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The structural change of metallic glass Cu45Ti55 from room temperature to 800 K is investigated 
by combining internal friction using the torsion penulum method with X-ray diffraction (XRD), 
differential scanning calorimetry (DSC), and transmission electron microscopy (TEM). The in- 
ternal friction curve exhibits a point of inflection at about 640 K and an internal friction peak 
between 640 and 780 K, which corresponds to the precipitation of CuTi2 (tetragonal) and a 
metastable phase I (tetragonal) and the formation of CuTi (tetragonal), respectively. The result 
shows that internal friction is closely related to the phase transition during crystallization, and 
there is much correspondence between internal friction and DSC in describing the crystallization 
behavior of metallic glasses. 

I .  I N T R O D U C T I O N  

IT is well known that the internal friction (IF) behav- 
ior of solids is highly structure-sensitive. Internal fric- 
tion therefore is a very sensitive and effective method to 
study the structural relaxation and crystallization of me- 
tallic glasses. Studies indicate that there are two kinds 
of IF peaks in metallic glasses. One is a inflection IF 
peak, which is reversible and related to the glass tran- 
sition without the intervention of crystallization, t~ 51 The 
other is an IF peak related closely to crystallization, which 
is irreversible, c6'7,8] According to He, pj the two kinds of  
peaks can be distinguished clearly as seen in ce-Pd77.5, 
Cu6Si~6.5, and ot-Pd77.sNi6Si16.5 if A T  = Tx - Tg is large 
enough. Otherwise, they will overlap and only one IF 
peak in this region will be observed, as in the case of  
a-Pd80Si20. 

Although a number of  works using the IF technique 
were related to the structural relaxation of metallic glasses, 
only a few reports were related to the crystallization. 
Furthermore, because of  the limitation of the method, it 
is necessary to combine the IF technique with one or 
more of the other techniques, e . g . ,  X-ray diffraction 
(XRD), differential scanning calorimetry (DSC), trans- 
mission electron microscopy (TEM), e tc . ,  to obtain more 
details for the crystallization of amorphous alloys. The 
Cu-Ti amorphous alloy is an important and interesting 
binary amorphous system. The IF behavior of  a-Cu70Ti30 
has been studied, [9~ in which only one IF peak was found, 
as in the case of  a-PdsoSi20. In order to clarify clearly 
the crystallization of Cu-Ti amorphous systems, we 
therefore investigated the correlation of the IF and struc- 
ture changes of  an amorphous alloy Cu45Ti55 by com- 
bining use of a conventional torsion pendulum with DSC, 
XRD, and TEM. 

I I .  E X P E R I M E N T A L  

The internal friction of the Cu45Ti55 alloy was mea- 
sured by a low-frequency torsion pendulum under 3.0 x 
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10 -4 torr vacuum from room temperature to 800 K with 
a heating rate of  about 10 K/min .  The size of  the spec- 
imen was 0.035 x 2.0 x 300 mm 3. 

An XRD experiment was measured in a RAX-10 dif- 
fractometer with CuK~ radiation. Calorimetric data were 
obtained using a Dupont Model 1090 differential scan- 
ning calorimeter at a scanning rate of  10 K/min .  The 
microstructure of  the ribbon annealed at 780 K was ex- 
amined using a H-800 transmission electron microscope 
at a voltage of 200 KV. The specimens for TEM ob- 
servation were thinned by twin-jet polishing in an 
electrolyte containing 75 pct methyl alcohol and 25 pct 
nitric acid by volume at 10 ~ Specimens for XRD and 
TEM analyses were heated to differently chosen tem- 
peratures at a rate of  10 K / m i n  and then quenched into 
water. 

I I I .  R E S U L T S  

The IF of as-received Cu45Ti55 glass in the temperature 
range from room temperature to 800 K is shown in 
Figure 1. The IF remains nearly temperature-independent 
below 420 K and increases substantially with tempera- 
ture from 420 to 520 K. A shoulder can be observed 
between 520 and 630 K. Above 630 K, IF increases rap- 
idly and reaches the maximum at 698 K. 

The DSC curves of  the as-received specimen and the 
specimens quenched at different temperatures are shown 
in Figure 2. For the as-received specimen, two exo- 
thermic peaks occur at 669 and 698 K, and the exo- 
thermic enthalpy is 6.65 KJ/mol .  But the first exothermic 
peak disappears and the enthalpy is only 5.27 K J / m o l  
for the sample quenched at 640 K. For the sample 
quenched at 720 K, two exotherms totally vanish. 

The XRD patterns for the as-received and quenched 
specimens are presented in Figure 3. The XRD pattern 
of the as-received specimen is a broad ridge typical of  
the amorphous state. For the specimen heated to 640 K 
(at the point of  inflection on the IF curve), two very 
weak crystalline lines occur on the main diffuse peak of  
the amorphous phase. With increase in quench temper- 
ature, the diffraction peaks corresponding to crystalline 
phase increase both in intensity and number. 

The TEM observation for the sample quenched at 
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Fig. 1 - - I F  spectrum v s  temperature of Cu45Ti55 metallic glass, heat- 
ing rate 10 K/min. 
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Fig. 2 - - D S C  curves of the specimens quenched at different temper- 
atures, scan rate 10 K/rain. 
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Fig. 3 - - X R D  patterns of Cu45Ti~ specimens quenched at different 
temperatures. 

(a) 

780 K is shown in Figure 4. Two types o f  stable phases 
can be identified. "A"  is the CuTi2 phase (tetragonal, 
ao = 0.29438 nm, Co = 1.07861 nm); "B" is the CuTi 
phase (tetragonal, a0 = 0.3108 nm, Co = 0.5887 nm). 
In addition, some traces of  a metastable phase can also 
be detected. 

IV. D I S C U S S I O N  

Combining the DSC, XRD,  and T E M analyses with 
the variation of  IF, the structure of  Cu4sTi55 metallic glass 
can be described as follows: 

(b) 

Fig. 4 - - T h e  electron diffraction patterns of (a) CuTi2 and (b) CuTi 
for the specimen quenched at 780 K. 
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(1) From room temperature to 420 K, the IF varies slightly 
with the temperature. This stage is attributed to an in- 
cubation process of some atomic reorganization phe- 
nomenon, [~~ but the structure of the amorphous state has 
not changed much. 
(2) In the temperature range of 420 to 520 K, the IF 
increases rapidly with the temperature, which is re- 
garded as the stress-induced structural rearrangement of  
atomic clusters in the amorphous matrix by thermal ac- 
tivation. I~-j21 There are density fluctuation defects (DF 
defect) and shear stress fluctuation defects (SSF de- 
fects) IL~'~41 in metallic glasses, and the apparent internal 
friction of a metallic glass can be described as the sum 
o f  t w o  pa r t s :  [91 

Q- i  = Q ; - ,  + Q e l  [l l  

where Q~-~ and Q ~  are associated with DF defects and 
SSF defects, respectively. The value of Q2 ~ will in- 
crease with increase in temperature during isochronal an- 
nealing, because SSF defects are not annealed out during 
structural relaxation, tm On the other hand, because the 
number of DF defects activated in the bulk per unit time 
should be larger than that of the DF defects annihilated, 
Q~-~ increases as temperature rises when the temperature 
is not very high. Thus, Q-~ increases noticeably during 
structural relaxation with increasing temperature in the 
range of 420 to 520 K. 
(3) There is a shoulder from 520 to 630 K. The exo- 
therm is not observed for the as-received specimen heated 
to this range of temperature according to DSC measure- 
ment (Figure 2). Differential scanning calorimetry data 
show that the peak temperature and onset temperature of 
the exothermic peak for the state quenched at 540 K are 
nearly the same as those for the as-received state. More- 
over, the exothermic enthalpies for the former and latter 
cases are 6.59 and 6.65 KJ /mol ,  respectively, and both 
are nearly the same. Therefore, the amorphous state still 
remains in this temperature range. 
(4) The IF curve has a point of inflection at about 640 K 
(which is within the first exothermic peak). Some au- 
thors reported that it corresponds to the phenomena as- 
sociated with either the glass transition or a 
prec rys t a l l i za t ion  s tage .  It~ In our experiment, the XRD 
pattern of the specimen quenched at 640 K produces two 
very weak crystalline peaks corresponding to a Ti-rich 
phase of CuTi2 or CuTi3 (the three strongest lines of both 
phases are totally overlapping). The DSC curve for the 
specimen quenched at 640 K shows that the first exo- 
thermic peak has disappeared and the exothermic en- 
thalpy AH decreases to 5.27 KJ/mol.  Based on the above 
experimental facts, it can be concluded that at the point 
of inflection for Q ~, the amorphous matrix has partly 
changed and a small amount of a Ti-rich crystalline phase 
has formed. 
(5) The IF increases sharply above 640 K and exhibits 
an internal peak during 640 to 780 K. The peak has a 
maximum at about 698 K, which is nearly identical with 
the temperature of  the second exothermic peak on the 
DSC curve for the as-received specimen. It is evident 
that the crystallization of the glass takes place generally 
in the temperature range of the IF peak, and the origin 

of the IF peak is directly related to the transformation. 
It first increases and then decreases with temperature 
during the crystallization of glassy matrix. Hence, the IF 
peak depends on the rate of transformation from amor- 
phous to crystalline state. In this stage, the IF of the 
metallic glass is composed of contribution from both 
glassy and crystalline states and can be expressed in the 
f o r m  o f  llsl 

Q ~ = (1 - X ) Q s _ ~  + XQ, .  t 121 

where Q~-~ and Q,7 ~ are the IF of the glassy state and 
crystalline state, respectively, and X is the fraction of 
transformation. This expression implies that the high- 
temperature peak results from the softening of the glass 
matrix (decrease of viscosity) and crystallization (in- 
crease of viscosity) near Te and r~. The IFs for the crys- 
talline and glassy states both increase monotonically with 
the increase of  temperature on heating, but the IF of the 
crystalline materials is, as a rule, lower than that of  the 
glassy matrix. The increase of X leads to the appearance 
of a maximum during crystallization. In brief, the IF peak 
is due to the steep increase of  Q.~ ~ in the region of Tg 
and a gradual increase of Q,. ~ after the onset of  crystal- 
lization and attains a maximum at a specified fraction of 
the transformation. 

The crystallization behavior and products correspond- 
ing to Q-~ peak can be identified based on the DSC, 
XRD, and TEM analyses. The XRD pattern indicates 
that besides a Ti-rich phase occurring at 640 K, CuTi 
also occurs for the glass heated to 690 K. With the rise 
of temperature, the crystalline peaks corresponding to 
CuTi and Ti-rich phase increase both in number and in- 
tensity. Because of the overlapping of the three strongest 
lines of  CuTi2 and CuTi3, it is very difficult to identify 
which phase exists. According to the TEM observation 
for the specimen heated to 780 K, two kinds of stable 
phases can be identified as (Figure 4): CuTi phase (tetra- 
gonal, a0 = 0.3108 nm, Co = 0.5887 nm) and CuTi2 
phase (tetragonal a0 = 0.29438 nm, co = 1.07861 nm). 
In addition, an I phase with tetragonal structure also can 
be detected. Using results from the XRD patterns, we 
find that a diffraction peak corresponding to the inter- 
planar space d = 0.178 nm decays from strong to weak 
in the temperature range from 690 to 720 K and nearly 
vanishes at 780 K. It can be inferred that the I phase is 
the trace of an intermediate meta~stable phase which forms 
during the temperature range of the first exothermic peak 
of DSC curve and transforms to final stable phase with 
the increase of  heating temperature. It does not vanish 
completely, because the time is not long enough for this 
transition. This is similar to the formation of metastable 
phase of  Cu6oTi40 glass, but the latter has body-centered 
cubic  structure.  [19] Details about the metastable phase will 
be reported in another article. 

On the whole, the CuTiz and metastable phase I first 
precipitate near the point of inflection of the IF spec- 
trum, which corresponds to the first exothermic peak of  
the DSC curve. In the IF peak, which corresponds to the 
temperature of  the second exothermic DSC peak, CuTi 
forms universally, and metastable phase I transforms to 
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Table I. Analysis of Crystalline Phases by X-Ray Diffraction 

XRD Data 
Samples Quenched at Chosen Temperature 

X-Ray Data from ASTM Cards 
Crystalline Phase 

640 K 690 K 720 K 780 K B (CuTi) A (CuTi2) 

d I d 1 d I d 1 d I/1o hkl d I /Io hkl 

2.28 w 2.26 s 2.26 s 2.27 s 2.28 100 103 
2.19 s 2.20 s 2.20 s 2.19 60 110 
2.15 s 2.14 s 2.15 s 2.13 100 102 

2.09 w 2.08 m 2.08 m 2.08 m 2.08 40 110 
2.06 w 2.06 w 2.06 w 2.05 5 111 
1.78 m 1.78 m 
1.54 m 1.54 m 1.56 w 1.56 25 200 

1.48 w 1.47 10 004 
1.25 m 1.25 m 1.26 m 1.26 m 1.26 40 212 1.24 10 213 

Notes: d = interplanar spacing, 1 = estimated intensities of XRD lines (w = weak, m = medium, s = strong), 1/1o = relative intensities. 

a stable phase with the rise of  temperature .  The final 
stable phases  are main ly  CuTi and a little CuTi2. This 
interpretat ion corresponds  to results of  other  au- 
thors. 12~ The crystallization process of  the metallic glass 
Cu45Ti55, therefore,  can be expressed  as fol lows:  

Amorphous  ~ CuTi2+I ~ CuTi  + CuTi :  

(6) The XRD analysis  o f  crysta l l izat ion phase structure 
of  Cu45Ti55 and A S T M  data are given in Table  I. Two 
crysta l l iza t ion phases ,  CuTi  and CuTi2, and one meta-  
stable phase have been identif ied.  

V. C O N C L U S I O N S  

1. The IF  o f  metal l ic  glass Cu45Ti55 is related to struc- 
tural change o f  the amorphous  al loy.  Hence ,  the IF  
peak  at 710 K is at t r ibuted to the transi t ion of  an 
amorphous  state to crystal l ine.  

2. The crysta l l izat ion behavior  of  metal l ic  glass CuasTi55 
can be effect ively  expressed  by  IF  and thermal  anal-  
ysis ,  which are complemen ta ry  in s tudying structure 
change o f  metal l ic  glass during heat ing.  

3. Combin ing  IF  measurement  with DSC and T E M  
analyses ,  it can be conc luded  that CuTi2 and meta-  
stable phase I first precipi ta te  f rom the glass matr ix  
near  the point  o f  inflect ion for the IF  curve,  so that 
the first crystallization products are CuTi2 and I phase. 
The CuTi  phase forms at the temperature  of  the IF  
peak,  which is near  the end o f  the first exo therm and 
the beginning  of  the second exo therm on the DSC 
curve.  As  the heat ing temperature  increases,  meta-  
stable phase  I vanishes ,  and the final stable phases 
are CuTi and CuTi2. Therefore ,  the crys ta l l iza t ion 
process  of  metal l ic  glass Cu45Ti55 can be expressed  
as fol lows:  

Amorphous  ~ CuTi2+I ---* CuTi  + CuTi  2 
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