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Microstructure and thermal expansion of copper-
based amorphous alloys during structural relaxation
Jin-bei Zhao, *Xin-hui Fan, Bing Li, Ke Yang, Yi-long Kong, Zhao Wang
College of Materials and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China

In recent years, amorphous materials have gradually 
become the key materials of some products, such as 

amorphous motor and amorphous coating, owing to 
their unique microstructure, good mechanical properties, 
and application prospects [1-5]. Structural relaxation 
and crystallization occurring during annealing change 
the physical, chemical, and mechanical properties of 
amorphous alloys [6-11]. The physical properties of the 
amorphous alloy (e.g., coefficient of thermal expansion) 
can be tested to further understand the microstructure 
transformation of the amorphous alloy [12-14]. Previous 
studies [15] showed that structural relaxation occurs as 
the metallic glass Zr57Cu15.4Ni12.6Al10Nb5 is annealed at 
a temperature slightly higher than the glass transition 
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temperature. When the above mentioned material was 
annealed at temperatures above the glass transition 
temperature but slightly below the crystallization 
temperature, a crystallization transition over a longer 
period of time occurred owing to structural relaxation. 
Yuan X P, et al [16] annealed the sample at Tx + 100 °C (Tx 
is the initial crystallization temperature). The obtained 
results show that the Cu46Zr44Al5Nb5 amorphous alloy 
has good thermal stability, and the crystallization type 
is mainly a diffusion-controlled eutectic transformation. 
During the isothermal crystallization annealing at Tx + 
100 °C, the size and volume fraction of Cu10Zr7 phases 
gradually increased with an increase in holding time. 
Cao Chengcheng [17] found the properties of  the iron-
based amorphous alloy were significantly improved 
after pre-annealing at 660 K for 5-10 min. Chen Q 
J, et al [18] studied the thermal expansion property of 
iron-cobalt-based bulk amorphous alloys. The results 
show that the internal thermal expansion behavior 
of Fe24+xCo24-xCr15Mo14C15B6Y2 (x = 0, 2, 4, 6, and 8) 
amorphous alloys is similar at different temperature 
ranges. As the Co content decreases, the secondary 
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Fig. 1:  XRD pattern (a), DSC curve (b) and TEM image (c) of (Cu43Zr48Al9)98Y2

crystallization initiation temperature of the iron-cobalt-based 
amorphous alloy increases. Guan Heng [19] studied the structural 
transformation behavior of Ti-based bulk metallic glass using 
the thermal expansion method. The results show that nano-
grains of approximately 20 nm are formed after thermal 
expansion. However, the microstructure evolution of copper-
based amorphous alloys during structural relaxation and its 
effects on thermal expansion and thermal stability have rarely 
been reported.

CuZr-based bulk amorphous alloys have strong glass-
forming ability, low cost, and excellent mechanical properties, 
which make them most likely to become a new type of 
intensely researched structural materials. In this study, the 
(Cu43Zr48Al9)98Y2 alloy, which has an excellent amorphous 
forming ability and good thermal stability, was selected. The 
effect of the degree of structural relaxation on the thermal 
expansion and thermal stability of amorphous alloys was 
studied by controlling the heating rate, and the appropriate 
heating rate was chosen for annealing. The relationship between 
the microstructure evolution of the amorphous matrix and 
the thermal expansion and thermal stability during structural 
relaxation by annealing was determined. Thereby, the law of 
structural relaxation in amorphous alloys and the crystallization 
phenomenon during structural relaxation were studied.

1 Experiment
The experimental raw materials Cu (99.9%), Zr (99.9%), Al 
(99.9%), and Y (99.9%) were arc melted in a water-cooled 
copper crucible according to the ratio of (Cu43Zr48Al9)98Y2, 
to obtain an ingot weight of 30 g. Then, the alloy ingot was 
remelted for five cycles for homogeneity, expecting a mass loss 
of the alloy ingot of less than 0.5%. Finally, the amorphous 
alloy rod sample with a diameter of 5 mm and a height of 1.5 
mm was prepared by copper mold suction casting. 

To study the effects of structural relaxation on the thermal 
expansion and thermal stability of amorphous alloys, 
thermomechanical analysis (TMA) was used to test the 
thermal expansion and thermal stability of amorphous alloys 

at different heating rates of 5, 10, 20, 30, 40, and 50 K/min. To 
study the microstructure evolution of the alloys during structural 
relaxation, the ingots were cooled in water immediately after 
holding for different times (0.5, 1.0, and 1.5 h) at different 
temperatures of 706, 726, 746, 878, and 938 K, because quick 
cooling can prevent an amorphous alloy from continuing to 
crystallize and maintains the microstructure after annealing. 
The microstructures of the samples were analyzed by X-ray 
diffraction (XRD) and transmission electron microscopy (TEM), 
with the scanning speed of 0.02 °/min and scanning range of 
20-80°, and the Cu-Kα radiation (λ = 1.54056 nm) was used. 
The thermodynamic performance of the as-cast sample was 
analyzed by DSC, under a heating rate of 20 K/min, and argon 
gas was used as the shielding gas. 

2 Results and discussion
2.1 Structural identification and thermodynamic 

properties of as-cast amorphous alloys
Figure 1(a) shows the XRD pattern of the as-cast (Cu43Zr48Al9)98Y2 
amorphous alloy. It is observed that there is a broad diffusion 
scattering peak in the range of 35-50°. This is a diffraction 
peak of a typical amorphous structure, indicating that the as-
cast sample is amorphous. Considering the low resolution 
nature of XRD, to ensure the absence of nanocrystals in the 
sample, the microstructure was further observed by TEM. 
Figure 1(c) shows its TEM image. The selected area electron 
diffraction pattern exhibits a diffuse scattering halo. The high 
resolution electron image shows typically amorphous without 
the presence of nanocrystals, and its structure is uniform. 
Figure 1(b) is the DSC curve of the as-cast (Cu43Zr48Al9)98Y2 
amorphous alloy. The glass transition temperature Tg, the initial 
crystallization temperature Tx, and the crystallization peak-to-
peak temperatures Tp1 and Tp2 are 715, 780, 790, and 913 K, 
respectively, and the width of the supercooled liquid region is 
ΔTx of 65 K and ΔTp of 123 K. The value of ΔTp determines the 
width of the heat treatment temperature interval, and a greater 
ΔTp is helpful to the precipitation of the crystallization phase 
during  heat treatment.

(a) (b) (c)
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2.2 Effect of structural relaxation on thermal stability 
and thermal expansion of amorphous alloys

Figure 2 shows the TMA curves of the (Cu43Zr48Al9)98Y2 
amorphous alloy at different heating rates and its thermal 
expansion coefficient curves. It can be seen that both the 
TMA curves and the thermal expansion coefficient curve are 
moderate before 710 K, the coefficient of thermal expansion has 
no obvious change, indicating the atomic arrangement of the 
amorphous alloy is still an amorphous structure. At this stage, 
the mobility of the amorphous internal atoms is weak due to the 
low temperature, which is insufficient to achieve the cooperative 
diffusion required for structural relaxation. The change in the 
thermal expansion coefficient of the stage is mainly caused by 
the anharmonic vibration of internal atoms. The free volume [20] 
in the amorphous alloy gradually increases with an increase in 
the temperature, and the anharmonic vibration of internal atoms 
changes the structure of short-range order of the amorphous 

alloy, which provides a structural basis for long-range diffusion 
and order transformation. When the temperature reaches the 
glass transition temperature, the thermal expansion coefficient 
of the amorphous alloy considerably decreases, which indicates 
the structural relaxation of the amorphous alloy. The structural 
relaxation mainly includes the change in the topological short-
range and chemical short-range order structures [21]. The change 
in the topological short-range order structure is mainly attributed 
to an increase in the activity of atoms inside the amorphous alloy 
caused by the discharge of excess free volume in the quenched 
amorphous alloy during the initial stage of structural relaxation 
combined with the surrounding free volume. The free volume 
of the amorphous alloy decreases continuously, which makes 
the coefficient of thermal expansion of the amorphous alloy 
continuously reduce, therefore, the structural transformation 
occurs in the amorphous alloy.

Fig. 2:  TMA curves (a) and its thermal expansion coefficient curves (b) of (Cu43Zr48Al9)98Y2 amorphous alloy at 
different heating rates

As the temperature increases, the coefficient of thermal 
expansion sharply decreases due to the changes in the chemical 
short-range order structure during structural relaxation. The 
main cause of these changes is the rearrangement of the 
atomic structure caused by atomic diffusion during structural 
relaxation. As the temperature increases, the ability of atoms 
to migrate continuously increases. Because of the long-range 
diffusion of atoms, the atomic diffusion of amorphous alloy 
tends to be regularly arranged. This causes the free volume of 
the amorphous alloy to disappear faster, resulting in a sharp 
decrease in the thermal expansion coefficient of the amorphous 
alloy. This process is the first crystallization transformation 
of the copper-based amorphous alloy, and the temperature 
corresponding to the minimum point of the thermal expansion 
coefficient is Tx. Meanwhile, it can be seen from Fig. 2(a) that 
the second crystallization of the amorphous alloy occurs as 
the temperature continues to increase. The starting point of 
the crystallization temperature is shown as the dotted line. It 
is observed that the coefficient of thermal expansion decreases 
slightly. This phenomenon is related to the type of crystal 
phases produced by the first crystallization and the surplus 
of free volume. As the temperature continues to increase, 

the amorphous alloy is transformed into a crystalline alloy 
completely, and the grain size increases according to the rise in 
the temperature. At this stage, the thermal expansion is caused 
by the expansion on heating and contraction on cooling. In 
general, according to the change in the thermal expansion rate, 
the amorphous alloy experiences five stages during the heating 
process. The first stage is the structural relaxation preparation 
stage at the temperature range of 550 K-Tg, and the thermal 
expansion coefficient remains unchanged. The second stage is 
the structural relaxation stage at the temperature range of Tg-
Tx, and the thermal expansion coefficient gradually decreases. 
The third stage is the first crystallization stage at Tx-800 K, and 
the thermal expansion coefficient increases. The fourth stage is 
the second crystallization stage at 800-900 K, and the thermal 
expansion coefficient gradually decreases. The fifth stage is the 
grain growth stage at 900-1000 K, and the thermal expansion 
coefficient changes according to the thermal expansion and 
contraction law.

Figure 2 shows that different heating rates affect the 
structural relaxation process of amorphous alloys. As the 
heating rate increases, the difference between the thermal 
expansion coefficient of as-cast (Cu43Zr48Al9)98Y2 amorphous 

(a) (b)
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Fig. 3:  XRD patterns of (Cu43Zr48Al9)98Y2 amorphous alloy 
at different annealing temperatures

Fig. 4:  TEM images of (Cu43Zr48Al9)98Y2 amorphous alloys with annealing temperatures of 706 K (a), 726 K (b), 
and 746 K (c)

Table 1:  (Cu43Zr48Al9)98Y2 characteristic points at 
different heating rates

Heating rates Tg (K) Tx (K) ΔT (K)

5 K/min 713.68 770.38 57.15

10 K/min 710.5 774.24 59.74

20 K/min 711.95 782.37 66.42

30 K/min 727.07 786.7 59.63

40 K/min 727.57 787.08 59.51

50 K/min 728.11 785.37 57.26

alloy and the minimum coefficient of thermal expansion firstly 
decreases and then increases, which is related to the degree 
of structural relaxation of amorphous alloys, nucleation rate 
and growth rate of the crystal phase. When the heating rate 
is 20 K/min, the difference between the thermal expansion 
coefficient of as-cast (Cu43Zr48Al9)98Y2 amorphous alloy and 
the minimum coefficient of thermal expansion is the smallest, 
indicating that its thermal stability is better. Table 1 shows 
the effect of heating rate on the glass transition temperature 
and initial crystallization temperature of the amorphous 
alloy. As the heating rate increases, the glass transition 
temperature gradually increases, and the initial crystallization 
temperature firstly increases and then decreases. The width 
of the supercooled liquid region also firstly increases and 
then decreases. The width of the supercooled liquid region is 
closely related to the thermal stability of the amorphous alloy. 
The wider the width of the supercooled liquid region, the better 
its thermal stability. Therefore, the thermal stability of the 
amorphous alloy firstly increases and then decreases. When the 
heating rate is 20 K/min, the width of the supercooled liquid 
region is the largest, which is 66.42 K, and the amorphous 
alloy has the best thermal stability. Therefore, the heating 
rate was selected to be 20 K/min when the (Cu43Zr48Al9)98Y2 
amorphous alloy was annealed.

2.3 Microstructure development of (Cu43Zr48Al9)98Y2 
amorphous alloy during structural relaxation 
process and heat treatment process

2.3.1 Microstructure development of the (Cu43Zr48Al9)98Y2 
amorphous alloy during structural relaxation

To study the effect of annealing temperature on the 
microstructure of the (Cu43Zr48Al9)98Y2 amorphous alloy, 
different annealing temperatures were selected, according to 
the DSC curve [Fig. 1(b)], as follows: T1 (706 K) < Tg (715 K) 
< T2 ( 726 K) < T3 (746 K) < Tx (780 K) < TP1 (790 K) < T4 (878 
K) < TP2 (913 K) < T5 (938 K). The annealing time was 0.5 h.

The XRD patterns of the (Cu43Zr48Al9)98Y2 amorphous alloys 
with different annealing temperatures were analyzed by phase 
analysis. The results of the analysis are shown in Fig. 3. It can 
be seen from Fig. 3 that the degree of crystallization and the 
crystalline phase of the (Cu43Zr48Al9)98Y2 amorphous alloys 
in different relaxation states are different. At the annealing 
temperature of 706 K, the (Cu43Zr48Al9)98Y2 amorphous alloy 
still exhibits a diffuse scattering peak of the amorphous state. 
Figure 4(a) shows the TEM image of the (Cu43Zr48Al9)98Y2 

amorphous alloy at the annealing temperature of 706 K. The 
selected area electron diffraction pattern is a diffuse scattering 

(a) (b) (c)
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halo, and the high-resolution electron image shows the 
amorphous structure without any nanocrystalline components. 
This is because during the annealing process, the internal 
stress accumulated in the (Cu43Zr48Al9)98Y2 amorphous alloy is 
released, meanwhile, structural relaxation occurs, which results 
in a decrease in the amorphous state. When annealing at 726 K 
and 746 K, the crystal diffraction peaks that appear in Fig. 3, the 
crystallized peaks of the sharp CuZr2 phase and the AlCu2Zr7 
phase are superimposed on the amorphous diffuse scattering 
peak, and the crystallization peaks of the CuZr2 and AlCu2Zr7 
phases increase with an increase in annealing temperature.

Figures 4(b) and (c) show the TEM images of (Cu43Zr48Al9)98Y2 
amorphous alloy annealed at 726 K and 746 K, respectively. A 
crystal phase can be seen in some areas of the dark field image 
in Fig. 4(b). The average size of nanocrystalline components 
is relatively small, approximately 12 nm. Figure 4(c) shows 
a diffuse diffraction ring in the electron diffraction image. It 
can be observed that several crystal diffraction spots appear on 
the diffusion ring at a lower diffraction angle. The diffraction 
spots and ring were analyzed to determine the nanocrystalline 
phases on the substrate. In addition, Fig. 4(c) shows that there 
are two glassy-phase alloys. It was found [22] that another metal 
element mixed with the main component of the alloy system can 
be used to prepare two glassy-phases in one amorphous alloy. 
The mixing heat between two elements of (Cu43Zr48Al9)98Y2 
amorphous alloy is as follows: Zr-Cu: -23 kJ/mol, Zr-Al: -49 kJ/
mol, Zr-Y: 9 kJ/mol, Cu-Al: -44 kJ/mol, Cu-Y: -22 kJ/mol, and 
Al-Y: -38 kJ/mol; the elements Zr, Cu, and Al have a relatively 
strong affinity with each other. During the annealing process, 
Cu and Zr preferentially capture the solute component Al, and 
component Y is mainly trapped by Cu and Al due to Zr and Y 
having a positive mixing heat. The (Cu43Zr48Al9)98Y2 amorphous 
alloy is water-cooled after annealing, and two glassy-phases are 
formed in local regions due to the rapid cooling rate.

 W h e n t h e a n n e a l i n g t e m p e r a t u r e i s 7 2 6 K , t h e 
nanocrystalline phases are CuZr2 and AlCu2Zr7. When the 
temperature is 746 K, the crystallization phases of CuZr(B2), 
CuZr(M) and Cu10Zr7 begin to precipitate. However, when the 
annealing temperature is 938 K, the Cu10Zr7 phase disappears, 
because the Cu10Zr7 + CuZr2 → CuZr reaction occurs, which 
is an exothermic reaction. It can be inferred that there is an 
exothermic peak between T4 and T5, which corresponds to the 

second crystallization peak in Fig. 1(b). The microstructure 
evolution of samples with different structural relaxation is 
stated as follows: amorphous → CuZr2 + AlCu2Zr7 → CuZr2 
+ AlCu2Zr7 + CuZr(B2) + CuZr(M) + Cu10Zr7 → CuZr2 + 
AlCu2Zr7 + CuZr(B2) + CuZr(M).

2.3.2 Microstructure development of samples subjected to 
low temperature heat treatment 

Figure 5 shows the XRD patterns of the (Cu43Zr48Al9)98Y2 

amorphous alloy at 706, 726, and 746 K. It can be seen that 
when the (Cu43Zr48Al9)98Y2 amorphous alloy remains at the 
same annealing temperature for different periods of times, the 
degree of crystallization of the alloys was different, the degree 
of crystallization of the (Cu43Zr48Al9)98Y2 amorphous alloy 
at different annealing temperatures for the same time is also 
different. The XRD pattern of the (Cu43Zr48Al9)98Y2 amorphous 
alloy is subjected to phase analysis. It can be found that the 
number of crystal diffraction peaks increases continuously 
and their intensity also increases with an increase in heat 
treatment time, and the XRD pattern of the amorphous alloy 
exhibits diffuse diffraction peaks after crystallization. The 
Scherer equation (1) shows that the grain size of the alloy (D) 
is inversely proportional to the full width at half maximum of 
the crystal diffraction peak (β), 

                                   D=Kλ/βcosθ                                     (1)

K is Scherrer constant, θ is the Bragg diffraction angle, λ is the 
X-ray wavelength. 

According to the equation, the calculated grain sizes of the 
(Cu43Zr48Al9)98Y2 amorphous alloy are 13.9 nm after a 1.5 h 
treatment at 706 K, 9.6 nm after 1 h treatment at 726 K, and 
17.4 nm after 1.5 h treatment at 726 K. These results show that 
the suitable annealing temperature and holding time help to 
refine the crystal grains of (Cu43Zr48Al9)98Y2 amorphous alloys.                                

Figure 6(a) shows TEM image of the (Cu43Zr48Al9)98Y2 

amorphous alloy after heat treatment at 706 K for 1.5 h. 
White crystal grains can be observed in the region of the 
dark field image. The analysis of the diffraction ring and 
diffraction spots shows that the crystal phases precipitated 
in the amorphous matrix are the Cu10Zr7 and CuZr2 phases, 
and the nanocrystal grains are small, approximately 10 nm. 
This observation is consistent with the calculated grain size, 
and the nanocrystal grains in the amorphous matrix are also 

Fig. 5:  XRD patterns of (Cu43Zr48Al9)98Y2 amorphous alloy at different annealing temperatures and annealing times

(a) (b) (c)
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Fig. 6:  TEM images of (Cu43Zr48Al9)98Y2 amorphous alloy after annealing at 706 K (a) and 726 K (b) for 1.5 h

relatively small. Figure 6(b) shows the TEM image of the 
(Cu43Zr48Al9)98Y2 amorphous alloy after heat treatment at 
726 K for 1.5 h. Many white crystal grains are observed in 
the region of the dark field image, and the size of the crystal 
grains is relatively large, approximately 13 nm. This is 
consistent with the above-calculated grain size, although the 
number of nano-grains is great, the amorphous matrix remains 
dominant. It can be observed from Fig. 6(b) that the number 
of nano-grains in the amorphous matrix increases, and the 
adjacent grains aggregate and grow to form larger grains. The 
higher annealing temperature increases the nucleation rate 
of nano-grains, and also provides better conditions for the 
grain growth. With an increase in the annealing temperature, 
the Cu10Zr7 + CuZr2 → CuZr reaction occurs, leading to the 
formation of the plastic CuZr phases, this may result in better 
plasticity of the amorphous alloy at room temperature. In 
general, when the temperature is 706 K, the microstructure 
evolves as follows: amorphous → Cu10Zr7 → Cu10Zr7 + 
CuZr2. When the temperature is 726 K, it evolves as follows: 
amorphous → CuZr2 + AlCu2Zr7 + Cu10Zr7 → Cu10Zr7 + CuZr2 
→ CuZr2 + CuZr(B2) + Cu10Zr7. When the temperature is 746 
K, it evolves as follows: amorphous → Cu10Zr7 + CuZr2 → 
CuZr2 + AlCu2Zr7 + Cu10Zr7 + CuZr(B2) → CuZr2 + AlCu2Zr7 
+ CuZr(B2) (increased) + Cu10Zr7.

3 Conclusions
(1) On the basis of the TMA and thermal expansion 

coefficient curves, the structural transformation behavior of 
the (Cu43Zr48Al9)98Y2 amorphous alloy can be divided into 
five different stages: structural relaxation preparation stage, 
structural relaxation stage, first crystallization stage, second 
crystallization stage, and grain growth stage.

(2) The (Cu43Zr48Al9)98Y2 amorphous alloys with different 
heating rates have different degrees of structural relaxation. 
When the heating rate is 20 K/min, the difference between 
the thermal expansion coefficient of as-cast (Cu43Zr48Al9)98Y2 
amorphous alloy and the minimum coefficient of thermal 
expans ion i s the smal les t , the thermal s tab i l i ty o f 

(Cu43Zr48Al9)98Y2 amorphous alloy is the best. The width of the 
supercooled liquid region is 66.42 K.  

(3) The structure evolution of the amorphous alloy with 
different relaxation states is as follows: amorphous → CuZr2 

+ AlCu2Zr7 → CuZr2 + AlCu2Zr7 + CuZr(B2) + CuZr(M) + 
Cu10Zr7 → CuZr2 + AlCu2Zr7 + CuZr(B2) + CuZr(M).

(4) After annealing at 706 K and 726 K, the nanocrystals 
sizes of the (Cu43Zr48Al9)98Y2 amorphous alloys are 10 nm 
and 13 nm, respectively. When the annealing temperature 
is 746 K, the amorphous alloy is completely transformed 
into a crystalline alloy. When the annealing temperature is 
706 K, the crystallization process of the amorphous alloy is as 
follows: amorphous → Cu10Zr7 → Cu10Zr7 + CuZr2. When the 
annealing temperature is 726 K, the crystallization process 
of the amorphous alloy is as follows: amorphous → CuZr2 + 
AlCu2Zr7 + Cu10Zr7 → Cu10Zr7 + CuZr2 → CuZr2 + CuZr(B2) 
+ Cu10Zr7. 
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