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Copper al loys containing 4 at .  pet of a solute (A1, Au, Ga, Ni, Pd, Rh, and Zn) 
were cold worked and annealed below the r ec rys t a l l i za t i on  t empera tu re  to study 
the effect of different solute species  on the anneal hardening. By measuring the 
flow s t r e s s  at smal l  bending s t ra ins ,  it was found that anneal hardening occurs  
with al l  solutes and that the magnitude inc reases  with the misfi t  of the solute 
a toms.  This indicates that solute segregat ion to dis locat ions  and the resul t ing 
binding force is the p r imary  cause of anneal hardening. 

C O P P E R  al loys a r e  widely used as  spring contact 
ma te r i a l s  because of the i r  conductivity, cor ros ion  r e -  
s i s tance ,  formabi l i ty ,  nonmagnetic behavior ,  and large  
yield s t rength to e las t ic  modulus ra t io .  One of the 
mechanisms employed to improve the mechanical  p rop-  
e r t i e s  of s ingle-phase  copper al loys is anneal harden-  
hag whereby considerable  strengthening is at tained when 
al loys in the cold ro l led  state a re  annealed at 425 to 
575 K. However, the mechanism respons ib le  for  this 
hardening effect is incompletely understood.  ~ The ef-  
fect has been investigated mainly in copper base a l -  
loys z-9 and some observat ions  have been in te rpre ted  as  
indicating that atomic order ing is p r i m a r i l y  r e spons i -  
ble for the hardening effect. 7'8 On the other hand, in 
a recent  detai led investigation of anneal hardening in 
Cu-A1 al loys,  9 it was concluded that solute segregat ion 
to dis locat ions  gives r i s e  to the predominant  hardening 
mechanism.  If this is the case,  dilute al loys should 
a lso  show anneal hardening, and the magnitude should 
be re la ted  to those p roper t i e s  of the solute atoms which 
de termine  the extent and effect iveness of their  s e g r e -  
gation to d is locat ions .  In order  to test  the val idi ty  of 
this  conclusion, the present  study was undertaken in 
which the anneal hardening behavior  of a s e r i e s  of cop- 
per  alloy solid solutions with constant solute content 
was invest igated.  

EXPERIMENTAL PROCEDURE 

Seven binary  copper a l loys ,  each weighing approxi -  
mately 0.2 kg and containing nominally 4 at .  pct of a 
solute (A1, Au, Ga, Ni, Pd, Rh, Zn) were melted in an 
induction furnace and cast  in chilled copper molds.  
Chemical  ana lyses  of the samples  a re  given in Table I. 
The cast  al loys were homogenized at 1123 K for six 
days in an evacuated quartz tube and subsequently cold 
ro l led  with in termediate  anneals at 773 K, from 10 mm 
to approximate ly  0.5 ram; in o rder  to obtain a compa- 
rable  init ial  s ta te  in all  specimens,  a heat t rea tment  of 
723 K for 2 h followed by an i ce -wa te r  quench was 
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given. A final 50 pet reduction through rol l ing was 
then per formed.  

Mechanical  p roper t i e s  were measured  on punched- 
out foil  s t r i p s .  The samples  were tes ted  in four d i f fe r -  
ent conditions: 50 pct cold worked and 50 pct cold 
worked followed by a one h anneal at e i ther  473, 523, 
or 573 K. Five samples  were tes ted  in each of these 
s ta tes .  It has been shown that cold worked Cu-Zn z~ and 
Cu-A1 ~ alloys exhibit p roper ty  changes during s torage 
at room tempera tu re .  These effects have been ignored 
in the presen t  exper iments  since thei r  magnitude can 
be considered negligible in comparison to effects a r i s -  
ing f rom heat t r ea tments  at 473 K and higher.  

The spring bending l imit  GbE was chosen to follow 
the anneal hardening behavior .  This proof s t r e s s  at 
smal l  bending s t ra ins  involves l i t t le  p las t ic  de fo rma-  
tion and is,  therefore ,  pa r t i cu la r ly  suited to study the 
effect of dis locat ion unlocking while the contribution 
of the ini t ial  ra te  of work hardening is smal l .  The {rbE 
was measured  according to the German standard DIN 
50 151: a s t r ip  sample,  10 mm wide and approximate ly  
0.25 mm thick, is loaded under three  point bending; the 
load is increased  in s teps  of equal magnitude, af ter  r e -  
moving the load, the res idua l  deflection is determined;  
GbE is defined as the outer f iber  s t r e s s  causing a r e s i -  
dual deflection which cor responds  to an outer f iber  
s t ra in  under e las t ic  conditions of Eel = 3.75 • 10 -5. Due 
to the in ternal  s t r e s s e s  within the bent foil, this r e s i -  
dual s t ra in  is sma l l e r  than the total  p las t ic  s t ra in  in-  
duced during the tes t .  The t rue  p las t ic  s t ra in  at the 
outer  f iber  has been es t imated  to be about 0.02 pet. 
Thus, the spring bending l imit  is de termined by a 

Table I. Chemical Analyses of Experimental Alloys 

Concentration 

Solute At. Pct Wt gct 

1.73 
11.40 
4.40 
3.48 
6.64 

AJ 3.97 +- 0.0I 
Au 3.99 -+ 0.05 
Ga 4.02 +- 0.05 
Ni 3.75 +- 0.10 
Pd 4.08 -+ 0.02 
Rh * 
Zn 3.70 -+ 0.20 3.80 

"The rhodium content could not be analyzed. The mode of alloy preparation 
should ensure a concentration of (4.0 -+ 0.1) at. pet. 
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p l a s t i c  s t r a i n  va ry ing  f rom 0 in the n e u t r a l  f i be r  to 
a p p r o x i m a t e l y  0.02 pct  in the ou te r  f i b e r .  Consequent ly ,  
a b e  i s  found to be lower  than ao.2 for  i den t i ca l  s a m -  
p les ,  ' '1 '  with the r a t i o  abE/ao.2 depending on the r a t e  
of work  hardening .  In ca lcu la t ing  a b e  , the e l a s t i c  mod-  
ulus is  needed,  and this  i s  d e t e r m i n e d  for  each s a mp le ,  
aga in  under  bending condi t ions .  

In addi t ion  to the mechan i ca l  p r o p e r t y  m e a s u r e m e n t s ,  
some  l imi t ed  s tud ies  were  unde r t aken  using c a l o r i m -  
e t ry ,  l ight m i c r o s c o p y ,  and 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 .  The c a l o r i m e t r y  was c a r r i e d  out on 50 pct  
cold  worked  s a m p l e s  using a d i f f e r e n t i a l  scanning  
c a l o r i m e t e r .  The s a m p l e s ,  weighing a p p r o x i m a t e l y  
100 mg, were  hea ted  at  30 K / m i n  f r o m  298 K to a p -  
p r o x i m a t e l y  773 K, quenched to r o o m  t e m p e r a t u r e  and 
r ehea t ed .  Both l ight  m i c r o s c o p y  and e l e c t r o n  m i c r o s -  
copy s a m p l e s  we re  taken f rom s t r i p  s a m p l e s  a l r e a d y  
t e s t e d  for  t h e i r  bending l i m i t .  

RESULTS 

The va lue s  of the sp r ing  bending l imi t  a f t e r  cold 
working  50 pc t  and anneal ing  for  one h at  d i f f e ren t  t e m -  
p e r a t u r e s  T a a r e  l i s t ed  in Tab le  II .  The v a r i a t i o n  of 
abE with anneal ing  t e m p e r a t u r e  is  shown in F ig .  1. 
Each  da t a  point  i s  the a v e r a g e  of five m e a s u r e m e n t s ,  
with the s t a n d a r d  dev ia t ion  a l so  given in the t ab le .  In 500 
the l a s t  two co lumns  the m a x i m u m  abso lu te  and r e l a -  
t ive  i n c r e a s e  in abE is  l i s ted;  A f f b E  i s  def ined as  the 
d i f f e r ence  be tween the m a x i m u m  value  of GbE o b s e r v e d  

o 
and the in i t i a l  va lue ,  a b e  , in the cold  worked  s t a t e .  A1- /,00 
though a m a x i m u m  in abE us anneal ing  t ime  is not 
r e a c h e d  in the Cu-Au, Cu-Pd ,  and Cu-Rh  s p e c i m e n s ,  
b a s e d  on the r e c r y s t a l l i z a t i o n  t e m p e r a t u r e s  of the d i f -  
f e ren t  a l l oys ,  a m a x i m u m  in abE i s  expec ted  to occur  

,., 300 below 623 K. This  fact ,  combined  with the r e l a t i v e l y  E 
f la t  peaks  of abE vs  anneal ing  t e m p e r a t u r e ,  i nd i ca t e s  
the va lue s  chosen  for  abe  at 573 K a r e  p robab ly  not ~. 
s ign i f i can t ly  d i f f e ren t  f rom the t rue  m a x i m u m  of a b E .  

F o r  c o m p a r i s o n ,  s a m p l e s  quenched f r o m  723 K and 2OO 
annea led  in the unde fo rmed  s t a t e  were  a l so  m e a s u r e d .  
However ,  they were  too soft  to p e r m i t  an exac t  m e a s -  
u r e m e n t  of t h e i r  sp r ing  bending l im i t .  A s l ight  i n -  
c r e a s e  was no t iced  upon annea l ing .  100 

The c a l o r i m e t r i c  t e s t s  ind ica ted  a heat  r e l e a s e  above 
623 K c o r r e s p o n d i n g  to r e c r y s t a l l i z a t i o n .  In addi t ion,  a 
s m a l l  heat  r e l e a s e  at  lower  t e m p e r a t u r e s  was o b s e r v e d  
in mos t  a l l o y s .  Light  m i c r o s c o p y  and t r a n s m i s s i o n  m i -  
c r o s c o p y  were  employed  in o r d e r  to de tec t  the b e g i n -  
ning of r e e r y s t a l l i z a t i o n  in s a m p l e s  annea led  at  573 K. 
Only in the Cu-Ga  a l loy  was any ev idence  of r e e r y s t a l -  

l i za t ion  found by l ight  m i c r o s c o p y .  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  p roved  f r u i t l e s s  in de tec t ing  any e a r l y  
s t a g e s  of r e c r y s t a l l i z a t i o n .  

DISCUSSION 

The hypo thes i s  that  led to the p r e s e n t  e x p e r i m e n t s  
was that  so lu te  s e g r e g a t i o n  to d i s l oc a t i ons ,  ana logous  
to the f o r m a t i o n  of C o t t r e l l  a t m o s p h e r e s  in i n t e r s t i t i a l  
so l id  so lu t ions ,  is  p r i m a r i l y  r e s p o n s i b l e  for  the annea l  
ha rden ing  phenomenon.  If th is  is  the ca se ,  the flow 
s t r e s s  should be d e t e r m i n e d  by the binding of so lu te  
a t o m s  to d i s l o c a t i o n s .  The i n t e r a c t i o n  f r ee  ene rgy  
AG(r)  is  given by the change in Gibbs  f r ee  ene rgy  of a 
so l id  when a so lu te  a tom m i g r a t e s  f r o m  the " u n d i s -  
t o r t e d "  c r y s t a l  to a s i t e  at  the t e r m i n a t i o n  of pos i t ion  
v e c t o r  r in a p lane  p e r p e n d i c u l a r  to the d i s l oca t i on  
l ine .  The m a x i m u m  in t e r ac t i on  is  g iven  by AG(O) = G B ,  

i .  e. by  the binding f r ee  ene rgy  of a so lu te  a tom at  the 
d i s loca t ion  c o r e .  An amount  of work,  p r o p o r t i o n a l  to 
G B ,  is  r e q u i r e d  to unlock the d i s l oca t i on  f rom the s o l -  
ute a tom such that  G B  i s  a m e a s u r e  of the i n c r e a s e  in 
flow s t r e s s  due to so lu te  s e g r e g a t i o n  to d i s l o c a t i o n s .  

The so lu t e s  s tud ied  in the p r e s e n t  e x p e r i m e n t s  were  
chosen  based  on the i r  d i f f e r e n c e s  in a tomic  r ad ius ,  in 
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Fig. 1 - S p r i n g  b e n d i n g  l imit ,  ObE, vs annea l ing  t e m p e r a t u r e ,  Ta, for  
t he  a l loys  inves t iga ted .  

Solute 

Table It, Spring Bending Limit ObE(MN/m2) after Cold Working 50 Pct and Subsequently Annealing for 1 h 

Maximum 
As-Cold Worked T a = 473 K T a = 523 K T a = 573 K 

Maximum Relative 
Standard Standard Standard Standard Increase Increase 

~ E  Deviation at, E Deviation abe Deviation abe Deviation A ObE A ob~/o~' E 

A1 200 11 271 17 309 5 306 15 109 0.55 
Au 259 14 393 20 431 21 436 11 177 0.68 
Ga 220 7 288 12 319 11 298 1 99 0.45 
Ni 195 11 216 19 213 23 187 42 21 0.11 
Pd 232 27 277 17 307 16 329 9 97 0.42 
Rh 241 21 258 16 306 11 323 10 82 0.34 
Zn 196 5 252 5 274 6 224 34 78 0.40 
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e l a s t i c  modul i  and in va lence  e l e c t r o n  concen t ra t ion  
be cause  these  a r e  expec ted  to y ie ld  the main  c o n t r i b u -  
t ions  to GB. Since,  

GB = HB -- TSB [1] 

where  H B and S B a r e  the binding en tha lpy  and binding 
en t ropy ,  r e s p e c t i v e l y ,  a comple t e  and exac t  t r e a t m e n t  
would r e q u i r e  a n a l y s i s  of a l l  con t r ibu t ions  to both H B 
and SB.  However ,  a r ev iew of the sub jec t  ~2 shows that  
only the m a j o r  con t r ibu t ions  to H B a r e  t r a c t a b l e  with 
r e a s o n a b l e  a c c u r a c y  and that  the magni tude  of SB is  
c o m p a r a t i v e l y  s m a l l .  In the p r e s e n t  context  we have 
c o n s i d e r e d  the fol lowing t h r e e  m a j o r  con t r ibu t ions  to 
the binding enthalpy HB; e l a s t i c  i n t e r a c t i o n  due to the 
s i ze  mi s f i t  of the solute  a toms ,  H~;  e l a s t i c  i n t e r ac t i on  
due to the modulus  effect  of the so lu te  a toms ,  H ~ ;  
e l e c t r i c a l  i n t e r a c t i o n  of the e l e c t r i c a l  f ie ld  of the d i s -  
loca t ion  with the net  e f fec t ive  cha rge  of so lu te  a toms ,  
H~. 

F o r  edge d i s l o c a t i o n s ,  the e l a s t i c  i n t e r a c t i o n  is  g iven 
by:  

H~ : - 4~ro  ~ Ka [2] 

where  ~ = s h e a r  modulus ,  r o = solvent  r ad iu s ,  r e f f  
= e f fec t ive  so lu te  r ad ius ,  and K a = ( r e f f  - ro ) / ro .  U s -  
ing the s h e a r  modulus  da ta  of Hopkin et al ~3 and the ef -  
fec t ive  solute  r a d i i  f r om King, ~4 the va lue s  for  H~ 
(edge) were  ca l cu l a t ed .  A plot  of ~XCrbE vs H~ i s  p r e -  
sen ted  in F ig .  2. The da ta  show that  to a good a p p r o x i -  
mat ion  the change in flow s t r e s s  i s  p r o p o r t i o n a l  to the 
s i ze  mis f i t  con t r ibu t ion  to H B.  

In t e r m s  of the r e l a t i o n s  compi l ed  by F i o r e  and 
Bauer ,  12 we have a l so  computed  Hff for  edge and s c r e w  
d i s l o c a t i o n s .  However ,  the abso lu te  magni tude  of th is  
con t r ibu t ion  i s  about  one o r d e r  of magni tude  s m a l l e r  
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Fig. 2-Maximum increase of the spring bending limit, AGbE, vs 
binding enthalpy due to size misfit, H~. 

than that  of H ~ .  In view of the e x p e r i m e n t a l  e r r o r  in 
d e t e r m i n i n g  abe and the u n c e r t a i n t i e s  in the c a l c u l a -  
t ion of H ~ ,  the r e su l t i ng  s l ight  i m p r o v e m e n t  of the l i n -  
e a r  r e l a t i o n  be tween  A(YbE and HB was not c o n s i d e r e d  
s ign i f i can t .  

The e l e c t r o s t a t i c  con t r ibu t ion  H~ cannot be a s s e s s e d  
in a s i m p l e  manner  b e c a u s e  it is  p r o p o r t i o n a l  to the 
ef fec t ive  cha rge  d i f f e rence  be tween  the so lu te  and s o l -  
vent  a t o m s  in the v ic in i ty  of a d i s l oc a t i on .  M o r e o v e r ,  
the e l e c t r i c a l  and s ize  mis f i t  i n t e r a c t i o n s  may a t t r a c t  
a solute  a tom to d i f fe ren t  pos i t ions  ( c o m p r e s s i o n  or  
t ens ion  s ide)  a round  an edge d i s loca t i on .  The e s t i m a t e d  
magni tude  of the con t r ibu t ion  is  once aga in  s m a l l  c o m -  
p a r e d  to the s ize  mis f i t  t e r m .  None the l e s s ,  i t  i s  i n t e r -  
e s t ing  to note that  the s ign of the cha rge  d i f fe rence ,  Aq, 
of a so lu te  with r e s p e c t  to copper ,  given by i t s  r e l a t i v e  
pos i t ion  in the p e r i o d i c  s y s t e m  (Rh: -2;  Ni,  Pd:  -1 ;  Au: 
0; Zn:  1; A1, Ga:  2) is  in g e n e r a l  r e l a t e d  to the s ign of 
the dev ia t ion  of the da ta  po in ts  f r o m  a s t r a igh t  l ine in 
F ig .  2. 

F r o m  these  c o n s i d e r a t i o n s  it may  be concluded that  
the  unlocking s t r e s s ,  m e a s u r e d  as  s , which  i s  
caused  by so lu te  s e g r e g a t i o n  to d i s l o c a t i o n s  i s  the o r i -  
gin of annea l  ha rden ing .  The  unlocking s t r e s s  was 
found to be d e t e r m i n e d  by the binding entha lpy  HB at  
t e m p e r a t u r e s  where  so lu te  d i f fus ion i s  neg l i g ib l e .  The  
dominan t  con t r ibu t ion  to HB is  due to the so lu te  s ize  
mis f i t  in the hos t  l a t t i c e .  O r d e r i n g  e f fec t s  do not a p -  
p e a r  to be a m a j o r  con t r ibu t ion  s ince  th is  s tudy has  
shown that  annea l  hardening  o c c u r s  at  the 4 a t .  pct  
so lu te  leve l  where  o r d e r i n g  e f fec t s  a r e  absen t  or  n e g -  
l ig ib ly  s m a l l .  Since the p r e s e n t  r e s u l t s  a r e  b a s e d  on 
a l l o y s  of cons tan t  solute  content  and d e g r e e  of d e f o r -  
mat ion,  AabE could be r e l a t e d  d i r e c t l y  to HB.  In a l l oys  
of d i f fe ren t  so lu te  concen t ra t ion  and de fo rma t ion ,  the 
magni tude  of annea l  ha rden ing  would have to be c o r -  
r e c t e d  acco rd ing ly ,  as  sugges t ed  in an e a r l i e r  p a p e r .  9 

A p a r t  f r o m  the i n c r e a s e  in tYbE caused  by annea l  
hardening ,  t h e r e  is  a l so  an i n c r e a s e  in ~ro.2, but it  is  
s m a l l e r  by about an o r d e r  of magni tude .  4'~'11 Cons id -  
e r i n g  that  abE r e p r e s e n t s  a p roof  s t r e s s  of the o r d e r  
of ao.o2 in the ou te r  f i be r  only (and a s t i l l  lower  a v e r -  
age p roof  s t r a i n  for  the t o t a l  c r o s s - s e c t i o n ) ,  i t  is  ob-  
v ious  that  th is  s t r e s s  i s  a s s o c i a t e d  with the p r o c e s s e s  
d e t e r m i n i n g  the onse t  of flow to a much l a r g e r  d e g r e e  
than ~o.2 which is  the s t r e s s  r e q u i r e d  a f t e r  0.2 pc t  t e n -  
s i l e  p l a s t i c  s t r a i n  has  o c c u r r e d  in the en t i r e  s p e c i m e n  
vo lume .  T h e r e f o r e ,  tYbE wil l  be domina ted  by the un-  
locking s t r e s s  w h e r e a s  a t e n s i l e  p roof  s t r e s s  such as  
fro.2 and those  m e a s u r e d  at  s t i l l  h igher  p roof  s t r a i n s  
wi l l  r e p r e s e n t ,  i n c r e a s i n g l y ,  the i n t e r a c t i o n s  of un-  
locked  and newly f o r m e d  d i s l o c a t i o n s  with the d i s l o c a -  
t ion fo re s t ,  i . e .  the in i t i a l  r a t e  of work  ha rden ing .  
T h e r e f o r e ,  GbE is  a v e r y  su i tab le  m e a s u r e  of the e f -  
fect  of annea l  ha rden ing .  Th i s  conc lus ion  was  c o r -  
r o b o r a t e d  while  th i s  p a p e r  was under  r ev iew th rough  
an inves t iga t ion  of the annea l  hardening  of n i cke l  a l -  
loys  by both abe and t e n s i l e  m e a s u r e m e n t s .  T h e s e  
showed that  p roof  s t r e s s  va lues  such as  %.o~ and ao.o2 
a r e  indeed i n c r e a s e d  by annea l  hardening  much m o r e  
t h a n  {70.2 or  even Cro.5 and tr~.o. 20 

An upper  and lower  y ie ld  point ,  the c l a s s i c a l  i nd i ca -  
t ion of d i s l oca t i on  locking,  has  not been  o b s e r v e d  in 
annea l  ha rdened  s p e c i m e n s  so  f a r .  Th is  a b sence  of a 
y ie ld  drop  i s  not s u r p r i s i n g  s ince  the in i t i a l  cold  
worked  s ta te  of the s a m p l e  and the concen t r a t i on  g r a -  
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dien t s  e s t a b l i s h e d  by the anneal ing  t r e a t m e n t  r e s u l t  in 
a b r o a d  s p e c t r u m  of i n t e r n a l  s t r e s s e s  such  that  the 
loca l  y ie ld  s t r e s s e s  v a r y  a c c o r d i n g l y .  M o r e o v e r ,  the 
f o r m a t i o n  of highly l oca l i zed  s l ip  bands  and c o r r e -  
sponding l a rge  d i s p l a c e m e n t s  should be s u p p r e s s e d  by 
the p r e e x i s t i n g  dense  d i s loca t ion  s t r u c t u r e .  

F u r t h e r  ev idence  for  the ef fec t  of so lu te  s e g r e g a t i o n  
on the d e f o r m a t i o n  behav io r  of Cu base  so l id  so lu t ions  
is  p rov ided  by s t r e s s  r e l a x a t i o n  1~ and c r e e p  ~6 da ta .  A 
number  of e x p e r i m e n t a l  and c o m m e r c i a l  cold  worked  
copper  a l loys  were  t e s t ed  for  t h e i r  s t r e s s  r e l a x a t i o n  
behav io r  in the a s - c o l d  worked  and in cold  worked plus 
annea led  cond i t ions .  It was o b s e r v e d  that  the amount  of 
s t r e s s  r e l a x a t i o n  was r e d u c e d  c o n s i d e r a b l y  in the an -  
nea led  condit ion;  the r educ t ion  i s  r e l a t e d  to the s p e c i e s  
and concen t ra t ion  of the a l loy ing  e l e m e n t s .  The s t eady  
s t a t e  c r e e p  r a t e  in Cu so l id  so lu t ions  can be d e s c r i b e d  
by :~6 

~s,T : A ( ~ -  no) n [3] 

with a common  s t r e s s  exponent  n ~- 4 if a f r i c t i on  
s t r e s s  % is  in t roduced  which depends  on the solute  
s p e c i e s  and which can be c o r r e l a t e d  with the d i s l o c a -  
t i o n / s o l u t e  i n t e r a c t i o n .  It should be noted,  however ,  
that  t h e r m a l l y  ac t i va t ed  p r o c e s s e s  d e t e r m i n e  these  
t ime  dependent  d e f o r m a t i o n  e f fec t s  such that  they do 
not  depend o n  H B by a s imp le ,  l i nea r  r e l a t i o n s h i p .  

F ina l ly ,  some  p r o p e r t y  changes  o ther  than harden ing  
r e s p o n s e  dur ing  anneal ing  may  be c o n s i d e r e d  in s u p -  
po r t  of solute  s e g r e g a t i o n  to d i s l o c a t i o n s .  In the p r e -  
v ious  inves t iga t ion  of annea l  hardening  of a Cu-A1 a l -  
loy,  9 i t  was shown that  the m a j o r  d e c r e a s e  in e l e c t r i c a l  
r e s i s t i v i t y  dur ing  anneal ing  cannot be accounted  for  by 
sho r t  r ange  o r d e r i n g .  I t  was concluded that  s e g r e g a -  
t ion to d i s loca t i ons  is  the only cons i s t en t  i n t e r p r e t a t i o n  
for  the m a j o r  por t ion  of the  change in r e s i s t i v i t y .  A 
s i m i l a r  conc lus ion  was d rawn by Kl imanek  ~7 r e g a r d i n g  
ana logous  inves t iga t ions  of ~ - C u - Z n  a l l o y s .  In both 
s y s t e m s  the s e g r e g a t i o n  effect  was found to be p r e d o m -  
inant  while add i t iona l  o r d e r i n g  a s  a s e c o n d a r y  c o n t r i -  
but ion could not be exc luded .  S i m i l a r l y ,  the e x o t h e r m i c  
hea t  effect  of d e f o r m e d  s p e c i m e n s  of Cu-A1 upon hea t -  
hag ~ was found to be c o n s i d e r a b l y  h igher  than the effect  
expec ted  f r o m  s h o r t  r ange  o r d e r i n g .  9 M o r e o v e r ,  exo -  
t h e r m i c  heat  e f fec ts  were  found even in 4 and 6 a t .  pct  
A1 s p e c i m e n s  which should not show any s ign i f ican t  
o r d e r i n g .  The  l imi t ed  c a l o r i m e t r i c  m e a s u r e m e n t s  on 
the p r e s e n t  a l l oys  a r e  cons i s t en t  with those  f indings .  
A l l  so lu tes ,  with the p o s s i b l e  except ion  of Ni,  gave r i s e  
to a heat  evolut ion  below the r e c r y s t a l l i z a t i o n  peak  a t -  
t r i bu t ab l e  to the s e g r e g a t i o n  ef fec t .  The  ef fec ts  were  
r a t h e r  b r o a d  and weak and d id  not a l low for  quan t i t a -  
t ive  eva lua t i ons .  L a t t i c e  p a r a m e t e r  changes  of cold  
worked  ~ - C u - Z n  dur ing  anneal ing  18 have a l so  led to 
the conclus ion  that  solute  c l u s t e r i ng  at  d i s l oca t i ons  
should be one of the m a j o r  c a u s e s  of the o b s e r v e d  
changes .  

The annea l  ha rden ing  effect  is  we l l  known for  Cu-  
b a s e  so l id  so lu t ion  a l l o y s .  Th is  is  due to the fact  that  
t he se  a l l o y s  a r e  widely  used  as  sp r ing  contac t  m a t e -  
r i a l s  where  s t r e n g t h  in the e l a s t i c / p l a s t i c  l imi t  is  of 
p r i m a r y  s ign i f i cance  and has ,  t h e r e f o r e ,  been i n v e s -  
t i ga ted  in t ens ive ly .  Annea l  ha rden ing  has  a l so  been  

found in the A1-Cr  s y s t e m  19 where  a s i ze  mis f i t  of 
about 5 pet  e x i s t s ,  s i m i l a r  to the magni tude  of the m i s -  
fi t  in the Cu-Rh s y s t e m .  

CONCLUSIONS 

1) The annea l  hardening  effect  of a n u m b e r  of Cu a l -  
loys  at  the 4 a t .  pct  solute  l eve l  is  found to be p r o p o r -  
t iona l  to the binding enthalpy of mis f i t t ing  so lu te  a t o m s  
to d i s l o c a t i o n s .  

2) It is  concluded that  so lu te  s e g r e g a t i o n  to d i s l o c a -  
t ions  and the ensuing unlocking s t r e s s  is  the p r i m a r y  
cause  of the mmea l  hardening  ef fec t .  

3) The con t r ibu t ion  of annea l  ha rden ing  to the flow 
s t r e s s  a p p e a r s  to  d e c r e a s e  r a p i d l y  with i n c r e a s i n g  
p l a s t i c  s t r a i n .  

4) O r d e r i n g  e f fec t s  a r e  not a p r i m a r y  cause  of a n -  
nea l  hardening  but  may  cont r ibu te  to i t .  

5) Annea l  ha rden ing  may  be c o n s i d e r e d  as  a genuine 
harden ing  m e c h a n i s m  in ana logy  to o ther  b a s i c  h a r d e n -  
hag m e c h a n i s m s  such as  work,  g r a i n  s i ze ,  so l id  so lu -  
t ion,  or  d i s p e r s i o n  harden ing .  
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