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dntroduct ion.  Detai led s tud ies  have been devoted 

t o  the thermal s t a b i l i t y  of t h e  C U ~ ~ Z ~ ~ ~  amorphous 

a l l o y  (1,2,3) .  However there  a r e  some disagreements 

i n  these descript ions.  As t h e  amorphous s t a t e  i s  

not i n  thermodynamic equilibrium, the reason f o r  

these disagreements may l i e  i n  the  preparat ion 

procedures : Differences i n  quenching r a t e ,  chemical 

homogeneity of the samples, contamination by t h e  

c ruc ib le  o r  by the  pro tec t ive  atmosphere, should 

produce d i f fe rences  i n  the glassy s t a t e  which i s  

obtained. This paper describes experimental compa- 

r i sons  of the  thermal behaviour of C U ~ ~ Z ~ ~ ~  amor- 

phous samples prepared by t h e  two methods of twin- 

r o l l  quenching and melt-spinning. 

Experimental. The s t a r t i n g  a l l o y  (% 50g) i s  prepa- 

red from e l e c t r o l y t i c  copper and Kro l l  zirconium 

by l e v i t a t i o n  melting under a helium atmosphere. 

This ingot  i s  then broken i n t o  small pieces (% 3g) 

which a r e  melted again and twin-roll quenched o r  

melt-spun. The twin-rol l  quench i s  performed under 

a helium atmosphere. For t h i s  method, l e v i t a t i o n  

melting i s  used and preventsany contamination by a 

crucible .  The amorphous f o i l s  a r e  typ ica l ly  20mm 

wide and 0 .1  mm thick.  The preparat ion by melt- 

spinning i s  general ly  performed i n  flowing helium. 

The a l l o y  i s  melted i n  a s i l i c a  tube. The amorphous 

ribbons a r e  about 3mm wide, 0.05 mm th ick  and 3m 

long. Some ribbons have been prepared by melt- 

spinning i n  a i r  bu t  then.oxygen i s  incorporated i n  

the a l l o y  and the  thermal behaviour of the  amor- 

phous ribbons is  modified. 

The s t r u c t u r e  of the quenched f o i l s  i s  

examined with a step-scan X-Ray diffractometer  

using Co K a rad ia t ion ,  and i n  some cases with 

transmission e lec t ron  microscopy. DTA curves a r e  

recorded with a micro d i f f e r e n t i a l  thermal analyser  

SETARAM under a 99.995 % argon gas atmosphere. The 

sample mass i s  about 15mg. The heat ing r a t e  i s  
-1 

10 K.min . 

Results .  

Reproducibility of the  as-quenched material. 

Tables I and I1 give the c r y s t a l l i z a t i o n  

temperature T the  hea t  of c r y s t a l l i z a t i o n  AH 
C '  

and tfie g lass  t r a n s i t i o n  temperature T f o r  a twin- 
g 

r o l l  t h i n  f o i l  and a melt-spun ribbon respec t ive ly .  

A l l  samples were previously determined t o  have no 

t r a c e  of c r i s t a l l i n i t y  by X-Ray d i f f r a c t i o n .  T 
S 

and T c  a r e  extrapolated temperatures : they a r e  

defined as  t h e  temperatures a t  which t h e  extrapola- 

t e d  base l ine  i n t e r s e c t s  the  s teepes t  tangent t o  the 

peaks. 

Table I. 

T T a n d O H f o r 3 C . u  60Zr40 amorphous t h i n  f o i l  
g '  c 

obtained by t h e  twin-roll quenching technique. The 

d i f f e r e n t  samples a r e  cut  from the  same f o i l .  

Table I T .  

T T and AH f o r  a C U ~ ~ Z ~ ~ ~  amorphous ribbon 
g' c 

prepared by melt-spinning i n  helium. The d i f f e r e n t  

samples a r e  cu t  from t h e  same ribbon, every 40 cm. 

It appears t h a t ,  f o r  t h e  same twin-rol l  

quenched f o i l  o r  the  same melt-spun r ibbon,  the  

s c a t t e r  i n  t h e  values of T Tc  and AH i s  smaller 
g'  

than t h e  experimental accuracy ( 2  3K f o r  T and T 
g c'  

+_ 6 % f o r  AH). 
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Resu l t s  show considerably  more s c a t t e r  i f  t r a n s i t i o n  T and t h e  c r i s t a l l i z a t i o n  temperature 
gf 

t h e  samples a r e  chosen i n  d i f f e r e n t  r ibbons ,  ob ta i -  T va ry  significantly from sample t o  sample. 

ned by d i f f e r e n t  quenches (Table 111). Yoreover a 
(Tsf 

i s  def ined a s  t h e  temperature a t  which t h e  

c a r e f u l  examinationofDTA curves shows t h a t  t h e  s p e c i f i c  h e a t  C a t t a i n s  i t s  h igher  va lue ) .  
P 

r e l a t i v e  temperatures of t h e  end of t h e  g l a s s  

Table  111. 

Thermal c h a r a c t e r i s t i c s  of d i f f e r e n t  melt-spun r ibbons.  

Sample T T AC x 10 AH T c-T Tc-T 
3 

Tc 
number g gf P g 

(KJ .mo le-I .  K-I) k ~ . m o l e - I  
gf 

(K) (K) (K) (K) (K) ............................................................................................. 
1 708 731 2 2 756 4.3 48 25 

2 703 723 21 746 4.3 4 3 2 3 

3 701 723 2 3 746 4 .1  45 23 

4 702 723 21 744 4 .1  4 2 2 1 

5 702 723 20 743 4 .1  41 20 

6 705 725 19 742 4.1 3 7 17 

7 701 720 16 737 4.0 36 17 

8 698 720 19 736 4 .1  38 16 

9 698 718 15 734 4.0 36 16 

10 699 718 17 734 4.3 3 5 16 

Along a given amorphous r ibbon ( i . e .  f o r  a 

given quench) t h e  ( T -T ) i n t e r v a l  remains cons- 
gf t a n t .  Ten d i f f e r e n t  r ibbons have been prepared on 

t h e  same day and immediately examined t o  prevent  

any d i f f e r e n c e  i n  temperature-time h i s t o r y .  On 

f i g u r e  1 t h e  b e g i n n i n s  of t h e i r  c r y s t a l l i z a t i o n  

exotherms have been p l o t t e d  taking T a s  t ime o r i -  
gf 

g i n  : An inc rease  i n  (T -T ) from sample 10 t o  
gf 

sample 1 c l e a r l y  appears.  Table I11 shows t h a t  

corresponding inc reases  occur i n  (T -T ) and T 
C R g 

va lues .  The thermal s t a b i l i t y  of g l a s s e s  i s  o f t e n  

measured a s  the  d i f f e r e n c e  between Tc and T (4) : 
g 

More s t a b l e  g l a s s e s  have l a r g e r  (Tc - T ) values .  
g 

The d i f f e r e n c e s  i n  thermal s t a b i l i t y  of t h e  t e n  

r ibbons a r e  confirmed by t h e  r e s u l t s  of i sothermal  

anneal ing experiments nea r  T : t h e  volume f r a c t i o n  
g 

of c r y s t a l l i n e  m a t e r i a l  formed on anneal ing a t  

693 K f o r  40 hours v a r i e s  from 0 % f o r  sample 1 t o  

83 % f o r  sample 10. 

I 
f minutes 

Simi la r  experiments on twin-rol l  quenched 
FIG. 1. - Beginning of t h e  c r y s t a l l i z a t i o n  exotherm f o i l s  show t h a t  t h e  r e p r o d u c i b i l i t y  i s  t h e  same f o r  

twin-rol l  quenched f o i l s  a s  f o r  melt-spun r ibbons.  f o r  t e n  melt-spun r ibbons.  A l l  t h e  sample  

The v a r i a t i o n  i n  thermal s t a b i l i t y  from sample t o  had t h e  same mass (14.5 mg). Time i s  

sample may be explained by d i f f e r e n c e s  i n  cool ing counted s t a r t i n g  from T . The hea t ing  
-1 gf 

r a t e s ,  i n  contamination, o r  i n  composition, An r a t e  was 10 K.min . 
e f f e c t  of composition may occur,  due t o  composi- 

t i o n a l  f l u c t u a t i o n s  between t h e  % 3g a l l o y  p ieces  
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chipped from the s t a r t i n g  ingot  and then used f o r  

quenching from the melt.  However the study of Kerns 

(2) on the  e f f e c t  of composition on t h e  thermal 

c h a r a c t e r i s t i c s  of Cu-Zr amorphous a l loys  shows t h a t  

an increase ATc of 20 K corresponds t o  a change of 

4 atomic % Z r .  It i s  un l ike ly  t h a t  such inhomogenei- 

t i e s  e x i s t  i n  the s t a r t i n g  ingot ,  prepared by levi-  

t a t i o n  melting. 

Effect of oxygen contamination. 

Effec t s  of surface contamination a re  r e a d i l y  

observed : 

- Amorphous Cu60Zr40 a l loys  undergo change 

i n  surface colour when kept i n  a i r  f o r  severa l  days. 

- The atmosphere i n  the DTA (pure argon) i s  

not s u f f i c i e n t l y  clean to prevent oxidat ion of the  

amorphous samples during the runs and some 

"blackening" of the surface i s  v i s i b l e  t o  the eye. 

These sur face  e f f e c t s  a r e  accompanied by the 

occurrence,on the  X-ray d i f f r a c t i o n  p a t t e r n ,  of a 

narrow d i f f r a c t i o n  l i n e  superimposed on the begin- 

ning of the  f i r s t  broad peak c h a r a c t e r i s t i c  of the 

amorphous s t ruc ture .  This l i n e  (seen a t  2 8 % 3 5 O  

when Co rad ia t ion  i s  usedj i s  due t o  metastzble 

(cubic or te t ragonal)  Zr02. After  longer annealing 

times under pure argon, a t  temperatures well below 

T t h i s  l i n e  becomes more in tense  and a d i f f r a c t i o n  
g' 

p a t t e r n  corresponding t o  monoclinic Zr02 appears, 

together  with the d i f f r a c t i o n  p a t t e r n  of Cu. A l l  

these l i n e s  disappear upon a l i g h t  pol ishing of the 

surface : It only remains the d i f f r a c t i o n  p a t t e r n  

c h a r a c t e r i s t i c  of tfe C U ~ ~ Z ~ ~ ~  amorphous phase. 

In  order t o  observe some e f f e c t  of 

oxidat ion on the  M A  curves, two amorphous samples 

were annealed a t  413 K f o r  7 days, one i n  a i r  and 

the o ther  i n  ul t ra-high vacuum. The corresponding 

DTA curves a re  shown on f igure  2. 

The lower curve, obtained a f t e r  annealing i n  

a i r ,  shows the occurreneof  a second exothermic 

peak. Moreover, a decrease i n  the  temperature of 

the onset  of c r y s t a l l i z a t i o n  and a decrease i n  

(Tc - T ) a r e  c l e a r l y  seen : Contamination by 
g 

annealing i n  a i r  leads t o  a decrease i n  thermal 

s t a b i l i t y .  Similar  heat-treatments i n  pure argon 

induce s imi la r  e f f e c t s  on the  DTA curves : a second 

exothermic peak appears and i t  increases with 

annealing time. 

I n  t h e i r  d e t a i l e d  study of t h e  c r y s t a l l i z a -  

t i o n  of amorphous C U ~ ~ Z ~ ~ ~  a l l o y ,  Vitek e t  a l .  (1) 

report  t h a t  samples previously isothermally annea- 

l . . l . . . .  I . . . .  1 
700 750 

TEMPERATURE, U 

EIG. 2. - DTA curves f o r  amorphous cu 60Zr40 

a f t e r  annealing a t  413 K f o r  7 days i n  

ultra-high vacuum (upper curve) o r  i n  a i r  

(lower curve). 

led below the  c r y s t a l l i z a t i o n  temperature exh ib i t  

two exothermic react ions.  A s  annealing i s  performed 

i n  a DTA under an argon atmosphere, contamination 

during annealing i s  suggested. Vitek proposes t h a t  

the f i r s t  exothermic peak corresponds t o  the crys- 

t a l l i z a t i o n  of the i n i t i a l  amorphous s t r u c t u r e  and 

the second peak corresponds t o  the c r y s t a l l i z a t i o n  

of a "transformed amorphous s t ruc ture" .  He follows 

the annealing behaviour by t ransmission e lec t ron  

microscopy. When c r y s t a l l i z a t i o n  has been i n i t i a t e d ,  

he f inds  regions i n  the f o i l s  the e lec t ron  d i f f r a c -  

t i o n  p a t t e r n  of which exhib i t s  two broad halo r i n g s ,  

t h a t  corresponding t o  the i n i t i a l  amorphous matrix 

and a second one, a t  a l a r g e r  d spacing, correspon- 

ding t o  the  "transformed amorphous matrix". We have 

observed our amorphous samples by t ransmission elec-  

t ron  microscopy. Figure 3a) i s  an e l e c t r o n  d i f f rac -  

t i o n  p a t t e r n  of an amorphous f o i l  observed immedia- 

t e l y  a f t e r  thinning. This thinned f o i l  was kept i n  

a i r  f o r  three months and observed again. Figure 3b) 

i s  t h e  corresponding d i f f r a c t i o n  p a t t e r n  : a broad 

inner  halo is  seen , a t  k values correspondinj$the 

(111) r e f l e c t i o n  of cubic Zr02 mentioned above. 

Thus i t  is bel ieved t h a t  the "transformed amorphous 

phase:' observed by Vitek i s  an amorphous Cu-Zr p h a s  



rich in oxygen. In the samples studied by Vitek 

this phase is likely to be formed during annealing 

in argon. 

FIG. 3 - Electron diffraction patterns of an amorphous Cu60Zr40 foil. 

a) observed immediately after thinning. 

b) kept in air for three months and observed again. 

We have followed the behaviour of the DTA 

curves as a function of previous isothermal annea- 

ling in the temperature range 673-713 K studied 

by Vitek . The heat-tretments were performed in 
ultra-high vacuum. In these conditions crystalliza- 

tion occurs by a single exothermic reaction. X-ray 

data show that the equilibrium crystalline phase 

is formed. Figure 4 illustrates the beginning of 

crystallization, as detected by X-ray diffraction. 

The presence of a weakZr02 line is pointed out. 

Thus, from this study it appears that very 

carefully controlled conditions must be achieved 

for the preparation as for the characterization of 

amorphous Cu-Zr alloys. In these conditions, amor- 

phous sqples prepared by twin-roll quenching 

or by melt-spinning do not show any significant 

differences in their thermal behaviour. 
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