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Abstract 

Rapidly solidified C u R E  (RE-~La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Y) alloy foils 
of thickness 0.05-0.12 mm were prepared by an arc melt piston-anvil technique. The 
cooling rate was of the order of 106 K s -1. The metastable extended solid solubilities 
of the rare earth metals were evaluated by measurements of the lattice parameters of 
supersaturated solid solutions and verified by transmission electron microscopy. It was 
found that the extension of solid solubility of RE ~-La, Ce, Pr, Nd and Y in copper was 
negligible, while the extended solid solubilities of RE=-Sm, Eu, Gd, Tb, Dy and Yb in 
copper were 0.95, 0.5, 1.2, 0.75, 1.0, 0.9 and 1.0 at.% respectively. The age-strengthening 
ability of some rapidly solidified C u R E  alloy foils was also tested. 

1. Introduct ion  

In  1960  Duwez  et  al .  [1] d e v e l o p e d  the  r ap id  cool ing  t echn ique  and  
f o u n d  tha t  m e t a s t a b l e  e x t e n s i o n  o f  the  solid solubi l i ty  migh t  o c c u r  if  an  
a l loy m e l t  solidif ied rap id ly  enough .  Since t h e n  the  ex t ens ion  of  solid solubil i ty 
b y  r ap id  sol idif icat ion h a s  r ece ived  cons ide rab le  a t t en t ion  in sc ience  and  
t e c h n o l o g y  [2]. E x t e n s i v e  r e s e a r c h  has  ind ica ted  tha t  m e t a s t a b l e  ex t ens ion  
o f  the  solid solubi l i ty  offers  a n e w  way  to  deve lop  solid so lu t ion  s t r eng then ing  
or  age  s t r e n g t h e n i n g  of  al loys.  The  ex t ens ion  b e h a v i o u r  of  solid solubi l i ty  
in di f ferent  a l loy s y s t e m s  w a s  f o u n d  to vary .  Knowledge  of  the  m e t a s t a b l e  
e x t e n s i o n  o f  sol id solubi l i ty  b y  r ap id  sol idif icat ion is i m p o r t a n t  in b o t h  p r ac t i c e  
and  t h e o r y  s ince  it g ives  us  a b e t t e r  u n d e r s t a n d i n g  o f  the  in te rac t ions  o f  
cons t i tuen t s .  W e  h a v e  sys t ema t i ca l ly  s tud ied  the  ex tens ion  of  solid solubi l i ty  
of  a l loying e l e m e n t s  ( inc luding ra re  ea r th  me ta l s )  in s i lver  [ 3 - 5 ] .  I t  is well  
k n o w n  tha t  smal l  add i t ions  o f  r a r e  ear th  me ta l s  o f ten  h a v e  benefic ia l  e f fec ts  
on  the  p r o p e r t i e s  of  a l loys.  In this  p a p e r  the  m e t a s t a b l e  ex t ens ion  of  solid 
solubi l i ty  o f  r a r e  e a r t h  m e t a l s  in c o p p e r  b y  rap id  sol idif icat ion is s tudied.  

2. Experimental  procedures 

The  a l loys  u s e d  in the  p r e s e n t  w o r k  w e r e  p r e p a r e d  f r o m  high  pur i ty  
c o p p e r  (99 .999%)  and  p u r e  r a re  ea r th  (RE) me ta l s  (99.0%--99.9%).  The  
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alloys were first melted by an arc or a high frequency induction current 
under  an argon atmosphere.  Then a small piece of alloy was re-melted and 
impacted into a thin foil of thickness 0 .05-0 .12  mm by a self-designed arc 
melt  pis ton-anvil  installation. The cooling rate during solidification was of 
the order  of 106 K s-~. 

For selected Cu-RE foils, chemical analysis was performed by inductively 
coupled plasma atomic emission spectroscopy. Analytical results indicated 
that the actual composit ion was quite close to the nominal composit ion 
because the vaporization loss of RE had been taken into consideration. The 
listed composit ions have been corrected according to the analytical results. 

The metastable extension of the solid solubility limit was measured by 
the lattice parameter  method and verified by transmission electron microscopy 
(TEM). The lattice parameters  of copper-rich solid solutions were determined 
by the X-ray diffraction technique using Cu Kal radiation with a D/max-3B 
diffractometer.  The positions of the diffraction peaks were corrected by an 
external  reference standard. The lattice parameters  were calculated from the 
correc ted  peak positions via least-squares refinement. 

The measured lattice parameter  of rapidly solidified pure copper  was 
0.361 50 nm. The lattice parameters  of solid solutions change almost linearly 
with solute concentrat ion in the range of solid solution. When the solute 
concentra t ion goes beyond the solid solubility limit, a second phase will 
appear  in the alloy and the composit ion of the solid solution in the alloy 
remains unchanged.  From the measured lattice parameters  v s .  alloy com- 
position and the accompanying TEM observations, the metastable extended 
solid solubilities of RE in copper  under rapid solidification conditions can 
be determined. 

3. R e s u l t s  and  d i s c u s s i o n  

The dependence  of the lattice parameters  of rapidly solidified copper- 
rich solid solutions on the RE concentrat ion in the alloys is shown in 
Fig. 1. 

The atomic radius of copper  is 0.1278 nm but the atomic radii of the 
rare earth metals are in the range 0 .173-0 .198  nm [6], i . e .  much larger 
than that of  copper.  The lattice parameters  of copper-rich solid solutions 
will increase with increasing RE concentration. When the RE concentrat ion 
reaches  or surpasses the solid solubility limit, the lattice parameter  of the 
solid solution remains constant. The culminating point of lattice parameter  
of  solid solution v s .  RE concentrat ion in the alloy is the metastable extended 
solid solubility by rapid solidification. 

The experimental  results indicated that the extension of solid solubility 
of  RE-= La, Ce, Pr, Nd and Y in copper  by rapid solidification at a cooling 
rate of 108 K s-1 was negligible, while under  the same conditions the extended 
solid solubilities of RE--Sm,  Eu, Gd, Tb, Dy and Yb in copper  were 0.95, 
0.5, 1.2, 0.75, 1.0, 0.9 and 1.0 at.% respectively. 
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Fig. 1. Lattice parameters of copper-rich solid solution v s .  RE concentration for rapidly solidified 
CuRE alloys. 

Fig. 2. Microstructure of rapidly solidified Cu-Gd alloys: (a) Cu-lat.%Gd alloy, solid solution 
(magnification, X 150 000); Co) Cu-l.5at.%Gd alloy, solid solution and second-phase particles 
(magnification, X 150 000). 

The  m e t a s t a b l e  e x t e n d e d  sol id solubil i t ies  d e t e r m i n e d  b y  the  lat t ice 
p a r a m e t e r  m e t h o d  w a s  in a c c o r d a n c e  wi th  the  resu l t s  o f  TEM obse rva t ion .  
F igure  2(a)  shows  the  m i c r o s t r u c t u r e  of  rap id ly  solidified C u - l a t . % G d  al loy 
foil; it is s imp ly  a s u p e r s a t u r a t e d  sol id solut ion.  F igure  2(b)  shows  the  
m i c r o s t r u c t u r e  o f  r ap id ly  solidified C u - l . 5 a t . % G d  al loy foil; a large n u m b e r  
of  s e c o n d - p h a s e  pa r t i c l e s  can  b e  seen .  

The  a t o m i c  rad ius  d i f fe rences  b e t w e e n  ra re  ear th  me ta l s  and  c o p p e r  are  
in the  r a n g e  3 5 . 8 % - 5 4 . 7 % .  Accord ing  to  the  rule  of  H u m e - R o t h e r y  and  
R a y n o r  [ 7], the  f o r m a t i o n  of  a solid solu t ion  b e t w e e n  t h e m  is no t  favourab le .  
The  equ i l ib r ium sol id solubi l i t ies  o f  r a re  ear th  me ta l s  in c o p p e r  a re  ve ry  
smal l  [8]. I t  w a s  found  tha t  the  e x t e n d e d  solid solubil i t ies  of  RE in c o p p e r  
we re  a lso  n o t  l a rge  and  w e r e  less  t han  the  c o r r e s p o n d i n g  va lues  in si lver  
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[3]. In rapidly solidified Ag-RE alloys the metastable extended solid solubility 
Cs of RE was dependent  on the atomic radius of RE. As shown in Fig. 3, 
with decreasing atomic radius of RE or with increasing lanthanide contraction, 
Cs increased approximately linearly. This result indicated that the size factor  
was the main parameter  controlling the extended solid solubility of  RE in 
silver. 

The atomic radius differences between rare earth metals and copper  are 
larger than those between rare earth metals and silver, reaching 35.8%-54.7%. 
The condi t ion for the formation of solid solutions between rare earth metals 
and copper  is more unfavourable than for silver. The experimental  results 
indicated that there was no obvious relation between the extended solid 
solubility C~ and the atomic radius of RE or r R E - - r C , .  Rider e t  a l .  [9], in 
explaining the formation of Au-RE solid solutions, pointed out that electron 
transfer  from rare earth metals to gold or atomic size adjustment was thought  
to occur, and that it was favourable for the formation of solid solutions, but 
that if the pure metal size factor was larger than a critical value, then the 
adjustment to the size difference could not  occur. C u R E  alloys are of the 
same type. In this situation other  factors such as the characteristics of the 
second phase or the nature of  the phase diagram may become important  
effects influencing the extended solid solubilities. 

The age-strengthening ability of rapidly solidified Cu-RE foils was mea- 
sured by the change in hardness. Rapidly solidified foils of Cu-lat.°/0Yb 
Cu- l a t .%Dy Cu- l a t .%Gd and Cu- l a t .%Er  were aged at different temperatures  
for  1 h. The hardness v s .  aging temperature  is shown in Fig. 4. These alloy 
foils had some age-strengthening ability. The temperature  yielding the highest 
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Fig. 3. Metastable extended solid solubility Cs of Ag-RE alloys vs. atomic radius differences 
r ~ - -  rRE and rt~ - rRE. 
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Fig. 4. Age-strengthening curves of rapidly solidified Cu-RE foils (aging time 1 h): 1, Cu-lat.%Yb; 
2, Cu-lat.%Dy; 3, Cu-lat.%Gd; 4, Cu-lat.%Er. 

strengthening effect was different for the different alloy foils, but after aging 
at 450 °C for 1 h, the hardness of all the foils decreased to nearly the same 
level. 

4. Conclusions 

(1) A series of rapidly solidified C u R E  alloy foils of thickness 0.05-0.12 
mm were prepared by an arc melt piston-anvil  technique. The cooling rate 
of rapid solidification was of the order of 106 K s-1. 

(2) Under these conditions the extension of solid solubility of R E -  La, 
Ce, Pr, Nd and Y in copper was negligible, while the extended solid solubilities 
of R E - S m ,  Eu, Gd, Th, Dy and Yb in copper were 0.95, 0.5, 1.2, 0.75, 
1.0, 0.9 and 1.0 at.% respectively. There was no obvious relation between 
the extended solid solubility of RE in copper and the atomic radius difference 
rp~ -- rcu. 

(3) Rapidly solidified C u R E  alloy foils showed some age-strengthening 
ability. 
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