50 2.30 
956 118.00 7,10 
995 75.75 13.2 

1041 39.20 24,8 

32 50.8 28.2 21.0 800 189.00 0.795 
849 74.75 2.51 
850 203.30 2.33 
934 43,00 9.72 

1005 18.53 31.1 

33 40,7 27.9 31.4 760 377.00 1.07 
800 111.83 2.51 
850 7.50 6.39 
899 24.00 15.1 
976 4.25 59.8 

These empirical relations were obtained by a nonlin- 
ear least square computer analysis, and express * Qzn 
and Q~u with an accuracy of I kcal/mol over the com- 
position range studied. A similar relationship for Q~i 
could not be generated within acceptable error limits. 

Three dimensional plots of the activation energy 
surface over the composition plane are presented in 
Fig. 30 (Zn65), Fig. 31 (Cu67), and Fig. 32(Ni66). In 
order to show the composition variation in the best 
perspective, it is necessary to view each of these sur- 
faces from a different direction; it is essential to have 
the relative orientation of the composition plane 
clearly in mind when comparing these figures. 

Figs. 30 to 32 establish the following observations: 
I) all activation energies fall approximately in the 
range from 40 to 55 kcal, for all three tracers, and 
over the entire composition range studied. 2)Activa- 
tion energies for diffusion of all three tracers is high- 
est for binary, high-nickel alloys, and decreases to 
l o w e s t  for binary,  h igh-z inc  a l l oys .  3) With v e r y  few 
except ions ,  the act ivat ion e n e r g i e s  are  in the order  
Q~i > Qcu* > Qzn'* 4) Act ivat ion e n e r g i e s  for copper and 
n icke l  show a trough at about 20 at. pct Ni; this  trough 
i s  m o r e  evident for the n icke l  t r a c e r ,  which indeed 
shows  a pronounced m i n i m u m  on the binary ax i s .  

The frequency factor ,  Do*, w a s  a l s o  ca lculated  for 
each of the t r a c e r s  at each compos i t ion  f rom the i n t e r -  
cepts  of the corresponding  Arrhenius  p lo t s .  T h e s e  r e -  
su i t s  are  s u m m a r i z e d  in Tables  VIII, IX, and X, and 
presented  graphical ly  in F i g s .  33, 34, and 35. The con-  
centrat ion dependences  of the Do* in t ernary  space  d i s -  
played in these  plots  are  qual i tat ively  s i m i l a r  to those  
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Table VI. Tabulated Data for Tracer Diffusion of Cu ~ in 
Alloys of the Cu-Ni-Zn System 

Diffusion 
Coefficient 

Alloy Composition, At. Pct 

Designation Cu Ni Zn Temp, ~ Time, hr 

IO D~ X1 0  
cm 2/sec 

00 § 99.999 - - 740 101.83 0.115 
807 95.33 0.501 
830 47.00 0.858 
912 38.42 3.55 
937 18.50 5.74 
975 14.59 11.0 

1010 13.83 17.5 
1045 18.58 30,2 

01 + 90.25 - 9.75 786 94.33 0.746 
807 35.33 1.21 
830 47.00 1.89 
870 21.28 4.14 
877 21.33 4.72 
904 15.33 7.20 
912 38.47 7.85 
937 18.50 12,6 
975 14.59 25.5 

1010 13.83 39.5 

02 § 80.08 - 19.92 745 27.33 0.904 
786 58.42 2.14 
807 35.33 3.23 
877 10.67 11.7 
904 4.00 17.9 
912 38.42 22.3 
937 18.50 34.0 

03 + 70.94 - 29.06 720 27.33 1,97 
750 38.00 3.78 
780 35.50 6.30 
807 12.42 10.2 
839 12.00 17.3 
869 6.00 28.4 
876 8.85 33.8 
904 4.00 49.3 

10 § 90.08 9.92 - 904 44.75 2.02 
946 27.75 3.97 
965 10.33 5.37 

1003 12.00 10.3 
1019 12.42 13.2 
1040 8.17 18.6 
1050 6.00 20.1 

11 § 82.72 12.55 4.73 785 143.00 0.254 
808 155.67 0.397 
838 72.25 0.758 
866 75.75 1.21 
904 22.25 2.50 
952 50.67 5.83 
973 11.67 8.40 

1003 12.00 13.9 

12" 72.04 11.21 16,75 740 101.83 0.280 
808 72.58 1.16 
839 46.67 2.19 
866 75.75 3.50 
877 16.33 4.13 
877 21.33 4.14 
904 15.33 7.03 
973 11.67 21.1 

1003 12.00 33.7 

13 + 65.06 10.82 24.12 783 35.50 1,70 
807 47.50 2,48 
809 23.17 2,74 
839 12.00 4.39 
868 9.00 7.81 
904 23.58 14,0 
937 20.25 23.0 
943 14.17 26,6 

Table VI, (Contdl 

Alloy Composition, At. Pct 

Designation Cu Ni Zn Temp, ~ Time, hr 

Diffusion 
Coefficient 

D~u X 10 l~ 
cm 2 /sec  

20 + 80.28 19.72 - 832 163.17 0.316 
904 68.42 1.14 
908 101.42 1.21 
937 27.25 2.31 
968 35.10 3.61 

1019 14.33 7.18 
1065 10.16 14.2 
1088 7.00 22.1 

21" 69.68 19.42 10.90 800 176.33 0.318 
838 155.33 0,725 
866 75.75 1.14 
904 44,75 2.10 
952 50.67 4.84 

1003 12.00 11.7 
1050 6.00 22.8 

22* 63.95 20.80 15.25 752 101.83 0.207 
800 167.33 0.535 
808 155.67 0.667 
838 72.25 1.08 
904 22.25 3.54 
942 27.75 6.45 
949 11.67 7.31 
973 11.67 10.2 

I003 12,00 17.4 

23 + 55.17 50.59 24.24 748 100.00 0.447 
786 94.33 0.953 
807 95.33 1.43 
839 46.67 2.47 
866 75.75 3.97 
912 38,42 8.56 
937 18.50 13.7 
949 14.17 15.1 

30+ 71.73 28.27 908 101.42 0,737 
938 89,58 1.19 
952 71,50 1.80 
970 61.90 2,18 

1010 22.83 4.40 
1017 27.00 5.02 
1040 19.00 6.56 
1065 10.16 9,72 
1088 7.00 14,4 
11113 6.33 19.7 

31+ 60.97 29.49 9.54 904 68.42 1.03 
908 101.42 1.27 
952 71.50 2,84 
968 35.t0 3,43 

1003 12.00 6,01 
1019 14.33 8.27 
1050 6.00 13.4 
I072 11.25 17.7 

32* 47.12 33.08 19.80 866 75.75 1,02 
902 34.25 1,84 
908 101.42 2,24 
942 13,50 4,13 
952 20.33 5.42 
970 11.75 7,37 

1003 12.00 12,5 
1065 10.16 25,5 

33* 40,30 30.70 29.00 807 95.33 0.498 
808 72,58 0,474 
839 46.67 0.913 
857 30.25 1.28 
870 21.38 1,66 
904 23.58 3.22 
937 18.50 6.65 
952 20.33 6.83 
966 11.75 9.75 
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o b s e r v e d  f o r  t h e  a c t i v a t i o n  e n e r g i e s .  A n  i m p o r t a n t  
e x c e p t i o n  to  t h i s  a g r e e m e n t  i s  o b s e r v e d  in t h e  c o p p e r  
c o r n e r  of t h e  p l o t  f o r  Z n  6S, w h e r e  Do* h a s  a n o m a l o u s l y  
low v a l u e s .  

DISCUSSION 

The experimental observations reported in the pre- 
vious section may be divided into two categories: 1) the 
variation of the diffusivities with composition, and 
2) the variation of the activation energies and frequency 
factors with composition. In this section an attempt is 
made to show that the behavior observed in these two 
groupings is consistent with mechanical (size), elec- 
tronic (effective electron concentration), and thermo- 
dynamic effects in Cu-Ni-Zn alloys. 

Properties of Cu-Ni-Zn Alloys 

MECHANICAL EFFECTS 

An estimate of the relative sizes of the three species 
in solid solution may be obtained from lattice param- 
eter measurements, and from an analysis of the den- 
sity measurements presented in Table II. When these 
latter are converted to molar volumes and plotted vs 
composition, Fig. 36, it is found that the resulting 
surface may be described by the equation: 

V = 7.09Ncu + 6.60NNi + 8.47Nzn [3] 

1 4  
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10 
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/ u 

8 
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I , I , 
O IO 20  50 4 0  

ZINC CONCENTRATION (of.%) 
Fig. 10--Concentrat ion dependence of D,*, D* ,  and D*. at  
900~ in the Cu-Zn sys tem over  the raZ~e 0"t~o r~l 30 at. pet Zn. 
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Fig l l - -Concen t r a t i on  dependence of D~* D* and D~i at  

�9 L r l '  Cu' 
900~ in the Cu-Ni sys tem over  the range  0 to 30 at. pet Zn. 

with an error of less than 1.5 pct. Clearly, the molar 
volume increases as zinc is added, and decreases as 
nickel is added to any alloy. Eq. [3] can be expressed 
in terms of the partial molar volumes Vi of the three 
components, since 16 

V : V c u N c u  + -VNi NNi + - V z n N z n  [4] 
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C o m p a r i s o n  with Eq. [3] shows that  the p a r t i a l  m o l a r  
vo lumes  a r e  cons tan t  o v e r  the  compos i t i on  range ,  and 
have  the va lue s :  

"Vcu = 7.09 cu c m / m o l  

-VNi = 6.60 cu c m / m o l  [5] 

"Vzn = 8.47 cu c m / m o l  

The  m o l a r  v o l u m e s  of p u r e  copper ,  n i cke l ,  and  z inc  
a r e  r e s p e c t i v e l y  7.09, 6.59, and 9.17 cu c m / m o l .  Thus ,  
th i s  s y s t e m  behaves  n e a r l y  i dea l ly  with r e s p e c t  to the  
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Fig. 14---Log D~i vs concentrat ion at 900~ 
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Fig. 15--Comparison ol the t empera ture  dependence of D~*, 
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D* and D*~ in pure copper obtained in the p resen t  study and Cu'. N= 
e a r h e r  work. 

volume changes  on mix ing  for  coppe r  and n icke l ,  but 
not  with r e s p e c t  to z inc .  

Room t e m p e r a t u r e  m e a s u r e m e n t s  of the l a t t i c e  
p a r a m e t e r  of a l l o y s  in th is  compos i t ion  r a n g e  can be 
r e p r e s e n t e d  by the equat ion:  z7 
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Table VII. Tabulated Data for Tracer Diffusion of Ni ~ in 
Alloys of the Cu-NbZn System 

Diffusion 
Coefficient 

Alloy Composition, At. Pct D~i X 10 m, 

Designation Cu Ni Zn Temp, ~ Time, hr cm2/sec 

O0 § 99.999 

01" 90,25 - 9.75 

02* 80.08 - 19.92 

03* 70.94 - 29.06 

10 + 90.08 9.92 

11 § 82.72 12.55 4.73 

12 § 72.04 11.21 16.75 

Alloy 
Designation 

855 172.45 0.331 
903 108.38 0.821 
980 76.42 4.09 

1005 34.60 6.04 
1055 70.50 13.0 

791 346.25 0.200 
845 106.00 0.606 
872 200.00 1.02 
880 332.34 1.31 13* 
900 51,32 1.86 
929 110.00 3.10 
940 43.17 3.81 
970 50.00 6.13 
974 76.17 7.56 
981 29.33 7.87 
982 39.50 8.53 
983 71.75 8.56 
995 51.17 10.5 

777 234.50 0.440 
784 236.00 0.461 20* 
810 157.00 0.844 
837 155,70 1.39 
871 85.00 2.75 
872 72.00 2.85 
880 89.00 3.37 
890 56.00 3.80 
906 47.00 4.60 
946 23.00 9.13 

739 143.50 0,542 21 § 
755 178.50 0,802 
779 99.50 1.37 
784 236.00 1,45 
794 274.75 1,70 
824 23.00 2,95 
843 23.00 4.01 

22* 870 37,40 6.88 
874 27.50 7.15 
895 51.30 9.88 

929 140.50 1.02 
937 317.15 1.20 
950 164.00 1.58 
970 136.00 2.14 
973 106.33 2.19 
983 71.75 2.32 23* 
997 139.75 3.11 

1020 72.00 4.58 
1027 24.00 5.01 
1074 44.00 11.5 
1106 70.80 17.0 

779 307.00 0.064 
880 153.67 0,476 
885 130.80 0.614 
894 154,67 0.677 
901 t06,00 0.792 
929 140.50 1.18 30+ 
949 87.33 1.77 
970 50.00 2.29 
974 76.77 2.51 
983 71.75 3.19 
984 25,00 2.91 
996 51.17 3.72 

1020 72.00 5.11 
1027 24.00 6.62 

784 236.00 0.232 
811 326.00 0.413 
834 240.50 0.530 
837 206.30 0.579 

Table VII. (Contd) 

Diffusion 
Coefficient 

Composition, At. Pct D~i X 101~ 

Cu Ni Zn Temp, ~ Time, hr cmZ/sec 

870 222.16 1.23 
901 106.00 2,02 
906 113.60 2.37 
929 110.00 3.31 
946 71.40 4.48 
974 76.17 7.21 
981 44.50 7.53 
984 25.50 7.84 
999 4.25 10.4 

65.06 10.82 24.12 794 274.75 0.493 
825 119.58 0.798 
855 48.25 1.49 
870 332.34 2.04 
872 200.00 1.99 
875 46.67 2.20 
903 36.20 3.21 
934 58.42 5.47 
940 56.75 6.34 
946 37.40 6,57 
959 25.30 8.41 

80.28 19.72 - 855 261.70 0.196 
899 207.00 0.354 
904 220.80 0.534 
937 317.75 0,947 
946 155.90 0.796 
980 76.42 1,41 

I005 73.51 2.61 
1055 70.50 4.52 
1097 23.50 10.1 

69.68 19.42 10,90 837 445.30 0,212 
872 359.60 0.391 
906 149.00 0.759 
946 155.90 1.52 
981 44.50 2.64 

1041 28.30 6.92 

63.95 20,80" 15,25 837 359.50 0.311 
874 141.50 0.586 
896 134.50 0.887 
929 140.50 1.50 
940 114.5I 2,15 
982 77.83 3.48 
999 46.58 4,87 

1013 34.00 6.22 

55.17 20.59 24.24 791 346.25 0,197 
811 326.00 0,380 
837 206.30 0.598 
855 135,83 0,798 
874 414.10 1.02 
896 134,50 1,61 
901 106.00 1,89 
929 52,00 2.96 
934 58.42 3.0I 
951 34.58 3.96 
983 71.75 6.70 

71.73 28.27 - 901 I05.75 0.287 
904 547.00 0.245 
936 391,00 0.467 
946 468.50 0.542 
973 106.33 0,933 
981 236.00 1,09 
997 139.75 1.21 

1020 119.00 2.12 
1039 71.80 2,80 
1050 62.50 3.32 
1074 44.00 4.62 
1097 23,50 7.17 
1118 9.25 8,71 
1134 3.75 10,i 
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Table VI I .  (Contd) 

Diffusion 
Coefficient 

Alloy 
Designation 

Composition, At. Pct 

Cu Ni Zn Temp, ~ Time, hr 
D~i X 10 t~ 

cmZ/sec 

31 § 60.97 29.49 9.54 904 452.20 
946 237.70 
973 106.33 
982 292.00 

1020 119.00 
1043 62.50 
1060 48.00 
1074 44.00 

32+ 47.12 33.08 19.80 870 332.30 
896 134.50 
929 14.50 
940 114.70 
973 106.30 
982 77.80 
999 46.60 

1030 23.50 
1041 28.30 
1050 62.50 

33 + 40.30 30.70 29.00 885 130.80 
901 106.00 
929 140.50 
949 87.33 
970 50.00 
974 76.17 
984 25.50 
995 59.17 

0.335 
0.728 
1.18 
1.50 
2.62 
3.73 
5.49 
6.06 

0.265 
0.430 
0.840 
0.973 
1.78 
2.32 
2.85 
4.12 
5.43 
6.41 

0.542 
0.775 
1.28 
1.70 
2.40 
2.80 
3.27 
3.97 
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Fig. 2 0 - - T e m p e r a t u r e  dependence  of D i n i n  C u - N i - Z n  a l loys  
containing a p p r o x i m a t e l y  19 at. pct Ni. 

T ( ~  
1200  I 0 0 0  8 0 0  

I I I 1 I I ~ I I ,  I 

' I 

10 . 8  

o 

== 

E 

10 -9  

t:) 

10 -1~  

7 8 9 f0 
I / T x 1 0  4 (OK -I) 

Fig. 2 1 - - T e m p e r a t u r e  dependence  of D~* in C u - N i - Z n  a l loys  
containing a p p r o x i m a t e l y  28 at. pct  Ni. Ln 

-8  
I 0  

T ( 'C)  
I100 I 0 0 0  9 0 0  8 0 0  700  

- 9  
10 

A 

g- 
E 
t . )  

*d 
-10 

10 

-It 
I0  

7 8 9 I 0  II 

~T x 10 4 ( .K -I) 

Fig. 2 2 - - T e m p e r a t u r e  dependence  of D~u in Cu-Zn  a l loys  and 
pure  copper .  

METALLURGICAL TRANSACTIONS VOLUME 3, MAY 1972-1291 



16 8 

T (~ 
II00 I000 900 800 700 

-9 
I0 

E 
0 

,2  
16 +0 

- I I  
I0 

7 8 9 I0 II 

~T x 104 (~ 

Fig. 23- -Tempera ture  dependence of D~* in Cu-Ni -Zn  al loys 
. . . .  k ~ t l  containing approximate ly  11 at. pct N1. 

T ( 'C) 
12OO I100 I000 900 800 700 

-9 
I0 

-I0 
E 10 
U 

,2 

-II 
10 

7 8 9 I0 
i,, T ,, lo  4 ('K-') 

Fig. 24- -Tempera ture  dependence of D* in Cu-Ni -Zn  alloys 
containing approximate ly  20 at. pct Ni. 

a0 = 3.608Ncu + 3.496NNi + 3.813NZn [6] 

T h i s  c o r r e s p o n d s  to  e f f e c t i v e  a t o m i c  d i a m e t e r s  in  t h e  
r a t i o  of  3 . 8 1 3 : 3 . 6 0 8 : 3 . 4 9 6 ,  o r  1 . 0 5 7 : 1 . 0 0 0 : 0 . 9 6 9 .  T h e  
c u b e  r o o t  of t h e  p a r t i a l  m o l a r  v o l u m e s  in Eq .  [5] a r e  
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Fig. 25- -Tempera ture  dependence of D* in Cu-Ni -Zn  alloys 
containing approximate ly  30 at. pct Ni. ~u 
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Fig. 26- -Tempera tu re  dependence of D~i in Cu-Zn alloys and 
pure  copper.  
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in the ra t io  1.058:1.000:0.975. Thus ,  the re  is  good 
ag reemen t  between la t t ice  p a r a m e t e r  and densi ty  m e a s -  
u r e m e n t s  in this  sys t em.  
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Fig. 27--Temperature dependence of D*. in Cu-Ni-Zn alloys 
containing approximately 11 at. pct Ni. N~ 
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On the bas i s  of these  observa t ions ,  it  is concluded 
that  the re la t ive  s i ze s  of the th ree  spec ies  a r e ,  in de-  
c r eas ing  order :  Zn, Cu, Ni. The absolute  magni tudes  
of the a tomic  s i zes ,  expres sed  as  a volume or d i a m -  
e te r ,  may be useful ly  r ega rded  as  independent  of 
composi t ion.  

ELECTRONIC EF F EC TS  

On the bas i s  of the locat ion and shape of the a / ( a  
+ 8) phase  boundary  in this  sys t em,  Hume-Rothe ry  and 
Howarth 18 have suggested that the cont r ibut ion  of each 
of the th ree  e l ements  to the e l e c t r o n - t o - a t o m  rat io  in 
these  a l loys  should be: Cu--1 e lec t ron ;  Zn--2 e l ec t rons ;  
Ni--0.6 e lec t rons .  Thus ,  

e 
a = NCa + 0"6YNi + 2Nzn [7] 

Argen t  19 has shown that th is  a s sumpt ion  leads  to good 
fit in an empi r i ca l  co r r e l a t i on  between the t he rmody-  
namic  p r o p e r t i e s  of the a l loys  with s ize  and e lec t ron ic  
effects.  These  a s s u m e d  e lec t ron  concen t ra t ions  a r e  
supported by s i m i l a r  c o r r e l a t i o n s  for  other  t e r n a r y  
s y s t e m s .  Hall effect m e a s u r e m e n t s  e~ a lso  may be r a -  
t iona l ized  on the ba s i s  that the f ree  e lec t ron  concen t r a -  
t ion i n c r e a s e s  when zinc is  added, and d e c r e a s e s  as  
n ickel  is  added to pure  copper.  Fig.  37 is a plot of the 
ca lcula ted  e l e c t r o n - a t o m  ra t io s  as  a function of com-  
posi t ion.  It i s  i n t e r e s t i ng  that l ines  of constant  e l ec -  
t ron  concen t ra t ion  c losely  pa ra l l e l  l ines  of constant  
m o l a r  volume.  

ORDERING AND CLUSTERING IN Cu-Ni-Zn ALLOYS 

Direct X-ray measurements of the degree of ordering 
or clustering in this system are not practical, because 
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Fig. 28--Temperature dependence of D~i in Cu-Ni-Zn alloys 
containing approximately 20 at. pct Ni. 
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Table VIII. Diffusion Constants for Tracer Diffusion of Zn 6s 
in Cu-Ni-Zn Alloys 

Experimental Diffusion Constants a 
Composition, At. Pct Temperature D~Zn, Q~n, 

Cu Ni Zn Range, ~ cm 2/sec kcal/mole 
Alloy 

Designation 

+ 0.05 
O0 99.99 - - 800-1040 0.24 0.05 45.1 -+ 0.5 

, ,  + 0.07 
Ol 89.9 - 10.1 748-979 o.b4 _ 0.07 45.6 -+ 0.2 

+0.12 
02 79.5 - 20.5 748-940 0.35 _ 0.09 42.2 -+ 0.7 

+0.10 
03 69.8 - 30.2 700-902 0.32_ 0.08 39.3 -+ 0,6 

+ 0.22 
10 90.7 9.3 - 795-1040 0.36 _ 0.14 47.8 -+ 1.1 

+ 0.05 
11 80.4 9.3 10.3 750-1005 0.49_ 0.05 46.8 -+ 0.2 

+ 0.24 
12 70.2 9.3 20.5 750-976 1.41 0.23 46.9-+ 0.4 

+ 0.62 
13 60.1 9.1 30.8 700-901 0.39 _ 0.24 41.4 -+ 3.2 

20 81.8 18.2 795-1005 - + 0.36 - 0,89 _ 0.26 51.3 -+ 0.8 

+ 0.17 
2I 70.8 18.8 10.4 800-1040 0.36 _ 0.11 47.7 -+ 0.9 

+ 0.60 
22 60.6 18.6 20.8 800-1011 1.09 0.39 48.1 -+ 1.0 

23 50.3 18.7 31.0 748-940 + 0.19 0.73_0.15 44.7-+0.5 

+ 1.18 
30 71.4 28.6 - 870-1080 1 . 3 7  0.63 54.1 -+ 1.5 

. + 0.58 
31 61.2 28.2 10.6 855-1041 1.44 0 .41  52.6-+ 0.8 

+ 069 
32 50.8 28.2 21.0 800-1005 1 . 1 7  0140 49.9-+ 1.1 

+039  
33 40.7 27.9 31.4 760-976 1.13 _ 0126 47.4 -+ 0.7 

aError limits refer to the probable error. 

Table IX. Diffusion Constants for Tracer Diffusion of Cu 67 in Cu-Ni-Zn Alloys 

Experimental Diffusion Constants a 

Temperature O~cu, Q~u, 
Cu Ni Zn Range, ~ cm2/sec kcal/mole 

Alloy 
Designation 

Coniposition, At. Pct 

0.04 48,3 + 0.2 00" 99.999 - 740-1045 0"30+ - 0.02 - 

O1 § 90.25 - 9.75 786-1010 0.55 + 0.09 47.8 -+ 0.4 
- 0.08 

02 § 80.08 - 19.92 745-937 0.63 + O.l 0 45.9 • 0.3 
- 0,09 

03 § 70.94 - 29.06 720-904 0.16 + 0.03 40.5 -+ 0.5 
- 0,02 

10+ 90.08 9.92 - 904-1050 0.37:0:0097 50.0"+0.5 

11" 82.72 12.55 4.73 785-1003 0.36 +0.05 49.2+0.3 
0,05 

12+ 72.04 11 .21  16,75 740-1003 0,33 +0,04 46.8-+0,2 
- 0.03 

13 § 65.06 10.82 24.12 783-943 0,21 + 0.04 - 0.03 44.0 -+ 0.4 

20 § 80.28 19.72 - 832-1088 0,15 + 0.04 - 0.03 49.0 -+ 0.6 

21 § 69.68 19.42 10.90 800-1050 0,18 : 00:00 ~ 47.9+0.5 

22 + 63.95 20.80 15.25 752-1003 O.IO ~ 00:001 45.4• 

23 + 55.17 20.59 24.24 748-949 0.11 : ~:a ~ 43.9-+0.3 

30 + 71.73 28.27 908-1113 0.34 +0.08 52.2-+0.5 
- 0.06 

31 + 60.97 29.49 9.54 904-1050 0.55:001173 52.2"+0.7 

32 + 47.12 33.08 19.80 866-1065 0.58 : ~13231 50.8- + 1.1 

33 § 40.30 30.70 29.00 807-966 0.72 : 001~ ~ 50.3• 

aError limits refer to the probable error. 

t h e  t h r e e  e l e m e n t s  a r e  a d j a c e n t  in  t h e  p e r i o d i c  t a b l e ,  

a n d  h a v e  s i m i l a r  s c a t t e r i n g  f a c t o r s .  I n d i r e c t  e v i d e n c e  
i s  a v a i l a b l e  f r o m  a c t i v i t y  d a t a ,  H a l l  e f f e c t  a n d  e l e c -  

t r i c a l  r e s i s t i v i t y  m e a s u r e m e n t s ,  a n d  o b s e r v a t i o n s  o f  
t h e  s p e c i f i c  h e a t  o f  a l l o y s  i n  t h i s  s y s t e m .  

M e a s u r e m e n t s  o f  t h e  a c t i v i t y  o f  z i n c  a s  a f u n c t i o n  o f  
c o m p o s i t i o n  in  t h i s  s y s t e m  19 s h o w  a s i g n i f i c a n t  n e g a -  
t i v e  d e p a r t u r e  f r o m  i d e a l i t y  f o r  t h a t  c o m p o n e n t  o v e r  
t h e  w h o l e  c o m p o s i t i o n  r a n g e  o f  i n t e r e s t  in  t h e  p r e s e n t  
d i f f u s i o n  s t u d y .  I n  t h e  z e r o t h  o r d e r  q u a s i c h e m i c a l  

d e s c r i p t i o n  o f  s o l u t i o n s ,  t h i s  i m p l i e s  a t e n d e n c y  t o -  
w a r d  o r d e r i n g  o f  z i n c  in  t h e  s y s t e m .  O n  t h e  o t h e r  h a n d ,  
b i n a r y  C u - N i  a l l o y s  s h o w  a s t r o n g  p o s i t i v e  d e p a r t u r e  

f r o m  i d e a l i t y f l  ~ A c c o r d i n g  t o  t h e  q u a s i c h e m i c a l  t h e o r y ,  
in  s i m p l e  s y s t e m s  t h i s  i m p l i e s  a t e n d e n c y  t o w a r d  
c l u s t e r i n g .  A t  t h e  h i g h - c o p p e r  e n d  o f  t h e  b i n a r y  c o m -  
p o s i t i o n  r a n g e  c l u s t e r i n g  o f  n i c k e l  a t o m s  w o u l d  b e  e x -  
p e c t e d .  T h e s e  i m p l i c a t i o n s  a r e  n o t  a l w a y s  f u l f i l l e d ,  
e v e n  in  b i n a r y  s y s t e m s .  A r g e n t  p o i n t s  o u t  t h a t  t h e  
l i n e s  o f  c o n s t a n t  a c t i v i t y  c o e f f i c i e n t  f o r  z i n c  in  t h e  
c o m p o s i t i o n  p l a n e  in  t h i s  s y s t e m  a r e  c l o s e l y  p a r a l l e l  
t o  l i n e s  o f  c o n s t a n t  e l e c t r o n - t o - a t o m  r a t i o .  

C o m b i n e d  H a l l  e f f e c t ,  31 e l e c t r i c a l  r e s i s t i v i t y ,  22 a n d  
s p e c i f i c  h e a t  m e a s u r e m e n t s  e3 t e n d  t o  s u p p o r t  t h e  b e h a -  

v i o r  s u g g e s t e d  b y  t h e  t h e r m o d y n a m i c  m e a s u r e m e n t s .  

C o m p a r i s o n  o f  t h e s e  t y p e s  o f  b e h a v i o r  w i t h  s i m i l a r  
s y s t e m s  i n  w h i c h  t h e  t e n d e n c i e s  t o w a r d  o r d e r i n g  a n d  
c l u s t e r i n g  a r e  i n d e p e n d e n t l y  m e a s u r e d  i n d i c a t e  t h a t :  

1) A t  l o w  t e m p e r a t u r e s ,  C u - Z n  a l l o y s  t e n d  t o  o r d e r .  
T h i s  t e n d e n c y  i n c r e a s e s  w i t h  i n c r e a s i n g  z i n c ,  t o  t h e  

s o l u b i l i t y  l i m i t .  A t  h i g h e r  z i n c  c o n c e n t r a t i o n s ,  /3 b r a s s  
s h o w s  a n  o r d e r - d i s o r d e r  t r a n s f o r m a t i o n .  A s  n i c k e l  i s  

a d d e d  t o  b i n a r y  a l l o y s ,  t h e  t e n d e n c y  t o w a r d  o r d e r i n g  

d e c r e a s e s .  
2)  C u - N i  a l l o y s  s h o w  a t e n d e n c y  t o w a r d  c l u s t e r i n g  a t  

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

i e s .  T h i s  t e n d e n c y  d i m i n i s h e s  a s  z i n c  i s  a d d e d  t o  

t h e s e  b i n a r y  a l l o y s .  
3)  I n  t h e  r a n g e  o f  c o m p o s i t i o n s  n e a r  C u a N i Z n  a 

s t r o n g  t e n d e n c y  t o w a r d  o r d e r i n g  i s  o b s e r v e d ,  a n d  
s o m e  e v i d e n c e  s u p p o r t s  t h e  e x i s t e n c e  o f  l o n g  r a n g e  
o r d e r  a t  low t e m p e r a t u r e s .  In  c o m b i n a t i o n ,  t h e s e  o b -  
s e r v a t i o n s  s u g g e s t  t h a t  n i c k e l  a t o m s  t e n d  t o  c l u s t e r  
w i t h  e a c h  o t h e r ;  a n d  z i n c  a t o m s  t e n d  t o  o r d e r  w i t h  c o p -  
p e r  a t o m s .  In  t h e  p r e s e n c e  of  a s u f f i c i e n t  c o n c e n t r a t i o n  
o f  z i n c ,  n i c k e l  a t o m s  a l s o  t e n d  t o  o r d e r  w i t h  r e s p e c t  t o  

c o p p e r .  
In  s u m m a r y ,  s i z e ,  e l e c t r o n  c o n c e n t r a t i o n s ,  a n d  t h e r -  

m o d y n a m i c  e f f e c t s  t e n d  t o  p a r a l l e l  o n e  a n o t h e r  i n  t h i s  
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Table X. Diffusion Constants for Tracer Diffusion of Ni ~ in Cu-Ni-Zn Alloys 

Experimental Diffusion Constants a 

Temperature D~zn, Q~n, 
Cu Ni Zn Range, ~ cm 2/sec kcal/mole 

Alloy 
Deisgnation 

Composition, At. Pct 

+0 73 
00 § 99.999 - 855-1055 1.94 0150 55.6 +- 0.8 

+ 0.25 
01 + 90.25 - 9.75 791-995 1.06 0.16 52.3 • 0.4 

+005 
02 + 80.08 - 19.92 777-946 0.22 _ 0104 46.6 -+ 0.5 

+002 
03 § 70.94 - 29.06 739-895 0.12 0102 43.2-+ 0.4 

+ 0.09 10" 90.08 9.92 - 929-1106 0.31 _ 0.07 52.2 • 0.6 

11" 82.72 12.55 4.73 779-1027 _+0.03 0,1.6_0.02 49.6+-0-5 

12" 72.04 11.21 16.75 784-999 0.16 +014 - 0.13 47.8 +- 0.5 

13 + 65.06 10.82 24.12 794-959 (8.44+!'80!10"245.2• 
- t--.~v) 

+ 4.77).,.2 20 + 80.28 19.72 - 855-1097 (6.36 _ 2.71)1u 49.2 • 1.4 

21 + 6%68 19.42 10.90 837-1041 0.12 + 0.02 - 0.02 49.7 • 0.4 

+ 3.32) .: + 22 + 63,95 20.80 I5.25 837-I013 (9.17 2.43)I 0 48.2- 0.7 

23 § 55.17 20.59 24.24 791-983 (9.90_+ 3.20)2.45)10.2 46.9 -+ 0.7 

30* 71.73 28.27 - 901-1134 0.29 + 0.06 - 0.05 54.2 -+ 0.5 

31" 60.97 29.49 9.54 904-1074 0.42 +0'11 - 0.09 54.4 -+ 0.6 

32 § 47.12 33.08 19.80 870-1050 0.33 + 0.09 
- 0.07 52.8 +- 0.6 

33* 40.30 30.70 29.00 885-995 0.31 + 0.10 - 0.09 51.6 • 0.7 

aError limits refer to the probable error. 

s y s t e m .  An e q u i v a l e n t  s t a t e m e n t  a p p e a r s  to  be  t h a t  
t h e y  a r e  c l o s e l y  d e p e n d e n t  upon e a c h  o t h e r .  T h u s ,  t he  
a r b i t r a r y  a s s i g n m e n t  of s p e c i f i c  o b s e r v a t i o n s  in t h e  
d i f fu s ion  s t u d y  to  any  one  of t h e s e  e f f e c t s  canno t  be  
m a d e  u n a m b i g u o u s l y .  N o n e t h e l e s s ,  u s e f u l  r a t i o n a l i z a -  
t i o n s  of  t h e  i n t e r r e l a t i o n  b e t w e e n  t h e  d i f f u s i o n  s t u d y  
and  the  p r o p e r t i e s  of s o l u t i o n s  in t h e  s y s t e m  m a y  be  
m a d e ,  and  a r e  p r e s e n t e d  in t he  f o l l o w i n g  s e c t i o n s .  

V a r i a t i o n  of  D i f f u s i v i t y  wi th  C o m p o s i t i o n  

The  d e p e n d e n c e  of e a c h  of t h e  t h r e e  t r a c e r  d i f f u s i o n  
c o e f f i c i e n t s  upon c o m p o s i t i o n  at  900~ i s  shown  in 
F i g s .  7 to  9 and  12 to  14. In a l l  t h r e e  c a s e s ,  the  l i n e s  
of c o n s t a n t  d i f f u s i v i t y ,  F i g s .  7 to  9, a r e  r ough l y  p a r a l -  
l e l  to l i n e s  of  c o n s t a n t  e l e c t r o n  c o n c e n t r a t i o n ,  m o l a r  
v o l u m e ,  and  a c t i v i t y  c o e f f i c i e n t  f o r  z i n c .  The  h igh  
po in t  of t h e  d i f f u s i v i t y  s u r f a c e s  (on the  b i n a r y  C u - Z n  
s i d e )  c o r r e s p o n d  to  t h e  h igh  p o i n t s  on t h e  m o l a r  v o l u m e  
and  e l e c t r o n  c o n c e n t r a t i o n  s u r f a c e s :  t h e  low p o i n t s  (on 
the  C u - N i  b i n a r y )  a l s o  c o r r e s p o n d .  F u r t h e r ,  t h e  d i f f u -  
s i v i t i e s  of t h e  t h r e e  s p e c i e s  a r e  in t he  o r d e r  
D z n . D ~ u . D ~  , in  t he  r a t i o  9:3:1 .  

T h e  g e n e r a l  i n c r e a s e  in d i f f u s i v i t y  of a l l  t h r e e  s p e -  
c i e s  a s  n i c k e l  i s  r e p l a c e d  by  z i n c  m a y  b e  r a t i o n a l i z e d  
a s  b e i n g  a t t r i b u t e d  to  an  i n c r e a s e  in t he  c o n c e n t r a t i o n  
of v a c a n c i e s  a s  t h e  c o m p o s i t i o n  r a n g e  i s  t r a v e r s e d  
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Fig. 30--Activation energy  for diffusion of Zn 65 in coppe r - r i ch  
Cu-Ni-Zn alloys. 
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Fig. 31--Activation energy for diffusion of Cu s7 in copper-rich 
Cu-Ni-Zn alloys, 

f r o m  t h e  30 to  t h e  03 a l l o y s .  T h e  r e p l a c e m e n t  of n i c k e l  
w i th  z i n c  e x c h a n g e s  a l a r g e r  a t o m  f o r  a s m a l l  one ,  
and  r e p l a c e s  an  a t o m  w h i c h  c o n t r i b u t e s  0.6 e l e c t r o n s  
to  t h e  a l l o y  wi th  one  tha t  c o n t r i b u t e s  2 e l e c t r o n s .  F o r  
t r a c e r  d i f f u s i o n  in v e r y  d i lu t e  s o l u t i o n s ,  it  h a s  b e e n  
a s s e r t e d  tha t  a l a r g e  i m p u r i t y  a t o m  t e n d s  to  a t t r a c t  
v a c a n c i e s ,  b e c a u s e  i t  c o m p r e s s e s  t he  s u r r o u n d i n g  t a t -  
t i c e .  24 A l s o ,  an  i m p u r i t y  w h i c h  c o n t r i b u t e s  a ne t  n u m -  
b e r  of e l e c t r o n s  in  t h e  g e n e r a l  c loud ,  a n d  t h e r e f o r e  
h a s  a ne t  p o s i t i v e  c h a r g e  a s s o c i a t e d  wi th  t he  p r e s e n c e  
of i t s  ion c o r e ,  t e n d s  to a t t r a c t  v a c a n c i e s ,  w h i c h  wou ld  
be  e x p e c t e d  to h a v e  a ne t  n e g a t i v e  charge.~S Z inc  a p -  
p e a r s  to  h a v e  both  of  t h e s e  c h a r a c t e r i s t i c s  in t he  C u -  
N i - Z n  s y s t e m ,  w h i l e  n i c k e l  i s  s m a l l e r  than  c o p p e r ,  
and  c a r r i e s  a n e t  n e g a t i v e  c h a r g e .  T h u s ,  bo th  s i z e  
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Fig. 32--Activation energy for diffusion of Ni 66 in copper-rich 
Cu-Ni-Zn alloys. 
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Fig. 33--Variation of the frequency factor, D~Z n, with composi- 
tion in the Cu-Ni-Zn system. 

and e l ec t ron i c  ef fec ts  point to the p r e f e r e n t i a l  f o r m a -  
tion of v a c a n c i e s  around zinc a toms ,  and a r e j ec t i on  
of v a c a n c i e s  in the v ic in i ty  of n icke l  a t o m s .  As a r e -  
sul t ,  the subst i tut ion of zinc fo r  n ickel  as  the concen-  
t r a t ion  f ie ld  i s  t r a v e r s e d  f r o m  the 30 a l loy to the 03 
would qua l i t a t ive ly  be expected  to p roduce  an i n c r e a s e  
in the gene ra l  l eve l  of vacancy  concen t ra t ion ,  which 
would r e s u l t  in i n c r e a s e d  d i f fus iv i t i e s  for  a l l  t h r e e  
s p e c i e s ,  a s  i s  o b s e r v e d  expe r imen t a l l y .  F u r t h e r ,  the 
v a c a n c i e s  p r e s e n t  would tend to be a s s o c i a t e d  with 
z inc  a toms ,  and d i s a s s o c i a t e d  with f r o m  nickel  a t o m s .  
Th i s  i s  cons i s t en t  with the o b s e r v e d  o r d e r i n g  of the 
r e l a t i v e  magni tudes  of the t h r ee  d i f fus iv i t i e s :  D~n 
> D* > * Cu DNi" 

Var ia t ion  of Act iva t ion  E n e r g i e s  with Compos i t ion  

Act iva t ion  e n e r g i e s  for  d i f fus ion,  and p reexponen t i a l  

(Do*) v a l u e s  a r e  shown in F ig s .  30 through 32 and 33 
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Fig. 34--Variation of the frequency factor, D~C u, with composi- 
tion in the Cu-Ni-Zn system. 

Table Xl. Ratios of Diffusivities, Exponential Factors and Do 
Values for 03 and 30 Alloys 

D • 10 l~ e- Q/Rt Do, 
Tracer Alloy cm2/sec Ratio • 10 l~ Ratio cm2/sec Ratio 

Zn 6s 03 158 127 470 590 0.32 0.23 
30 1.24 0.83 1.37 1.37 

Cu 67 03 49 31 91 109 0.12 0.41 
30 0.7 0.81 0.29 

Ni 66 03 9.9 70 280 150 0.16 0.47 
30 0.29 1.9 0.34 

through 35, r e s p e c t i v e l y .  Ana lys i s  of t he se  f i g u r e s  
shows that,  at 900~ for  example ,  the composi t ion  de-  
pendence  of the diffusion coef f i c i en t s  i s  p r i m a r i l y  con-  
ta ined  in the v a r i a t i o n  of the exponent ia l  f ac to r ,  while 
the Do* va lues  a r e  r e l a t i ve ly  compos i t ion  i n sens i t i ve .  
Table  XI g ives  the r a t i o s  of D* va lues ,  exponent ia l  
f a c t o r s  and Do* va lues  at the 03 and 30 compos i t ions .  
The  ra t io  of D* va lues  i s  in the range  f r o m  30 to 127; 
that  for  the ac t iva t ion  e n e r g i e s  in the range  f r o m  about 
100 to 600. The Do* r a t i o s  v a r y  in the opposi te  d i r ec t i on  
with concen t ra t ion ,  and the ra t io  r anges  f r o m  about 
1//4 to 1//2. Thus ,  mos t  of the compos i t iona l  va r i a t ion  
in d i f fus iv i t i e s  r e s u l t s  f r o m  compos i t iona l  dependence  
of the ac t iva t ion  e n e r g i e s .  

The obse rva t ion  that the t h r e e  ac t iva t ion  e n e r g i e s  
a r e  g e n e r a l l y  in the o r d e r  Q~i > Q~u > Q* Zn may be 
r a t i ona l i zed  on the s a m e  b a s i s  as  was  the o rde r ing  of 
the diffusion coef f ic ien t s .  Both s ize  and e l ec t ron  con-  
cen t ra t ion  e f fec ts  a r e  cons i s ten t  with the hypothes i s  
that  the energy  to fo rm a vacancy  is l e s s  n e a r  a zinc 
a tom than it is  n e a r  a n icke l  a tom.  Thus,  the d i f f e rence  
be tween ac t iva t ion  e n e r g i e s ,  which a v e r a g e s  about 2 
kcal / /mol  between the ac t iva t ion  ene rgy  s u r f a c e s  fo r  
n icke l  and copper ,  and about 2 kcal / /mol  between those  
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Fig. 35--Variation of the frequency factor, D~N i, with composi- 
tion in the Cu-Ni-Zn system. 
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Fig. 36--Variation with composition of molar volume of Cu- 
Ni-Zn alloys. 

for copper and zinc,  would seem to be about the r ight  
o rde r  of magni tude for z inc -vacancy  and n i c k e l - v a -  
cancy in te rac t ion  energ ies .  

The ra t iona le  for the dependence of ac t iva t ion  e n e r -  
g ies  upon concent ra t ion  is  s t ra igh t fo rward  for  the zinc 
t r a c e r ,  but appea r s  to be compl ica ted  for the copper 
and n ickel  t r a c e r s .  Inspect ion  of Fig.  30 shows that,  
for the diffusion of Zn ~5, the ac t iva t ion  energy is  lowest  
for the 03 al loy,  and highest  for  the 30 al loy.  I soac t iva -  
t ion energy curves  a r e  roughly pa ra l l e l  to both l ines  of 
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Fig. 37--Variation with composition of electron-to-atom ratio 
of Cu-Ni-Zn alloys. 

constant  mo l a r  volume and constant  e lec t ron  to atom 
rat io .  Thus,  the composi t ion  dependence of Q~n may 
be v i sua l ized  as  a t t r ibu ted  to the composi t ion depend-  
ence of the ease  of c rea t ing  vacanc i e s  n e a r  z inc a toms .  

As the 03 c o r n e r  of the composi t ion range  is  ap-  
proached,  the su r f aces  for  Q~u and Q~i behave e s s e n -  
t ia l ly  the same as that for  z inc .  Indeed, the th ree  s u r -  
faces  a r e  roughly pa ra l l e l ,  with the o rde r  of the i r  
s tacking as  desc r ibed  e a r l i e r .  Along the copper -n icke l  
b ina ry ,  however ,  Q~i shows a definite m i n i m u m ,  which 
extends into the t e r n a r y  composi t ion range ,  and Q~u 
shows a r e l a t ive  m i n i m u m .  In the range  where  these  
m i n i m a  appear ,  both su r faces  dip below that for Q* Zn" 

Th i s  genera l  behavior  may be pa r t i a l ly  ra t iona l ized  
in t e r m s  of the c l u s t e r i n g - o r d e r i n g  t endenc ies  in the 
sys t em desc r ibed  in an e a r l i e r  sec t ion.  On the ba s i s  
of a r g u m e n t s  a l ready  p re sen ted ,  zinc a toms  tend to 
a t t r ac t  vacanc ie s ,  and to avoid each other  (i.e., they 
tend to be o rde red  in the lat t ice) .  This  combinat ion of 
c h a r a c t e r i s t i c s  might  be expected to tend to make the 
d i s t r ibu t ion  of vacanc ies  more  homogeneous in the 
sys t em as  zinc i s  added. The composi t ional  depend-  
enc ies  and r e l a t ive  magni tudes  of the d i f fus iv i t ies  and 
ac t iva t ion  ene rg i e s  a s  the 03 c o r n e r  is  approached 
a r e  cons is ten t  with this  viewpoint.  If, on the other  
hand, n ickel  a toms  tend to c lu s t e r  with each other ,  
and to avoid vacanc ies ,  then along the Cu-Ni  b ina ry  
one might expect an inhomogeneous d i s t r ibu t ion  of 
vacanc ie s  to resu l t .  The degree  to which nickel  a toms  
have a c c e s s  to the ava i lab le  vacanc ies  would vary  in -  
v e r s e l y  with the degree  to which these  a toms c lus t e r  
together .  The m i n i m u m  in act ivat ion energy that i s  
observed  along the Cu-Ni b ina ry  might be a s soc ia t ed  
with a m i n i m u m  in c lus t e r ing  tendency n e a r  the 20 
composi t ion.  Such a postulate  is  completely  specu la -  
t ive,  however ,  s ince  there  is  no evidence,  e i ther  d i rec t  
or  ind i rec t ,  suppor t ing  the ex is tence  or  absence  of 
such a m i n i m u m .  
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CONCLUSION 

The diffusion behavior of the tracers Zn 65, Cu 67, and 
Ni 66 in homogeneous ternary solid solutions of copper 
base Cu-Ni-Zn alloys has been determined experimen- 
tally in the composition range to 30 pct Zn and 30 pct 
Ni, and in the temperature range within 250~ of the 
solid-liquid envelope. It is found that: 

I) The diffusivities of all three tracers decrease as 
nickel is added, and increase as zinc is added to pure 
copper. At 900~ the diffusion coefficients of each 
specie increase by about 2 orders of magnitude as the 
composition range is traversed from 70 Cu-30 Ni to 
70 Cu-30  Zn .  

2) T h e  d i f f u s i v i t i e s  of t he  t h r e e  t r a c e r s  a r e  c o n s i s t -  
en t ly  in t h e  o r d e r :  D~n > D~u > D~i.  At  900~ the  r a t i o  
of t h e  t h r e e  d i f f u s i o n  c o e f f i c i e n t s  i s  9:3:1 o v e r  t h e  e n -  
t i r e  c o m p o s i t i o n  r a n g e  s t u d i e d .  

3) A long  t h e  C u - N i  b i n a r y ,  t h e  a c t i v a t i o n  e n e r g i e s  
f o r  t h e  d i f f u s i o n  of bo th  c o p p e r  a n d  n i c k e l  p a s s  t h r o u g h  
a m i n i m u m  a t  abou t  20 p c t  Ni .  O t h e r w i s e ,  t h e  a c t i v a -  
t ion  e n e r g i e s  of a l l  t h r e e  s p e c i e s  i n c r e a s e  a s  n i c k e l  
i s  a d d e d  and  d e c r e a s e  a s  z i n c  i s  a d d e d  to  p u r e  c o p p e r .  

4) E x c e p t  n e a r  t h e  C u - N i  b i n a r y ,  t he  a c t i v a t i o n  e n -  
e r g i e s  f o r  t h e  t h r e e  s p e c i e s  a r e  in  t h e  o r d e r :  
Q~i > Q~u > Q~n" A c t i v a t i o n  e n e r g i e s  r a n g e  f r o m  abou t  
40 to  55 k c a l / / m o l .  T h e  s p a c i n g  b e t w e e n  t h e  a c t i v a t i o n  
e n e r g y  s u r f a c e s  o v e r  t he  c o m p o s i t i o n  p l a n e  i s  abou t  
2 k c a l / m o l .  

5) T h e  c o m p o s i t i o n  d e p e n d e n c e  of t h e  f r e q u e n c y  
f a c t o r s ,  D*oi, t e n d s  to  p a r a l l e l  t h a t  found  f o r  t h e  a c t i v a -  
t ion  e n e r g i e s .  

6) M o s t  of t h e  v a r i a t i o n  in d i f f u s i v i t i e s  w i th  c o m p o -  
s i t i o n  r e s i d e s  in t h e  c o m p o s i t i o n a l  d e p e n d e n c e  of t h e  
a c t i v a t i o n  e n e r g i e s .  

7) T h e  c o m p o s i t i o n a l  d e p e n d e n c e  of b o t h  t h e  d i f f u -  
s i v i t i e s  and  a c t i v a t i o n  e n e r g i e s ,  a s  w e l l  a s  t h e  r e l a t i v e  
m a g n i t u d e s  of t h e  d i f f u s i v i t i e s  and  a c t i v a t i o n  e n e r g i e s  
a t  any  c o m p o s i t i o n ,  a r e  c o n s i s t e n t  w i th  t h e  r e l a t i v e  
s i z e s  of t h e  t h r e e  a t o m i c  s p e c i e s  in t h e s e  a l l o y s .  

8) T h e s e  d e p e n d e n c i e s  a r e  a l s o  c o n s i s t e n t  w i th  t h e  
c o n t r i b u t i o n  of e a c h  s p e c i e  to  t h e  e l e c t r o n  to a t o m  
r a t i o  in t h e  s y s t e m .  

9) T h e  m i n i m u m  in a c t i v a t i o n  e n e r g i e s  f o r  n i c k e l  
and  c o p p e r  a l o n g  t h e  C u - N i  b i n a r y  m a y  be  a s s o c i a t e d  
w i t h  t h e  t e n d e n c y  t o w a r d  c l u s t e r i n g  in t h e s e  a l l o y s ,  
but  a s a t i s f a c t o r y  r a t i o n a l e  f o r  t h i s  e f f e c t  cou ld  no t  be  
d e v e l o p e d .  
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