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PREREQUISITE KNOWLEDGE: T h i s  exper iment c o u l d  be per formed b y  s tuden ts  
t a k i n g  an i n t r o d u c t o r y - l e v e l  m a t e r i a l s  sc ience course. 

OBJECTIVES: 
1. To l e a r n  what i n f o r m a t i o n  a  b i n a r y  phase diagram can y i e l d .  
2. To l e a r n  how t o  c o n s t r u c t  and heat  t r e a t  a  s imple  d i f f u s i o n  

couple.  
3. To l e a r n  how t o  p repare  a  m e t a l l o g r a p h i c  sample. 
4. To l e a r n  how t o  opera te  a  meta l log raph .  
5. To l e a r n  how t o  c o r r e l a t e  phases found i n  t h e  d i f f u s i o n  couple  

w i t h  phases p r e d i c t e d  by t h e  phase diagram. 
6. To l e a r n  how d i f f u s i o n  couples h e l d  a t  v a r i o u s  temperatures c o u l d  

be used t o  c o n s t r u c t  a  phase diagram. 
7. To l e a r n  the  r e l a t i o n  between t h e  th i ckness  o f  an i n t e r m e t a l l i c  

phase l a y e r  and t h e  d i f f u s i o n  t ime. 
8. To l e a r n  t h e  e f f e c t  o f  one spec ies  o f  atoms d i f f u s i n g  f a s t e r  than 

another spec ies  i n  a  d i f f u s i o n  couple.  

EQUIPMENT AND SUPPLIES: 
1. Three copper r o d s  (99.9+% p u r i t y ) ,  about 1.27 cm (0.5 i n c h )  i n  

d iameter  and 4  t o  5 cm i n  leng th .  
About 4009 o f  mossy z i n c  (99+% p u r i t y ) .  
Three Pyrex t e s t  tubes,  about 2.5 cm i n  d iameter  and 20 cm i n  
leng th .  
One s t a i n l e s s  s t e e l  t e s t  tube ho lde r .  
One ceramic c r u c i b l e ,  a t  l e a s t  200 ml c a p a c i t y .  
A p p r o p r i a t e  s a f e t y  equipment such as a  face  s h i e l d ,  h e a t - r e s i s t a n t  
g loves,  and tongs t o  handle t h e  c r u c i b l e  and t e s t  tubes c o n t a i n i n g  
600°C mo l ten  z i n c .  
One fu rnace  capable  o f  m a i n t a i n i n g  600°C and w i t h  a  chamber a t  
l e a s t  21 cm t a l l .  
Standard m e t a l l o g r a p h i c  sample p r e p a r a t i o n  equipment. 
E tchan t  c o n s i s t i n g  o f  20 ml NHqOH, 40 ml water ,  and 5  ml Hz02 
(3%).  

10. i i g h t  m e t a l l o g r a p h  w i t h  a  P o l a r o i d  camera a t tached.  
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PROCEDURE: 
1. Weigh ou t  4009 of mossy z i n c  and p l ace  i t  i n  the  ceramic c ruc ib le . *  
2. P lace t he  c r u c i b l e  i n  a  600°C furnance and h o l d  f o r  about a  h a l f -  

hour u n t i l  a l l  t he  z i n c  i s  molten. 
3. Clean t he  surfaces o f  the  t h ree  copper rods us i ng  120 g r i t  paper. 
4. Center one copper r o d  i n  t he  bot tom o f  each t e s t  tube. 
5. P lace  t he  t e s t  tube  ho lde r  c o n t a i n i n g  t he  t h ree  t e s t  tubes w i t h  

t he  copper rods  i n  t he  same fu rnace  as the  c r u c i b l e  f o r  about 5  
minutes t o  preheat  t he  copper and t o  ensure the  dryness o f  the  
copper and t h e  g lass.  

6 .  C a r e f u l l y  remove bo th  the  c r u c i b l e  and t he  t e s t  tube rack  f rom the  
fu rnace  us i ng  t he  app rop r i a t e  g loves,  face  sh ie l d ,  and tongs. 
Reset t he  furnace t o  400°C. 

7 .  Q u i c k l y  skim as ide  t he  ox i de  r e s i d u e  f l o a t i n g  on t he  mo l ten  z i n c  
and pour t he  z i n c  i n  equal  p r o p o r t i o n s  i n t o  each t e s t  tube  t o  
about 6 cm o f  he igh t ,  comp le te ly  cove r i ng  t he  copper rods  w i t h  
mo l ten  Zn. 

8. Immediately r e t u r n  t he  t e s t  tube rack  c o n t a i n i n g  t he  samples t o  
t he  furnace (now se t  a t  400°C). 

9. A f t e r  h o l d i n g  a t  400°C f o r  1  day, 4  days, and 9 days r e s p e c t i v e l y ,  
remove each sample from the  furnace and quench i n  water.  Be care-  
f u l  as the  g l ass  tube w i l l  c rack  as i t  i s  quenching. 

10. Engrave i d e n t i f y i n g  codes on the  t op  and bot tom p a r t s  o f  each 
d i f f u s i o n  couple.  

1 Using a  c u t o f f  wheel o r  saw, c u t  t r a n s v e r s e l y  each d i f f u s i o n  
couple  i n  h a l f .  

1 2 ,  Prepare m e t a l l o g r a p h i c a l l y  t h e  c u t  su r face  of one o f  t h e  two 
ha lves o f  each d i f f u s i o n  couple, s t a r t i n g  w i t h  1 2 0 - g r i t  paper and 
work ing  p r o g r e s s i v e l y  through a  1-vm abras ive  p o l i s h .  

13. Etch  t he  p o l i s h e d  sur faces us i ng  t he  e tchan t  descr ibed  i n  t he  
p rev ious  sec t i on .  When m i x i n g  and app l y i ng  the  e tchan t ,  use 
g loves  and eye p r o t e c t i o n .  I t  w i l l  take o n l y  a  few seconds o f  
swabbing t h i s  e tchan t  on t he  sample t o  e t c h  i t ,  as seen b y  t h e  
z i n c  p o r t i o n  o f  t he  d i f f u s i o n  couple  t u r n i n g  a  g ray  c o l o r .  

14 .  View each sample under t he  l i g h t  meta l log raph  a t  m a g n i f i c a t i o n s  
va r y i ng  f r om 50x t o  500x. F i n d  reg ions  where t h e r e  a re  no gaps 
between t he  Zn j a c k e t  and the  Cu core.  I d e n t i f y  t he  6, y, and E 
phase l a y e r s  i n  each o f  t he  t h r e e  d i f f u s i o n  couples and take  
P o l a r o i d  photos a t  50x s i m i l a r  t o  those shown i n  F i gu re  1. 

15. I n  o rder  t o  more e a s i l y  measure t he  w i d t h  of the  r e l a t i v e l y  
narrow 6- layer ,  a d d i t i o n a l  photos a t  500x should be taken o f  each 
o f  t he  d i f f u s i o n  couples (see F igu re  2) .  

16. From the  photos,  measure t h e  average w i d t h  o f  B and Y l a y e r s  f o r  
each d i f f u s i o n  couple  as shown i n  Table  1. F i n d  a  s imple mathe- 
m a t i c a l  r e l a t i o n s h i p  between t he  l a y e r  w i d t h  versus t he  d i f f u s i o n  
t ime f o r  bo th  the  6  and Y layers .  

17 .  Observe t he  l o c a t i o n  o f  t he  phase l aye rs  r e l a t i v e  t o  t he  o r i g i n a l  
Cu-Zn i n t e r f ace .  

18. Observe the  l o c a t i o n  o f  ho les o r  vo ids  i n  t he  m i c r o s t r u c t u r e  o f  
t h e  d i f f u s i o n  couples. 

*' Add flux if desired. 



SAMPLE DATA SHEETS: 

TABLE 1. INTERMETALLIC PHASE LAYER WIDTHS 

Time player width (mm) Ratio of P-layer Y-layer width (mm) Ratio of Y-layer 
(days) (from photos at width to width (from photos at width to width 

500x ) at 1 day 50x ) at 1 day 

INSTRUCTOR NOTES: The instructor should provide each student with a 
copy of the Cu-Zn phase diagram. Across the phase diagram at 40O0C, the 
student should draw a horizontal line (as shown in Figure 3) to determine the 
chemical composition (wt. % Zn) of each phase at the various phase interfaces. 
These chemical compositions indicate the solubility limits of Zn in each 
phase. Emphasize that the layers of intermetallic phases seen in the 
diffusion couples should have composition ranges predicted by the phase 
diagram at 400°C and not at room temperature since the water quench locks i n  
the 400°C microstructure. Figure 3 is also useful to explain how diffusion 
couple experiments could be used to construct a phase diagram. Several 
diffusion couples of the same two metals could be held at different 
temperatures for a period of time, quenched, and then analyzed as to the 
chemical composition of the phases at the layer interfaces. After collecting 
the solubility limits of the phases at the different temperatures, the phase 
diagram could be constructed. 

An approximate composition profile of the diffusion couple, as shown i n  
Figure 4, is easy to construct from the information obtained from Figure 3 i f  
one assumes that the chemical composition varies linearly as one moves across 
each single phase region. Together, Figures 3 and 4 are helpful in explaining 
why the chemical composition changes abruptly across each phase interface as 
well as why there are no regions consisting of a mixture of two phases in the 
diffusion couple even though such regions appear to exist in the phase 
diagram. 

Depending upon the student level, the instructor could explain how Fickus 
Second Law of Diffusion predicts that the width of each phase layer varies 
with the square root of the diffusion time when the diffusion temperature is 
held constant. This relationship is easy for the student to deduce when using 
the diffusion times of 1 day, 4 days, and 9 days since the relative thickness 
of a particular layer is found to be approximately in a simple 1:2:3 ratio as 
shown in Table 1. 



The s tuden t  shou ld  be informed t h a t  t h e  Zn atom d i f f u s e s  much f a s t e r  than  
t h e  Cu atom. T h i s  f a c t  can be used t o  e x p l a i n  why t h e  i n t e r m e t a l l i c  phases 
a l l  f o r m  on the  Cu s i d e  o f  t h e  o r i g i n a l  Cu-Zn i n t e r f a c e .  I t  a l s o  can e x p l a i n  
t h e  f o r m a t i o n  o f  v o i d s  i n  t h e  Y and E phases s i n c e  t h e  Zn atoms a re  moving i n  
toward t h e  c e n t e r  o f  t h e  coup le  f a s t e r  than  Cu atoms a re  moving o u t  toward t h e  
Zn j a c k e t .  T h i s  phenomenon i s  c a l l e d  t h e  K i r k e n d a l l  e f f e c t .  

One o f  many a p p l i c a t i o n s  o f  t h e  p r i n c i p l e s  l e a r n e d  f r o m  t h i s  exper iment  
i n v o l v e s  t h e  m a n u f a c t u r i n g  process t o  form w i r e  o f  t h e  superconductor  Nb3Sn 
(see page 604 o f  r e f e r e n c e  1 ) .  I n  t h i s  process,  a  composi te c o n s i s t i n g  o f  
n i o b i u m  ,w i re  imbedded i n  a  copper m a t r i x  i s  p l a t e d  w i t h  t i n .  When heated, t h e  
t i n  d i f f u s e s  th rough  t h e  copper and r e a c t s  w i t h  t h e  n i o b i u m  t o  produce t h e  
Nb3Sn superconductor  i n  t h e  f o r m  o f  w i r e .  

Another a p p l i c a t i o n  o f  d i f f u s i o n  p r i n c i p l e s  i n v o l v e s  t h e  c a r b u r i z i n g  o f  
s t e e l  t o  f o r m  a  hard,  h igh -ca rbon  case around a  s o f t e r ,  low-carbon co re  (see 
pages 386-387 o f  r e f e r e n c e  2 ) .  If t h e  amount o f  carbon p r e s e n t  a t  t h e  s u r f a c e  
o f  t h e  s t e e l  and t h e  c a r b u r i z i n g  temperature  a r e  b o t h  h e l d  cons tan t ,  then t h e  
depth  o f  t h e  r e s u l t i n g  hardened case i s  found  t o  v a r y  as t h e  square r o o t  o f  
t h e  c a r b u r i z i n g  t ime. 

S t i l l  another  a p p l i c a t i o n  i s  t h e  e x p l a n a t i o n  of a  premature  f a i l u r e  o f  
i n t e g r a t e d  c i r c u i t s  c a l l e d  t h e  " p u r p l e  p lague"  (see page 133 o f  r e f e r e n c e  2 ) .  
I t  i s  c a l l e d  t h e  " p u r p l e  p lague"  because o f  t h e  s u r f a c e  d i s c o l o r a t i o n  t h a t  
accompanies t h e  f a i l u r e .  T h i s  f a i l u r e  occurs  a t  t h e  i n t e r f a c e  where g o l d  w i r e  
l eads  a re  welded t o  aluminum t e r m i n a l s  o f  t h e  i n t e g r a t e d  c i r c u i t .  D u r i n g  t h e  
o p e r a t i o n  o f  t h e  i n t e g r a t e d  c i r c u i t ,  t h e  A1 atoms d i f f u s e  f a s t e r  across t h e  
i n t e r f a c e  than  t h e  Au atoms. The r e s u l t i n g  f o r m a t i o n  o f  v o i d s  a t  t h i s  
i n t e r f a c e  due t o  t h e  K i r k e n d a l l  e f f e c t  can e v e n t u a l l y  cause t h e  e l e c t r i c a l  
connec t ion  t o  f a i l .  

REFERENCES: 
1 .  D.R. Askeland, The Science and E n g i n e e r i n g  o f  M a t e r i a l s ,  2nd 

E d i t i o n ,  PWS-Kent P u b l i s h i n g  Co., 1989, pp. 131-133, 385-387, 604. 

2. F,N. Rhines, Phase Diagrams i n  M e t a l l u r g y ,  McGraw-Hi l l  Book Co., 
1956, pp. 107-109. 

SOURCE OF SUPPLIES: 
The mossy z i n c  can be r e a d i l y  o b t a i n e d  f r o m  most any chemical  s u p p l y  

company f o r  l e s s  than $25 f o r  a  1-kg j a r .  To buy t h e  copper r o d ,  c o n t a c t  
your  local  meta l  s u p p l y  house. A  s t a n d a r d  m i l l - s i z e  r o d  12 f e e t  l o n g  and 
11'2-inch d iameter  o f  99.9+% copper shou ld  c o s t  about $50. 



Figure 1. Single-phase layers in the Cu-Zn diffusion couples held at 400° C 
for (a) 1 day, (b) 4 days, (c) 9 days. Mag. 50x. 
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Figure 2.  Growth of the p-layer in the Cu-Zn diffusion couples held at 
40Q0 C for (a) 1 days, (b) 4 days, (c) 9 days. Mag. 500x. 
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Figure 3. Correlation between the Cu-Zn phase diagram showing 
equilibrium phases at 400° C and the single-phase layers 
formed in the Cu-Zn diffusion held at 400° C for 9 days. 
Adapted from page 108 of reference 1. 



Figure 4. Composition profile of the Cu-Zn diffusion 
couple held at 4 0 0 ~ ~  for 9 days. 




