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Abstract  

Age-ha rden ing  cha rac te r i s t i c s  and  assoc ia ted  phase  t r ans fo rma t ions  were  s tudied  by 
electr ical  resist ivity,  h a r d n e s s  tests ,  X-ray and  e lec t ron  diffraction, t r ansmiss ion  e lec t ron  
mic roscopy  and  s c a n n i n g  e lec t ron  mic roscopy  obse rva t ions  in an  AuCu-14a t .%Ag pseu-  
dob inary  alloy. The  cr i t ical  t e m p e r a t u r e  of o rder ing  was de t e rmined  to be  650  K and  
the  sp inoda l  t e m p e r a t u r e  was  es t imated  to be 640  K. Age h a r d e n i n g  at 623  K was 
a t t r ibu ted  to nuc lea t ion  and  g rowth  p r o c e s s e s  of the  AuCu II' me tas t ab le  o rde red  phase  
even  t h o u g h  the  ag ing  t e m p e r a t u r e  was  jus t  be low the  sp inodal  t empera tu re .  Whi le  
h a r d e n i n g  in the  lower  t e m p e r a t u r e  r ange  took  place  at  two s tages,  the  fo rmer  was due 
to sp inoda l  decompos i t i on  and  the  la t ter  was  b r o u g h t  abou t  by  order ing  of  AuCu I'  a n d /  
or AuCu II' m e t a s t a b l e  p h a s e s  depend ing  on aging  t empera tu re .  Overaging was  induced  
by gra in  b o u n d a r y  p rec ip i t a t ion  of AuCu I a n d / o r  AuCu II o rde red  and  si lver-r ich a2 
s tab le  phases .  

1. Introduct ion  

In recent years phase transformation in commercial dental gold alloys 
has been studied considerably to elucidate the age-hardening mechanism 
[ 1-6  ]. However, explication of the mechanisms of age hardening in commercial 
dental gold alloys is very difficult, because the alloys have an extremely 
complex combination of constituents, frequently containing five or more 
constituents. Therefore, it is necessary to study age-hardening characteristics 
and the associated phase transformation in Au-Cu-Ag ternary alloys, since 
commercial dental gold alloys are composed of gold, copper and silver as 
essential constituents. 

It has been known that the Au-Cu-Ag ternary system exhibits three 
distinguishable phase changes in certain composition regions, i .e. ordering 
based on AuCu or CuaAu, precipitation induced by a nucleation and growth 
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Fig. 1. Isothermal section of a plausible phase diagram of the Au-Cu-Ag ternary system at 
573 K. 
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mechanism and spinodal decomposition. It is also well known that these 
phase changes bring about a significant age hardening in the alloys depending 
on their composition, especially on the atomic ratio of gold and copper, 
with appropriate heat treatment. 

Figure 1 shows an isothermal section at 573 K of the plausible Au-Cu-Ag 
ternary phase diagram which was constructed by superimposing the theoretical 
phase diagram calculated using the cluster variation method by Yamauchi 
e t  a l .  [7] on experimental data [8-14]. In the phase diagram, the dots show 
the composition of the experimental alloys which were examined mainly 
using transmission electron microscopy (TEM) and selected area electron 
diffraction (SAED) as well as X-ray diffraction (XRD) techniques. The double 
circle exhibits the composition of the alloy used in the present study. The 
full lines correspond to the miscibility gap of two-phase decomposition and 
the three-phase triangles. The spinodal locus of 02G/OC 2 = 0 (G, free energy; 
C, composition of solute) is supposed to be located at the position shown 
as a broken line. The shaded area indicates the composition region corre- 
sponding to commercial dental gold alloys; therefore, it is thought that the 
present alloy is one of a representative composition of commercial dental 
gold alloys. 

Thus, the present study is carried out to elucidate the age hardening 
mechanism and characteristics in the AuCu-14at.% Ag alloy as a representative 
composition for commercial dental gold alloys. 

2. Exper imenta l  detai ls  

The alloying constituents used in the present study had a purity of better 
than 99.99%. An alloy of composition Au-43at.%Cu-14at.% Ag was prepared 
by melting in a high frequency induction furnace. Test pieces for hardness 
measurements and scanning electron microscopy (SEM) examination were 
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cold rolled to sheets .  Foils of  0.1 m m  th ickness  were  used  for  electr ical  
resist ivi ty m e a s u r e m e n t s  and TEM observa t ions .  Discs  of  3 m m  d i ame te r  
were  punched  out  f rom the shee t  for TEM study.  All tes t  p i eces  were  well 
annea led  at  973 K for  1.8 ks to obtain a s ing le-phase  solid solut ion and 
then  quenched  into i ce -b r ine .  

Electrical  resis t ivi ty was  m e a s u r e d  by a po t en t iome t r i c  m e t h o d  on a 
quenched  thin foil s pec i m en  during con t inuous  hea t ing  and cool ing at a 
cons tan t  ra te  of 1 , 7 ×  10 -3 K s ~ f rom r o o m  t e m p e r a t u r e  to the solut ion 
t r e a t m e n t  t empera tu re .  Tes t  p ieces  for ha rdnes s  m e a s u r e m e n t  were  iso- 
thermal ly  aged  at 393,  473, 573,  623 and 673 K for  va r ious  pe r iods  a f te r  
solut ion t r ea tment .  SEM obse rva t ions  were  m a d e  on s p e c i m e n s  which  were  
e tched  in an aqueous  solut ion of  10% p o t a s s i u m  cyanide  and  10% a m m o n i u m  
pe r su lpha t e  af ter  pol ishing by s tandard  meta l lograph ic  techniques .  The  discs  
which  were  aged at different t e m p e r a t u r e s  for  va r ious  pe r iods  of  t ime to 
p roduce  p h a s e  t r ans fo rma t ions  were  e lec t ro th inned  to t r a n s p a r e n c y  by a 
double- je t  t echn ique  in a solut ion of  35 g c h r o m i u m  tr ioxide in 200 ml 
acet ic  acid and  10 ml distilled water .  A 200 kV e lec t ron  m i c r o s c o p e  equ ipped  
with a spec imen- t i l t ing  device was  employed .  The XRD s tudy  was  car r ied  
on the p o w d e r  aged s p e c i m e n s  with nickel-f i l tered Cu K a  radiat ion.  

3.  R e s u l t s  

3.1. Electr ical  res is t iv i ty  
An an iso thermal  hea t ing  and  cool ing excurs ion  on a so lu t ion- t rea ted  and  

quenched  spec i m en  was  carr ied  out  to identify t e m p e r a t u r e  reg ions  having  
significant changes .  In Fig. 2, curve  a shows resis t ivi ty changes  r e p r e s e n t e d  
by  the rat io  of  the resis t ivi ty at  a given t e m p e r a t u r e  and  tha t  at  the  solut ion 
t r e a t m e n t  t e m p e r a t u r e  (973 K). Curve b is the a s soc ia t ed  t e m p e r a t u r e  der ivat ive  
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Fig, 2. Changes in electrical resistivity during continuous heating at a constant rate of 1.7 × 10-3 
K s-J  (curve a) and its temperature derivative (curve b) plotted against temperature. 
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curve, dp/dT, of curve a. Here, p and Tare  electrical resistivity and temperature 
respectively. The heating curve of resistivity as shown in Fig. 2 yields three 
significant inflection points (curve a). These inflection points suggest phase 
transformation at 790 K, 650 K and 593 K in the alloy present. In curve 
b, two sharp double peaks at 580 K and 640 K and an appreciable peak at 
around 780 K show up. The double and neighbouring peaks are thought to 
be characteristics of order-disorder  phase transformation and a two-phase 
decomposit ion respectively. 

As seen in Fig. 2, these resistivity changes can be attributed to AuCu 
I (598 K), AuCu II (650 K) ordering and a two-phase decomposition (790 
K) of the alloy investigated. 

3.2. Age-hardening characteristics 
Figure 3 shows changes in hardness during isothermal aging at various 

temperatures.  It is obvious that predominant  age hardening occurs below 
623 K which is lower than the critical temperature T¢ = 650 K for ordering. 
In the range 623-673  K the hardening curve exhibits an S shape which 
implies the occurrence of nucleation and growth processes by aging. On the 
contrary, the hardening curves caused by aging below 573 K represent  a 
two-stage hardening after exhibiting a rapid increase in hardness at an early 
stage of aging. Thus, it is assumed that two different phase transformation 
processes occur  in aging, associated with hardening at a temperature between 
623 K and 573 K. A marked decrease in hardness, however, is found after 
a lengthy aging period by heterogeneous processes at the grain boundaries 
as will be shown later. 

3.3. X-ray diffraction study 
An XRD study was carried out to elucidate the sequence of phase changes 

associated with age hardening. Figure 4 represents changes in diffraction 
profiles of the 331 and 420 fundamental diffraction reflections during aging 
at 673 K for various periods. The solution-treated (ST) specimen, designated 
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Fig. 3. Changes in hardness of the alloy during isothermal aging. 
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Fig. 4. Changes in X-ray diffraction profiles of the 331 and 420 fundamental  reflections during 
aging at 673 K for various periods. 
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Fig. 5. Changes  in X-ray diffraction profiles of superlattiee reflections and fundamental  reflections 
during aging at 623 K for various periods. 

av, g ives  an f.c.c, diffract ion pa t t e rn  with a lat t ice p a r a m e t e r  a = 0 . 3 9 0 7  nm.  
Two  se t s  of  diffract ion peaks  of  the 331 and 420 reflections,  des igna ted  as  
a~ and  a2 phases ,  show up  in diffraction profi les  dur ing  aging.  Super la t t ice  
ref lec t ions  and  the  s ide-bands  were  not  obse rved  at  pos i t ions  e x p e c t e d  in 
the  XRD pa t te rn .  The  lat t ice p a r a m e t e r s  of  the  a~ and  a2 p h a s e s  were  
a(al) = 0 .3897  n m  and a(a2)= 0 .4056  nm respect ively .  Thus,  it is sugges t ed  
tha t  a t w o - p h a s e  d e c o m p o s i t i o n  takes  place  during aging at  673 K. 

F igure  5 shows  c h a n g e s  in the 111 and 200 fundamen ta l  and the  001 
and  1 l 0  super la t t i ce  ref lect ions  dur ing aging at 623 K for  va r ious  per iods .  
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Superlattices formed in this temperature range are identified as metastable 
AuCu II' and stable AuCu II with orthorhombic long-period superstructures. 
The Miller indices used here for AuCu II' and AuCu II ordered phases are 
expressed as domain size M = 5  according to Johansson and Linde [15]. 
Although the two-phase decomposit ion takes place at a relatively early stage 
of aging, the metastable AuCu II' ordered phase disappears with lengthy 
aging. Finally, a stable AuCu II ordered phase is observed together with 
stable el and ex 2 phases. No shifts in peaks are found in the diffraction 
profiles for all phases generated by aging at 623 K. 

Different changes in X-ray diffraction profiles show up after aging at 
573 K, as seen in Fig. 6. Shifts in superlattice reflections are visible in 
diffraction profiles of metastable AuCu I' with f.c.t, structure and AuCu II' 
with long-period-ordered phases. This will be caused by variations in the 
composition of AuCu I' and/or  in the antiphase domain size of  AuCu II' 
phases during aging at 573 K. Furthermore,  this provides evidence for the 
homogeneous  process of phase changes in this temperature range. In Fig. 
6, a heterogeneous process is also revealed in the later stage of aging. This 
is a sign that metastable AuCu I' and AuCu II' ordered phases coexist with 
stable AuCu I and AuCu II as well as with the a2 phase after aging at 573 
K for 6 Ms. 

The metastable AuCu I' phase was only found as an ordered phase 
together  with ao phase after aging at 523 K for 300 ks. However, one must 
assume that the a0 phase will change into a~ and ~2 phases by further aging 
even if in this temperature  range. 
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Fig. 6. Changes in X-ray diffraction profiles ofsuperlattice reflections and fundamental reflections 
during aging at 573 K for various periods. 
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3.4. Transmiss ion  electron microscopy  and  selected area  electron 
di f fract ion e x a m i n a t i o n s  

Figures  7(a) and 7(b) r e p r e s e n t  the  dark  field images  p r o d u c e d  by  using 
the  200, ,  and  2 2 0 ~  ref lec t ions  respec t ive ly ,  t aken  f rom a s p e c i m e n  aged  at 
673  K for  180 ks. An SAED pa t t e rn  c o r r e s p o n d i n g  to the centra l  a rea  of  
Figs. 7(a) and  7(b) is shown  in Fig. 7(c). The  SAED pa t t e rn  shows  the 
coex i s t ence  of  the  ae '  p h a s e  and  d i so rde red  solid solut ion of  the ao phase ,  
bo th  f.c.c, in s t ruc ture .  No super la t t i ce  ref lect ions are  o b s e r v e d  in the SAED 
pat te rn .  F r o m  dark  field images ,  it is obv ious  tha t  the a2' phase  is fo rmed  
on the  {100} p lanes  of  the  ma t r ix  o~ phase  as  a plate-l ike prec ip i ta te  by a 
nuc lea t ion  and growth  m e c h a n i s m .  This  is b e c a u s e  not  only the  charac ter i s t ic  
satel l i te or  s ide-bands  in SAED pa t t e rn s  but  also the  m o d u l a t e d  s t ruc ture  
in TEM images  were  not  o b s e r v e d  at an ear ly  s tage  of  aging.  

F igure  8 shows  TEM m i c r o g r a p h s  and  SAED pa t t e rn  t aken  f rom a 
s p e c i m e n  aged  at  623  K for  100 ks. The  SAED pa t t e rn  shown  in Fig. 8(d) 
indica tes  the  fo rma t ion  of  a m e t a s t a b l e  AuCu I '  and AuCu II '  o rde red  p h a s e s  
which  are  a r r anged  with their  c axes  as th ree  or ienta t ional  var ian ts  X, Y 
and  Z; for  example ,  the Z varianL m e a n s  its c axis  is paral lel  to the Z 
direct ion,  i.e. the incident  e l ec t ron  beam.  This  conf igura t ion  is obse rved  

Fig. 7. TEM images and an SAED pattern taken for the specimen aged at 673 K for 180 ks; 
(a) the dark field image formed by using the 220a~ spot; (b) the dark field image formed by 
using the 220~z spot; (c) SAED pattern corresponding to (a) and (b). 
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Fig. 8. TEM images and an SAED pattern taken for the specimen aged at 623 K for 100 ks: 
(a) the dark field image formed by using the 110 superlattice spot; (b) the dark field image 
formed by using the 001x superlattice spot; (c) the dark field image formed by using the 001y 
superlattice spot; (d) SAED pattern taken from the central area of the images. 

c lear ly  in the  da rk  field images  shown in Figs. 8(a) ,  8(b)  and  8(c) .  It  is a lso 
c lea r  tha t  the  o rde r ed  p h a s e s  cons is t  o f  thin p la te le ts  and  block- l ike  regions.  
The  AuCu I '  o r de r ed  phase  d i s a p p e a r e d  in fur ther  aging.  It was  t he re fo re  
not  a m e t a s t a b l e  o rde red  p h a s e  in this  t e m p e r a t u r e  range.  

As a resul t  of  lengthy aging at  623 K, the me ta s t ab l e  AuCu II '  o rde red  
p h a s e  inc reased  in size. Figure  9 exhibi ts  TEM m i c r o g r a p h s  and  an SAED 
pa t t e rn  t aken  f r o m  a s p e c i m e n  aged  at  623 K fo r  1 Ms. In the  SAED pa t t e rn  
it is obv ious  tha t  a me ta s t ab le  AuCu II '  o rde red  p h a s e  with th ree  or ienta t ional  
va r i an t s  o f  its c-axis  is fo rmed.  Reflect ions f rom the m e t a s t a b l e  a2'  p h a s e  
are  a lso  dis t inguishable .  Because  dark  field images  a re  p r o d u c e d  f rom the 
s a m e  area ,  it is poss ib le  to dis t inguish these  p h a s e s  in the  m i c r o s t r u c t u r e  
f rom each  other.  As seen  in Figs. 9(a)  and  9(b),  block-l ike d i so rde red  a2' 
fills the s p a c e  be tween  AuCu II '  o rde r ed  p h a s e  regions .  In addit ion,  thin 
p la te le ts  o f  AuCu II '  a re  found inside the  block- l ike  a2 ' .  Thus  it is pos tu la t ed  
tha t  the  block- l ike  a2' phase  m a y  be cove red  by  the  thin p la te le t s  o f  the  
AuCu II '  o rde r ed  p h a s e  (Fig. 9(c)) .  This  m ic ro s t rnc tu r e  and  a tomic  config- 
u ra t ion  were  ana lysed  by  high reso lu t ion  e lec t ron  mic roscopy ,  and  the  resul ts  
will be  pub l i shed  e l sewhere  [16]. 



277 

Fig. 9. TEM images and an SAED pattern taken for the specimen aged at 623 K for 1 Ms: 
(a) the dark field image formed by using the 220~, spot; (b) the dark field image formed by 
using the 220(AuCu II'x,v) fundamental  spot; (c) the dark field image formed by using the 
110(AuCu II'z) superlatt ice spot; (d) SAED pattern taken from the central  area of the images. 

Figure 10 shows TEM micrographs and an SAED pattern produced from 
a specimen aged at 573 K for 18 ks. The SAED pattern reveals the formation 
of the AuCu I' and AuCu II' ordered phases. Dark field TEM images (Figs. 
10(a), 10(b) and 10(c)) suggest that these ordered phases are formed as 
platelets on ~100} planes. Although the diffraction spots arising from the a2' 
phase are indistinguishable in the SAED pattern, it can be deduced that the 
200, 020, 220 and equivalent fundamental spots for the ordered phases 
coincide almost with the equivalent spots from the a~' phase. As a result 
of further aging at 573 K, the diffraction spots from the a2' phase became 
visible in SAED patterns. 

3.5. Scanning electron microscopy observations 
To clarify changes in microstructure corresponding to phase transfor- 

mations, especially in a grain interior and at the grain boundary, SEM 
observations were made on specimens aged at 673, 623 and 573 K for 
various periods. For specimens aged at 673 K, a characteristic plate-like 
precipitate was observed in the interior of the grain after prolonged aging. 
A lamellar structure was also found primarily along grain boundaries, which 
later extruded into the interior of the grain. 
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Fig. 10. TEM images and an SAED pattern taken for the specimen aged at 573 K for 1.8 ks: 
(a) the dark field image formed by using the 110 superlattice spot; (b), (c) dark field images 
formed by using the 001 x and 001y supperlattice spots respectively; (d) SAED pattern taken 
from the central area of the images. 

The  SEM m i c r o g r a p h s  of  Fig. 1 1 d e m o n s t r a t e  a g rowth  of  the  lamel lae  
by c o n s u m p t i o n  of  the  in ter ior  of  the grain caused  by  ag ing  at  623  K. A 
Widmans ta t t en - l ike  s t ruc tu re  which  sugges t s  fo rma t ion  of  ne tworks  of  paral lel  
p la te le ts  on cer ta in  lat t ice p lanes  is obs e rved  in gra ins  (Figs. l l ( a )  and  
1 l (b ) ) .  Af ter  p r o l o n g e d  aging,  the  W i d m a n s t a t t e n  s t ruc tu re  changes  into a 
different  m ic ro s t ruc t u r e  as  seen  in Fig. l l ( c )  o r  Fig. l l ( d ) ,  which  is an 
e n l a r g e m e n t  pa r t  o f  Fig. 1 l (c ) .  It can  be seen  tha t  the  mic ros t ruc tu re  is 
c o m p o s e d  of  par t ic les  of  cuboidal  shape  which  are  s imilar  to e tch pits.  
There fore ,  it is sugges t ed  tha t  these  cuboidal  par t ic les  c o r r e s p o n d  to the 
block-l ike a2' reg ion  as indicated in the TEM m i c r o g r a p h s  and  SAED pa t t e rn  
of  Fig. 9. 

Changes  in the  SEM m i c r o s t r u c t u r e  a f te r  ag ing  a t  573  K are  r e p r e s e n t e d  
in Figs. 12(a),  12(b)  and  12(c).  The o c c u r r e n c e  of  twinning is o b s e r v e d  at 
an  ear ly  s t age  of  aging,  while  the  twin s t ruc tu re  d i s a p p e a r s  and  a l te rna tes  
to  a s t a i r - s t e p  a r r a n g e m e n t  of  cuboidal  b locks  as  seen  in Fig. 12(d) which 
is an e n l a r g e m e n t  of  pa r t  of  Fig. 12(c)  at  a la ter  s t age  of  aging. F r o m  the 
XRD and  TEM studies ,  it is e x p e c t e d  tha t  this s t a i r - s t e p  s t ruc tu re  cons is t s  
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Fig. 11. Changes in SEM images caused by aging at 623 K for various periods: (a), (b), (c) 
aging periods of 60 ks, 1.8 Ms and 6 Ms respectively; (d) enlargement of part of (c). 

of  cuboidal  block-l ike a2' p h a s e s  su r round ing  the mat r ix  AuCu I' and AuCu 
II '  o rde red  phases .  Lamel lar  p rec ip i t a t e s  are also found at  the grain boundary .  

4. D i s c u s s i o n  

Table  1 s u m m a r i z e s  the resu l t s  ob ta ined  in the p r e sen t  s tudy.  Notwith- 
s tanding  tha t  d i sc repanc ies  in sensi t ivi ty  to hea t  t r e a t m e n t  actual ly  exis t  
b e c a u s e  of  t ime  lags due to d i f ferences  in the  sizes of  the  s p e c i m e n s  a m o n g  
the  e x p e r i m e n t a l  me thods ,  the resul ts  exhibi t  good  a g r e e m e n t  for  crit ical 
t e m p e r a t u r e s ,  coex is t ing  p h a s e s  in each  t e m p e r a t u r e  range,  and  mic ros t ruc -  
tures .  TEM and  SAED s tudies  m a k e  it poss ib le  to  de tec t  p h a s e  t r a n s f o r m a t i o n s  
occu r r ing  in the  inter ior  of  gra ins  depend ing  on mic ro s t ruc tu r e  and  crysta l  
s t ruc ture .  SEM obse rva t ions  reveal  grain  bounda ry  prec ip i ta t ion  by  a het-  
e r o g e n e o u s  m e c h a n i s m .  On the cont ra ry ,  XRD s tudies  reveal  a whole  p r o c e s s  
of  p h a s e  t r a n s f o r m a t i o n s  occur r ing  in the  alloy, if the  e x p e r i m e n t s  are  car r ied  
out  by  carefu l  i so the rmal  aging.  

Thus,  s e q u e n c e s  of  p h a s e  t r a n s f o r m a t i o n s  in the p r e sen t  al loys at  va r ious  
t e m p e r a t u r e s  are  as  follows. 
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Fig. 12. Changes in SEM images caused by aging at 573 K for various periods: (a), (b), (c) 
aging periods of 60 ks, 600 ks and 18 Ms respectively; (d) enlargement of part of (c). 

(1) At 673 K, 
homogeneous 

ao (f.c.c.) ) a l '  (f .c.c.)+a~'  (f.c.c.) (within interior of the 
heterogeneous 

grain) , al (f .c.c.)+a2 (f.c.c.) (at grain boundaries) 
(2) At 623 K, 

homogeneous 
ao > AuCu II' (LPAPB ordered)+a2 '  (within interior of the 

heterogeneous 
grain) ~ A u C u  II' +AuCu II + a~ (tic.c0 + a2' + a2 , AuCu II + al + a2 
(at grain boundaries) where LPAPB denotes long period antiphase boundary. 

(3) At 573 K, 
homogeneous 

a0 > AuCu I' (f .c.t .)+AuCu I I ' + a , /  (within interior of the 
heterogeneous 

grain)-~AuCu I' +AuCu I +AuCu II' +AuCu II + a2' + a2 ~ AuCu 
I + AuCu II + a2 (at grain boundaries) 

(4) At 523 K, 
homogeneous 

ao ~ AuCu I ' +  a2' (within interior of the gra in)~AuCu I' +AuCu 
heterogeneous 

I+a2 '  +o/2 ) AuCu I - ~ a  2 (at grain boundaries) 
Phases designated with a prime, e .g .  AuCu II', 0/e', indicate metastable 

phases formed in the interior of grains; phases without a prime are equilibrium 
phases formed at grain boundaries. Age hardening in the alloy occurs depending 



TABLE 1 

Summary of the results obtained by various experimental methods 
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--700K-- 

- - 600K-  
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- -40OK- 
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No 
O~ 2 hardening, 

673K 

650K Sigmoidal 
AuCu II .ha..rden!.n.g. 

+ 623K 

598K Two stage 
Hardening 

AuCu I 573K 

Two stage 
+ Hardening 

523K 

(Z 2 

XRD 

.... ( {:z~ + a 2 ) .... 

rAuCu II'+AuCu II ~ 

~ + ~ I +  (~2 , 

AuCu I'+AuCu I1' 
AuCu I+AuCu I1+ 

+ CY,. 2 j 

TEM and SAED 

AuCu I1'+ ~2 
(N & G process) 

- 0/,,I+ 0(, 2 --- 

648K 

AuCu I1'+ (Z 2 
(Splnodal) 

AuCu r+AuCu I1' 
+ 0(; 2 

/ 
568K 

AuCu I'+ ~2 

SEM 

Grain 1 
boundary 
reaction ) 

IWidmanstatten' 
Grain 

boundary 
reaction 

Twinning 
Grain 

boundary 
reaction 
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on the sequence of these phase transformations which itself depends on 
temperature. 

In Fig. 2, there were two distinct hardening modes, i .e. a sigmoidal 
hardening curve obtained by aging at 623 K and a two-stage hardening curve 
obtained by aging below 573 K. It is thought that sigmoidal hardening is 
caused by a nucleation and growth process of phase transformations, i.e. 
formation of the AuCu II' metastable LPAPB ordered phase. Although char- 
acteristic side-bands or satellite reflections arising from spinodal decom- 
position are not observed in XRD or SAED patterns during the early stage 
of aging at 623 K, it is expected that the spinodal locus is located at around 
640 K, because TEM and SAED studies revealed that the growth rate of the 
AuCu II' phase was considerably lower for aging at 643 K than at 633 K. 
Thus it is thought that ordering at 643 K is brought about by a nucleation 
and growth mechanism while ordering at 633 K is accelerated by the spinodal 
decomposition. Nevertheless, aging at 623 K exists just below the spinodal 
locus; a rapid increase in hardness is not observed (Fig. 2). 

Miyazaki et al. [17] dealt with a theoretical analysis of two-phase 
decomposition derived from the Fourier expression of the non-linear diffusion 
equation on the basis of the Cahn-Hilliard flux equation. They presented 
composition profiles of a solute with continuing aging for various alloys 
which had a composition between the centre of the miscibility gap and just 
on the spinodal locus. Aging proceeded by a tendency to a nucleation and 
growth process during aging as was indicated by rectangularly shaped 
composition profiles. According to Miyazaki et al. ,  it was thought that hardening 
at 623 K was brought about by a nucleation and growth process of a two- 
phase decomposition accompanied by AuCu II' ordering of the copper-rich 
metastable phase. 

When aging was carried out below 573 K, the first hardening stage was 
induced by spinodal decomposition as was indicated by a rapid increase in 
hardness during the initial stage. The second hardening stage was attributed 
to strain induced by ordering of the metastable AuCu I' and/or  AuCu II' 
phases depending on aging temperature. The drastic decrease in hardness 
at a later stage of aging coincides with the occurrence of grain boundary 
precipitates composed of AuCu I and/or AuCu II and the a~ stable phases 
as was observed in SEM micrographs. 
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