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The lengthening and th ickening k ine t i c s  of ~ a l l o t r i o m o r p h s  in A1-4 pct Cu were  m e a s u r e d  at 
350 ~ 400 ~ and 450~ T h r e e  d i f fe ren t  a n a l y s e s  a l l  ind ica ted  that  i n t e r f a c i a l  d i f fus ion ( i .e . ,  a 
r igh t  angle c o l l e c t o r  plate  m e c h a n i s m )  was  the p redominan t  growth m e c h a n i s m  at  350 ~ and 400~ 
but  that  volume diffusion d i r e c t l y  to the growing a l l o t r i o m o r p h s  made  a s ign i f ican t  con t r i bu -  
t ion to growth at  450~ Using the da ta  of th i s  and p rev ious  i nves t i ga t i ons  one m a y  conclude  that  
volume diffusion of solute  d i r e c t l y  to the a l l o t r i o m o r p h  does  not con t r ibu te  no t i ceab ly  to growth 
be low T I T ( s o l i d u s )  = 0.78, p lays  a s u b s t a n t i a l  but s t i l l  a m i n o r i t y  ro l e  at T I T ( s o l i d u s )  = 0.84 
and 0.90 and b e c o m e s  the m a j o r  c o n t r i b u t o r  a t  T / T ( s o l i d u s )  >- 0.91 when the m a t r i x  i s  fcc .  

T H E  p r e s e n c e  of both g ra in  b o u n d a r i e s  and d i s o r d e r e d  
a l l o t r i o m o r p h : m a t r i x  i n t e rphase  b o u n d a r i e s  p r o v i d e s  
high d i f fus iv i ty  paths  which can enhance the growth 
k ine t i c s  of g ra in  bounda ry  a l l o t r i o m o r p h s .  Tha t  th i s  
does  occur  in the c a s e  of 0 a l l o t r i o m o r p h s  in A1-4 
pct  Cu at low homologous  t e m p e r a t u r e s  (200 ~ to 325~ 
or  0.54 to 0.69 of the abso lu te  so l idus  t e m p e r a t u r e )  
has  been r e c e n t l y  d e m o n s t r a t e d  by Aaron  and Aaronson .  1 
They  showed that  both lengthening and th ickening  were  
much too r ap id  to be accoun ted  for  by the c o m m o n l y  
accep t ed  m e c h a n i s m  of volume diffusion of copper  d i -  
r e c t l y  to the growing a l l o t r i o m o r p h s .  The " r i g h t  
angle  co l l e c to r  p l a t e "  growth m e c h a n i s m  which they 
p r o p o s e d  to expla in  these  r e s u l t s ,  and which was sub-  
sequent ly  r e f ined  and ex tended  by B r a i l s f o r d  and 
Aaron ,  2 c o n s i s t s  of a sequence  of t h r ee  p r o c e s s e s :  
1) volume diffusion of so lu te  to the g ra in  boundary ;  
2) solute  t r a n s p o r t  a long the g ra in  bounda ry  to the 
a l l o t r i o m o r p h ;  and 3) i n t e rphase  boundary  d i f fus ion 
and depos i t ion  of so lu te  over  the su r f ace  of the g row-  
ing a l l o t r i o m o r p h .  A a r o n  and Aaronson  r e s t r i c t e d  
the i r  t r e a t m e n t  of th i s  m e c h a n i s m  to the c a s e  in which 
the r a t i o  of the g ra in  bounda ry  d i f fus iv i ty ,  Daa,  to the 
volume d i f fus iv i ty  in the ot m a t r i x ,  Dr ,  i s  e f f ec t ive ly  
inf in i te ,  i . e . ,  to low homologous  t e m p e r a t u r e s  and to 
subs t i tu t iona l  diffusion.  B r a i l s f o r d  and Aaron ,  2 having 
deve loped  i m p r o v e d  d e s c r i p t i o n s  of the d i f fus ion f ie ld  
within the g ra in  b o u n d a r y ,  were  able  to i n c o r p o r a t e  
into the mode l  a f ini te  d i f fus iv i ty  of solute  within the 
g r a i n  boundary ,  t he r eby  r e l ax ing  somewhat  the low 
t e m p e r a t u r e  r e s t r i c t i o n .  But they r e t a i n e d  the a s -  
sumpt ion  that solute  t r a n s p o r t  by volume di f fus ion d i -  
r e c t l y  to the a l l o t r i o m o r p h  can be neg lec ted .  At low 
homologous  t e m p e r a t u r e s  in A1-4 pct  Cu, both v e r s i o n s  
of the mode l  a r e  in subs t an t i a l  a g r e e m e n t ,  both with 
each  o ther  and with the data .  However ,  i n c o r p o r a t i o n  
of a f in i te  D a a / D  v (which r e d u c e s  the r a t e  of m a s s  
t r a n s p o r t  to the a l l o t r i o m o r p h )  gave a usefu l  i m p r o v e -  
ment  in the account ing  of the da ta ,  a s  wel l  a s  of 
c o u r s e ,  in fo rmat ion  on Dan. 
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At su f f i c ien t ly  high homologous  t e m p e r a t u r e s ,  two 
e f fec t s  may  mi t iga te  aga ins t  the r igh t  angle c o l l e c t o r  
p la te  m e c h a n i s m  being the p r e d o m i n a n t  con t r i bu to r  to 
the growth kinet ics~of a l l o t r i o m o r p h s .  F i r s t ,  because  
Dv i n c r e a s e s  m o r e  r ap id ly  with i n c r e a s i n g  t e m p e r a -  
ture  than Dan or  Dao (the i n t e r p h a s e  bounda ry  diffu-  
s ion  coef f ic ien t ) ,  the a s sumpt ion  that  Dan >> D v be -  
c o m e s  p r o g r e s s i v e l y  l e s s  a c c u r a t e .  Second,  t he re  m a y  
a l so  be  a s igni f icant  con t r ibu t ion  to growth by  volume 
di f fus ion of so lu te  d i r e c t l y  to the a l l o t r i o m o r p h .  As  
wil l  he d i s c u s s e d  l a t e r  in m o r e  de t a i l ,  Hawbolt  and 
Brown,  3 s tudying the growth of g r a i n  bounda ry  a l l o -  
t r i o m o r p h s  only at  ve ry  high homologous  t e m p e r a t u r e s  
in a Ag-5 .64  wt pct A1 a l loy ,  found that  the d i r e c t  vo lume 
dif fus ion m e c h a n i s m  is  p r e d o m i n a n t  at mos t  of the t e m -  
p e r a t u r e s  they inves t iga ted .  

The p r e s e n t  inves t iga t ion  r e p r e s e n t s ,  e x p e r i m e n t a l l y ,  
a d i r e c t  ex tens ion  of the o r ig ina l  s tudy of Aaron  and 
Aaronson  to h igher  t e m p e r a t u r e s ,  under taken  however  
for  the pu rpose  of a s c e r t a i n i n g  whe the r  or  not d i r e c t  
vo lume dif fus ion p lays  a s ign i f i can t  r o l e  at these  t e m -  
p e r a t u r e s .  Th i s  inves t iga t ion  d id  not become  feas ib l e  
unt i l  the a v a i l a b i l i t y  of the B r a i l s f o r d - A a r o n  a n a l y s i s  
made  i t  p o s s i b l e  to d i spense  with the a s sumpt ion  that  
D a J D  v = ~.  Devia t ions  f rom the growth behav io r  
c h a r a c t e r i s t i c  of lower  t e m p e r a t u r e s  can now be s a f e l y  
a s c r i b e d  to the in te rven t ion  of the d i r e c t  volume diffu-  
s ion m e c h a n i s m .  

I) EXPERIMENTAL PROCEDURES 

The p r o c e d u r e s  a r e  e s s e n t i a l l y  the s ame  as  those  
p r e v i o u s l y  e mp loye d . l  Bulk s a m p l e s  of homogen ized  
A1-3.93 wt pct  Cu a l loy ,  0.023 cm thick,  were  so lu t ion  
annea led  at 548~ for 2 h r  and then i s o t h e r m a l l y  r e -  
ac t ed  for  v a r i o u s  t i m e s  at  350 ~ 400 ~ and 450~ The 
t ime  de pe nde nc i e s  of the h a l f - t h i c k n e s s ,  S,  and of the 
ha i f - l eng th  or  r a d i u s ,  R,  of the a l l o t r i o m o r p h s , *  and 

*The aUotriomorphs were assumed to be oblate ellipsoids. R thus represents 
the radius of the circular cross-section m the grain boundary, and S the semi-minor 
axis of the elliptical cross-section perpendicular to the grain boundary. 

a l so  the mean  i n t e r a l l o t r i o m o r p h  spac ing ,  R c ,  were  
d e t e r m i n e d  us ing  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  
T r u e  v a l u e s  of these  quan t i t i e s  were  m e a s u r e d  through 
the use  of a t i l t ing  s tage  as  p r e v i o u s l y  d e s c r i b e d .  1 
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Since the growth of individual allotriomorphs could 
not be satisfactorily measured by the hot stage tech- 
nique due to the interference of surface diffusion, 4 
the time dependencies of lengthening and thickening 
were determined by measurement of R and S of the 
thickest allotriomorph in each of the series of bulk 
samples reacted for successively increasing times 
at each temperature. Although some faceting of the 
allotriomorphs was observed, this was not pronounced 
(as was also found at lower temperaturesl); measure- 
ments were not made on markedly faceted allotrio- 
morphs. 

II) RESULTS 

The lengthening and thickening data as a function of 
the total aging time for the three temperatures inves- 
tigated are shown in Figs. I to 3. Table I contains 
the observed values of R c and of the incubation times. 
These times, representing the shortest reaction times 
at which allotriomorphs were visible at high magnifi- 
cation in the electron microscope, were small enough 
to be neglected in the preparation of the figures and in 
the calculations based upon these figures. The kinetic 
data were plotted in logarithmic form in order not to 
obscure the short aging time observations. Each data 
point represents a different foil, with both R and S 
measured on the thickest of at least fifty allotrio- 
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Fig.  3 - - V a r i a t i o n  of h a l f - l e n g t h  (R) and h a l f - t h i c k n e s s  (63 of the 
l a r g e s t  a l l o t r i o m o r p h  wi th  t i m e  (450~ C u r v e s  f i t t ed  in  a c -  
c o r d a n c e  w i t h  B r a i l s f o r d - A a r o n  2 a n a l y s i s .  

Table I. Summary of AIIotriomorph Growth Measurements 

T, ~ r, sec Rc, I.t ~, cm/sec �89 ~, cm/sec ~ C 

450 15-  + 15 20 1.5X 10 "s 3.0X 10 "6 5.0 
400 7.5 -+ 7.5 13 1.0 X 10 "s 2.2 X 10 -6 4.6 
350 2.5+2.5 6 2 . 5 •  10 -6 8.0X 10 -7 3.1 
200 90 + 30 2.6 3.2 X 10 "7 1.0 X 10 "7 3.2 
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Fig. 1--Variation of half-length (R) and half-thickness (b~ of the 
largest allotriomorph with time (350~ Curves fitted in ac- 
cordance with Brailsford-Aaron 2 analysis. 
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Fig. 2--Variation of half-length (R) and half-thickness (5) of the 
largest allotriomorph with time (400~ Curves fitted in ac- 
cordance with Brailsford-Aaron 2 analysis. 

m o r p h s .  ( T h e  c u r v e s  in  t h e s e  f i g u r e s  w i l l  b e  d i s -  

c u s s e d  l a t e r . )  

III) DISCUSSION 

A) Comparison of Apparent and Conventionally 
Determined Volume Diffusivities 

A useful preliminary assessment of the role which 
volume diffusion directly to grain boundary allotrio- 
morphs plays in determining the growth kinetics of 
the allotriomorphs may be made by computing, from 
the measured kinetics of growth, the apparent volume 
interdiffusion coefficient, Dapp, required to produce 
these kinetics, and comparing it with the literature 
value of the conventionally determined D v at the same 
temperature. The measurements of D v in ~ Ai-Cu 
reported by Murphy 5 provide a good basis for this 
comparison. In the previous study, I two values of Dapp 
were computed at each temperature. One was obtained 
by matching the kinetics of lengthening to an analysis 
due to Hillert, e and the other was determined from the 
thickening kinetics and a relationship derived by 
Zener. 7 This procedure was especially valuable from 
the viewpoint of establishing individual steps of the 
collector plate mechanism. It has, however, two dis- 
advantages which can become especially important at 
the higher reaction temperatures employed in the 
present investigation. The Zener equation assumes 
that the broad faces of the ~ allotriomorphs are of 
effectively infinite extent. Since the thickness/length 
ratio of ~ allotriomorphs (from 200 ~ to 450~C) is in 
the range ~ to -}, this assumption can be shown to dis- 
count an appreciable flux of copper from the region 
of the ~ matrix lying outside of the projected volume 
of the allotriomorphs, and thus to yield too high val- 
ues of Dap p. The second difficulty is that this approach 
treats a single overall process as two separate ones, 
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and accordingly gives two (usually) different  va lues  of 
Dap p at a given reac t ion  t e m p e r a t u r e ,  ne i ther  of which 
is  n e c e s s a r i l y  an accura te  r ep re sen t a t i on  of the over -  
al l  process .  Both d i sadvantages  may be r emed ied  by 
approx imat ing  the shape of an a l lo t r iomorph  as an 
oblate e l l ipsoid  and employing  the ana ly s i s  of Horvay 
and Cahn 8 for the d i rec t  Dr - con t ro l l ed  growth of this 
morphology.* The p resen t  appl icat ion of the Horvay-  

*Brailsford and Aaron 2 approximated the shape of a 0 allotriomorph as two 
caps of an elipse. Comparison with electron micrographs of representative O allo. 
triomorphs indicates that this is a better model for the shape of these crystals. The 
oblate ellipsoid, however, is the best approximation of  the experimentally observed 
shape for which a solution to the problem of growth by direct volume diffusion is 
avadable. 
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Cahn ana lys i s  dif fers  a l i t t le from that p rev ious ly  r e -  
por ted by Hawbolt and Brown,  3 and may be somewhat  i0 -~2 
more  convenient .  On this  ana lys i s ,  R = fit 1/2 and 
S = cM I/z, where /3 and ~b a re  the respec t ive  parabol ic  
ra te  cons tan ts ,  Table  I, and t = growth t ime.  The as -  
pect ra t io  of an a l lo t r iomorph  is  C = qS/f3. As devel -  
oped in the appendix,  when C is appreciably  l e s s  than 
uni ty ,  s which obtains in the p re sen t  study, 
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where xa, x~ O, and x 0 = mole fract ion of copper in c~ 
in the bulk al loy,  in a at the a / ( a  + O) phase boundary ,  
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Fig. 4--Arrhenius plots of Dv (Murphy 5) and Dapparent (calcu- 
lated via Horvay-Cahn analysis of allotriomorph growth), 
and the temperature dependence of the ratio of Dapp/Dv. 
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Fig. 5--Time dependence of precipitate volume at four rep- 
resentative temperatures showing experimental volumes 
(| volumes which would result from volume diffusion of 
solute directly to the growing allotriomorph ( ), and 
volumes computed from the "right angle collector plate" 
mechanism in the low temperature limit where Dt~tx/D v 
_ ~ (  . . . . .  ). 

and in O, respec t ive ly .  Fig.  4 is an A r r h e n i u s  plot of 
Dapp and Dv; the data p rev ious ly  repor ted  1 on the 
thickening and lengthening k ine t ics  of 0 a l l o t r i omorphs  
at 200 ~ to 325~ have been r eana lyzed  in o rde r  to eva lu-  
ate Dap p f rom the Horvay-Cahn  ana lys i s  over the 
widest p rac t icab le  t e mpe r a t u r e  range.  Compar i son  of 
D v and Dapp supports  the e a r l i e r  f inding that d i rec t  
volume diffusion plays a negl igible  role  in the growth 
of 0 a l l o t r i omorphs  at low t e m p e r a t u r e s .  At the t e m -  
p e r a t u r e s  studied during the p r e se n t  inves t iga t ion ,  
however ,  the ra t io  of Dap p to D v is seen to be suffi-  
c ient ly  sma l l  to suggest  that,  at l eas t  at the highest  
t e mpe r a t u r e  Dv may now be making a detectable con-  
t r ibu t ion  to growth. It should be immed ia t e ly  noted 
that an ana lys i s  of a l lo t r iomorph  growth which in-  
cludes both d i rec t  volume diffusion and in te r fac ia l  
d i f fus ion-a ided  volume diffusion has yet to be m a d e - -  
and would unquest ionably  be a most  formidable  task.  
However,  the cons ide ra t ions  of this  d i scuss ion  and the 
p rev ious ly  noted r e su l t s  of Hawbolt and Brown z will 
be used to demons t r a t e  that such an ana lys i s  must  be 
a t tempted if a genera l ly  val id desc r ip t ion  of the growth 
of a l lo t r iomorphs  is  to be obtained.  

B) Compar i sons  of Al lo t r iomorph  Volumes 
Produced  Exper imen ta l ly ,  by Direc t  Volume 

Diffusion and by the Col lector  Pla te  Mechanism 

The volume,  V, of an e l l ipsoid  of revolu t ion  = ~ 7rR2S. 
Plo ts  of the exper imen ta l ly  de t e rmined  volume,  Vexp, 
p resen ted  in Fig. 5 as  a function of growth time at four 
r ep re sen t a t i ve  t e m p e r a t u r e s ,  were cons t ruc ted  from 
the expe r imen ta l  values  of R and S, F igs .  1 to 3 and 
Ref. 1. The volumes  which would have resu l t ed  had 
growth taken place only by volume diffusion d i rec t ly  
to an a l lo t r iomorph ,  Vdv , were computed from the 
Horvay-Cahn  ana lys i s  on the b a s i s  of the D v data of 
Murphy 5 and the expe r imen ta l  va lues  of C. The 
volumes  produced when al l  growth takes place by the 
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col lec tor  plate m e c h a n i s m ,  Vcp , were  d e t e r m i n e d  on 
the following bas i s .  The volume of copper in ~, v(t), 
flowing to the gra in  bounda ry  col lec tor  plate per  unit  
t ime  is  s imply:  

dr(t) 1 dm 
dt = ~ . - ~  [2] 

where p = densi ty  of copper in a and d m / d t  = ra te  
of m a s s  t r anspo r t  of copper  to the boundary .  Subst i -  
tut ing the express ion  which Aaron and Aaronson  ~ ob- 
tained* for din~tit in Eq. [2] and in tegra t ing  

*The capillarity term in this equation is corrected to follow the considerations 

of Hillert .6 

9 A  ~ 1 / 2  
v(t) - . . ~ v ~ v  ( x o t  - x~ 0 e ya~176176 t~/2 [3] 

7T1/ 2 

where Av = a r ea  of the co l lec tor  plate per  a l lo t r io -  
morph  = lrR~, ~'a0 = ene rgy  of a d i s o r d e r e d  a:0 bound- 
a ry  = 300 e rg  per  sq cm,  V o = molar  vo lume of O = 10 
cu cm per mole ,  R = gas cons tant ,  T = absolute  t em-  
p e r a t u r e ,  and Rz = r ad ius  of cu rva tu re  of an a l lo-  
t r iomorph  in the immedia t e  vic ini ty  of the a l lo t r io -  
m o r p h - g r a i n  boundary  conjunct ion = 10 -5 cm. Since 
t,(t) is the volume of copper  in a which has  been  
t r a n s f e r r e d  to the p rec ip i t a t e ,  the number  of copper  
a toms  in the CuA12 prec ip i ta te  may be obta ined by 
dividing v(t) by f~, the a tomic volume of copper  in 
the tr mat r ix .  (f~ = a tomic  weight of copper  divided 
by the product of Avogadro ' s  number  and the dens i ty  
of copper).  This  g ives  the total  number  of copper  
a toms in the CuAI2 prec ip i ta te .  Since there  a re  four 
copper  a toms in a O uni t  cel l  and the volume of this  
ce l l  is  179A3, 9 v(t)/f~ is  read i ly  conver ted  to Vcp. 
This  volume r e p r e s e n t s ,  however ,  the upper  l imi t  of 
Vcp, since the a s sumpt ions  a re  made that al l  copper 
reach ing  the boundary  is  ins tan t ly  t r a n s p o r t e d  to the 
a l lo t r iomorph  and that the en t i re  a r ea  of the co l lec tor  
plate is  un i formly  opera t ive  at t = 0. (Both a s s u m p -  
t ions  thus hypothesize that D~a/D v = oo.) 

The plots of Fig.  5 show two definite t r ends .  The 
f i r s t  i s  that Vdv and Vcp i n t e r sec t  at t imes  which de- 
c r e a s e  with i n c r e a s i n g  t e m p e r a t u r e .  The second is  
that  the Yexp data a re  d isp laced  f rom n e a r  co inc i -  
dence with Vcp at 200~ * to a posit ion not far  above 

*Inasmuch as Fop is not only an upper limit but is also based, at 200~ upon 
an approximate value ofAv, 1 only limited significance can be attached to the simi- 
lar levels of Vcp and Vex p at this temperature. 

(and even pass ing  below) Vdv at 450~ The i n t e r s e c -  
t ion of Vdv and Vcp r e s u l t s  f rom the c i r c u m s t a n c e s  
that Vdv , though in i t i a l ly  s m a l l e r ,  is  p ropor t iona l  to 
t 3/2, whereas  Vcp is  p ropor t iona l  to t ~/2. The i n t e r -  
sect ion point moves  to shor t e r  t imes  with i n c r e a s i n g  
t e m p e r a t u r e  p r inc ipa l ly  because  Vdv is  p ropor t iona l  

D~/z r~3/e while Vcp is p ropor t iona l  to to ~-u , 
Since Vexp fa l ls  an average  of four o r d e r s  of mag-  

ni tude above Vdv at 200~ and s t i l l  ave rages  about 
1-~ o r d e r s  of magni tude  l a r g e r  at 400~ d i r ec t  vo lume 
diffusion mus t  make a negl igible  cont r ibut ion  to growth 
under  these condit ions.  At 450~ however ,  Vexp and 
Vdv become s i m i l a r .  On the other hand,  Vexp a lso  
l i es  close to Vcp at longer  growth t imes .  Since values  
of Vcp in Fig. 5 r e p r e s e n t  an upper l imi t ,  it i s  not 
poss ib le  to decide,  on the b a s i s  of the volume ana lys i s  
and the p resen t  expe r imen ta l  data ,  whether d i rec t  
volume diffusion or the col lec tor  plate m e c h a n i s m  is 

p r edominan t  at 450~ Fig.  4 ind ica tes ,  however ,  that  
the co l lec tor  plate mechan i sm is s t i l l  the most  im-  
por tant  con t r ibu to r ,  but  a lso imp l i e s  that d i rec t  volume 
diffusion is  now a s ignif icant  fac tor  in the growth of 0 
a l l o t r i omorphs .  

C) Calcula t ion  of In te r fac ia l  Dif fus iv i t ies  f rom the 
B r a i l s f o r d - A a r o n  2 (B-A) Ana lys i s  

Th i s  ana ly s i s  al lows de t e rmina t ion  of both D~a and 
Dao by t r i a l  and e r r o r  de t e r mi na t i on  of the cu rves  of 
bes t  fit through the expe r imen ta l  data on S vs t and 
R vs t. Addi t ional  k inet ic  data which mus t  be fu r -  
n ished include the " a v e r a g e "  value of R at the 
shor tes t  growth t ime employed,  Rc,  Dr, and the di-  
hedra l  angle at the a l lo t r iomorph  :grain boundary  
conjunct ion.  1~ The curves  thus obtained a re  plotted 
in F igs .  1 to 3. Quite sa t i s f ac to ry  f i ts  are  seen to 
have been  obtained at 350 ~ and 400~ At 450~ how- 
e ve r ,  even the " b e s t "  cu rves  have shapes  c l e a r l y  in-  
cons i s t en t  with the t r ends  of the expe r imen ta l  data. 
Th i s  r e s u l t  is  in ag reemen t  with and fur ther  suppor ts  
that of F igs .  4 and 5: at 450~ d i rec t  volume diffu- 
s ion con t r ibu tes  to the growth of 0 a l lo t r iomorphs  to 
an extent  suff icient  so that the a s sumpt ion  of the 
B r a i l s f o r d - A a r o n  ana lys i s  that  it does not, v is ib ly  fa i l s .  

Fig.  6 plots  the Dan and Dc~o values  obtained by 
appl icat ion of the B-A ana lys i s  to the expe r imen ta l  
data of the p resen t  inves t iga t ion ,  and also the va lues  
which B-A repor ted  on the b a s i s  of the data of Aaron  

T (~ 
450 400 350:525 275 250 200 
' I I  ' '1 ' I ' '  el ' I I '  I' ' I ' I I ' 1 ( )5  

% D - 1 8 e - 2 2 0 2 0 / R T  
~ % ~  ae" �9 n ^ + n  ^ -- lde 

'~176 
: I L 5  X e - 2 4 0 0 0 / R T  

,N. - ?  

,0-'%0 -.,\ 
_ ~  ",, 
ro 

,d, '~176 ( ' 7  " 
D _ _  =0. I  e " 1 8 4 8 0 1 R T  . . , - ' ~  

-aa -'D:a --.564x,, e 20000~/RT 

i0 -i~ i I, I i I, I, I, I, I, I , 
1.3 1.4 1.5 1.6 1.7 1.8 19 2.0 2.1 2.2 

I / T  x 103,~ -I  
Fig. 6--Arrhenius plots of Dt~ o (for ns = (n o + n~o)/2) and of 
D~a, showing least square fit to low temperature data only 
( . . . . .  ) D c t o  = 1.Se-22'O20/RT, D a n  = 0 .1e-18 '480/RT a n d  l e a s t  
s q u a r e  f i t  to  a l l  d a t a  ( ) D a e  = 1 1 . 5 e  -24'0~ Dctct 
= 0.364e-20,OOO/RT. 

o I0 -7  
o 
tn 

r 
6 
u iO-a 

r~ 

10 -7 o 
t0 

N 

io-8 

1 8 0 8 - V O L U M E  l ,  JULY 1970 M E T A L L U R G I C A L  TRANSACTIONS 



and Aaronson.  At 450~ the sca t t e rband  r e p r e s e n t s  
the approximate  range  within which fur ther  choices  as 
to accu racy  of fit could no longer  be object ively  made. 
The new values  of Dc~a and Dao are  seen to be gen-  
e r a l l y  cons is ten t  with those obtained at lower t e m p e r -  
a tu res .  New values  of the cons tants  of the A r r h e n i u s  
equat ions for these d i f fus iv i t ies  are  indicated in Fig.  
6; they a re  re la t ive ly  l i t t le changed f rom those o r i -  
ginal ly  given by B-A,  also shown in Fig.  6. 

D) Compar i son  with the Resu l t s  of Hawbolt and Brown 3 

In the p resen t  s tudy,  d i rec t  volume diffusion had no 
s igni f icant  effects upon the growth k ine t ics  of 0 a l lo-  
t r i o m o r p h s  at T / T  s (absolute reac t ion  t e m p e r a t u r e / a b -  
solute sol idus t e m p e r a t u r e )  = 0.78 (400~ but  did 
en te r  the pic ture  at T / T  s = 0.84. These  r e s u l t s  a re  
qual i ta t ive ly  cons i s ten t  with those of Hawbolt and Brown 
on the growth k ine t ics  of fl (bcc) a l l o t r i omorphs  p re -  
c ipi ta ted from a (fcc) in an Ag-5.64 wt pct A1 alloy at 
h igher  homologous t e m p e r a t u r e s .  These  . invest igators 
a s sumed  that growth was cont ro l led  by d i rec t  volume 
diffusion,  and computed Dap p from the Horvay-Cahn  
ana lys i s  for an oblate spheroid.  They d e t e r m i n e d  D v 
in the ma t r ix  by m e a n s  of independent  diffusion couple 
expe r imen t s .  Agreemen t  between the two se ts  of dif- 
fus iv i t i es  seemed close enough to allow the conclus ion  
that growth was con t ro l led  by this m e c h a n i s m .  At the 
lowest t empera tu re  which they studied,  T / T  s = 0.90 
(674~ however ,  D a p p / D  v ~ 5, indicat ing f rom the 
viewpoint of the p re sen t  study that the co l lec tor  plate 
m e c h a n i s m  was the p redominan t  mechan i sm of growth, 
but  that d i rec t  volume diffusion had played an impor tan t  
ro le .  Just  below T / T  s = 0.91 (688~ this  ra t io  de- 
c r ea sed  to about two; the effects of in t e r rac ia l  diffu- 
sion upon growth k ine t i cs  at this t e m p e r a t u r e  a r e  t h e r e -  
fore probably outside the l imi t s  of expe r imen ta l  e r -  
r o r .  At T / T  s = 0.91 (688~ and 0.92 (700~ the con- 
t r ibu t ion  of in te r fac ia l  diffusion was no longer  de-  
tectable  by this method. Since volume and probably 
a l so  in te r fac ia l  d i f fus iv i t ies  in fcc me ta l s  tend to be 
s i m i l a r  at a constant  homologous t e m p e r a t u r e ,  n one 
may accord ingly  hazard  the quite p r e l i m i n a r y  gene ra l -  
izat ion that effective e l imina t ion  of the effects  of i n t e r -  
facial  diffusion upon the growth k ine t ics  of a l l o t r i o -  
morphs  in fcc m a t r i c e s  r e q u i r e s  a T / T  s grea t e r  than 
ca 0.9. This  genera l i za t ion  is supported by Fig.  7, in 
which the D a p p / D  v vs T I T  s data for A1-Cu and Ag-A1 
a re  plotted on the same graph and a re  seen to exhibit  
a reasonable  degree of cont inui ty .  

IV) SUMMARY 

The half - length and the ha l f - th ickness  of g ra in  bound- 
a ry  0 a l l o t r i omorphs ,  and the average dis tance  be-  
tween them, were m e a s u r e d  as a function of t ime  in 
spec imens  of an A1-4 pct Cu alloy i so the rma l ly  r e -  
acted at 350 ~ 400 ~ and 450~ These  data were then 
cons ide red  in conjunct ion with s i m i l a r  data r epor ted  
at lower t e m p e r a t u r e s  (200 ~ to 325~ in the s ame  
al loy 1 f rom the viewpoint of the t e m p e r a t u r e - d e p e n d e n c e  
of the re la t ive  con t r ibu t ions  of two different  growth 
m e c h a n i s m s :  a) volume diffusion of solute d i rec t ly  to 
an a l lo t r iomorph ,  and b) volume diffusion of solute to 
the gra in  boundary "co l l ec to r  p l a t e"  su r round ing  an 
a l lo t r iomorph ,  followed by gra in  boundary  diffusion 
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Fig. 7--The ratio of the apparent to the independently meas- 
ured volume diffusivities for 0 allotriomorphs in A1-4 pct 
Cu and for fl allotriomorphs in Ag-5.6 pct A13 as a function 
of reduced temperature. 

to i ts  edges and then in te rphase  boundary  diffusion 
over  and deposi t ion onto the a l lo t r iomorph .  Assuming  
an a l l o t r i omorph  to be an oblate sphero id ,  the appar -  
ent diffusivi ty  (Dapp) needed to produce the observed  
growth k ine t ics  was de t e rmined  f rom the Horvay-Cahn  8 
ana lys i s .  Fig.  4 shows that the ra t io  of Dan~ to D v 
(the independent ly  m e a s u r e d  volume in terd l f fus ion  
coefficient)  d e c r e a s e s  f rom ca 700 at 200~ to approxi-  
mate ly  25 at 450~ sugges t ing  that d i rec t  volume dif-  
fusion may  make a s igni f icant  cont r ibut ion  to growth 
at the la t te r  t empera tu re .  Compar i son  of the exper i -  
men ta l ly  de t e rmined  volume of the a l lo t r iomorph  as a 
function of r eac t ion  t ime with that produced by d i rec t  
volume diffusion alone and by the co l lec tor  plate 
m e c h a n i s m  alone shows that the e x p e r i m e n t a l  volume 
is roughly that allowed by the co l lec tor  plate mech-  
an i sm at 200~ but approaches  the volume developed 
by d i rec t  volume diffusion at 450~ indicat ing a s i m -  
i lar  va r i a t ion  of the re la t ive  cont r ibu t ion  of the two 
m e c h a n i s m s  with t empe ra tu r e .  Appl icat ion of the 
B r a i l s f o r d - A a r o n  2 ana lys i s  to the expe r imen ta l  data 
yielded the gra in  boundary  and in te rphase  boundary  
d i f fus iv i t ies ,  Daa and Dao , respec t ive ly ,  and showed 
them to be cons i s ten t  with the in te r fac ta l  d i f fus iv i t ies  
p rev ious ly  repor ted .  2 This ana lys i s  also added a third 
piece of evidence for a s igni f icant  role  for d i r ec t  
vo lume diffusion at 450~ uniquely at this t e m p e r a -  
ture ,  the B r a i l s f o r d - A a r o n  ana lys i s  was unable  to fit  
s a t i s fac to r i ly  the exper imenta l  data on hal f - length  
and ha l f - th i ckness  vs  t ime.  

The data of this  and of the p rev ious  invest igat ion 
cover  the homologous t e m p e r a t u r e  range  T / T s  (Ts 
= absolute  sol idus t e m p e r a t u r e )  = 0.54 to 0.84. Haw- 
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bol t  and Brown a have c o m p a r e d  Dapp with D v for  
a l l o t r i o m o r p h s  p r e c i p i t a t e d  in an fcc m a t r i x  in Ag-  
5.64 wt pct  A1 at  T / T  s = 0.90 to 0.92. P r o b a b l y  b e -  
cause  d i f fus iv i t i es  in fcc m e t a l s  tend to be s i m i l a r  
at a given homologous  t e m p e r a t u r e ,  the two s tud ies  
y i e l d e d  cons i s t en t  r e s u l t s .  D i r e c t  volume dif fus ion 
was f i r s t  o b s e r v e d  to con t r ibu te  no t i ceab ly  to growth 
at  T / T  s = 0.78, to p lay  a subs t an t i a l  but s t i l l  a m i n o r i t y  
ro l e  at  T / T s  = 0.84 and 0.90 and to b e c o m e  the o v e r -  
whelmingly  p r edominan t  con t r ibu to r  at T / T  s = 0.91. 
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APPENDIX 

CONVERSION OF THE HORVAY-CAHN ~ EQUATION 
FOR Dr-CONTROLLED GROWTH OF OBLATE 
SPHEROIDS FROM REDUCED TO CARTESIAN 

COORDINATES 

The equation to be c o n v e r t e d  (using the H o r v a y -  
Cahn equat ion n u m b e r s  8 un le s s  o the rwise  noted)  i s :  

u/: ea(a  + a ) r  6 { a ; a }  [67d1 

where  U / :  s u p e r s a t u r a t i o n  = (xu - x ~ ~  - x g  ~ 
( these s y m b o l s  a r e  def ined  in conjunct ion with Eq. [1] 
in the p r e s e n t  tex t ) ,  ~2 = the square  of the " r e d u c e d  
r a d i u s "  = the value of w at  the pos i t ion  of the i n t e r -  
phase  boundary ,  a = an " o b l a t e n e s s "  p a r a m e t e r ,  and 
G is  a function of f~ and a.  The r e l a t i o n s h i p  d e r i v e d  
for  w in the case  of an obla te  sphe ro id  i s :  

w 2 + (a - X)w - arl = 0 [63a] 

where ,  on Eq. [63e], • = (X 2 + y 2  + Z Z ) / 4 D v  t (X  = Y 

= r a d i u s  and Z = h a f t - t h i c k n e s s  of an obla te  s p h e r o i d  
iX > Z] in C a r t e s i a n  c o o r d i n a t e s  and t = growth t ime)  
and 71 = X ~ / 4 D t .  The a s p e c t  r a t i o ,  C, which m u s t  be  
ob ta ined  f rom e x p e r i m e n t a l  o b s e r v a t i o n s ,  i s :  

= . /  w [69.] C 
a + 0 0  

R e a r r a n g i n g ,  

a = w - 1 - C'w 

Subst i tu t ing  into Eq. [ 63a], 

X +~?C' 
r  - 

I + C '  

at the i n t e r p h a s e  bounda ry ,  us ing  the r e l a t i o n s h i p  for  
X, 71, and C ' ,  

w = f~ = X2  + y 2  + ( Z a / C  z) 

4 D v t / C  ~ 

(1 - c a ) O f  z + y2  + ( z ~ / C Z ) )  

a = 4 D v t  

The t ime  dependenc ie s  of X,  Y, and Z a r e  taken  to be  
p a r a b o l i c :  

R -- X = Y = f3t 1/z and Z = r x/2 =-- S 

Hence, 

i2- 3C%Z [4] 
4Dr 

a - 3 ' e ~ ( 1  - c2) [5] 
4Dr 

In the unpubl i shed  r e p o r t  xa f rom which Ref. 8 was 
e x t r a c t e d ,  Horvay  and Cahn give l imi t ing  e x p r e s s i o n s  
for G{~2;a[  when a / f t  is  s m a l l  and when it i s  l a r g e .  
Noting that  

a 1 - C  2 
f~ ~2 

and that  C < 1 for oblate  e l l i p s o i d ,  when C -< 4 ,  s ay ,  
a / f ~  -> 8, and the l a rge  a/f~ e x p r e s s i o n  a p p e a r s  ap-  
p r o p r i a t e .  Th i s  e x p r e s s i o n ,  a d i r e c t  combina t ion  of 
Eqs.  [81] and [82] in the R e s e a r c h  Repor t ,  and Eqs.  [4] 
and [5] a r e  subs t i tu ted  into Eq. [67d] to obtain Eq. [1] 
in the text .  
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