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ABSTRACT

In this study a Cu43Zr48Al9 bulk metallic glass prepared by the copper mold casting method is considered. In
recent years, Cu-Zr-Al systems like this have enjoyed widespread attention due to their high strength, high hard-
ness, high corrosion resistance and low cost. Here samples of this substance are studied using DSC (Differential
scanning calorimetry) to determine the effect of different test conditions (heating rate, sample mass, sample
specific surface area and sample crystal phase) on the characteristic thermodynamic temperature of the bulk
metallic glass. Experimental results show that almost all of the five characteristic thermodynamic temperatures
(Tg, Tx, Tp, Tm, Tl) of this substance have higher values when the heating rate is increased. The influence of
the variation of sample mass, sample specific surface area and sample crystal phase on the amorphous alloy char-
acteristic temperature is very weak. lower the heating rate, the more developed the crystalline phase in the amor-
phous alloy will be.
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1 Introduction

Bulk metallic glass (BMG) has become a promising new structural material due to its high strength, great
resistance against wearing, and excellent corrosion resistance properties [1–8]. However, most BMGs exhibit
relatively little glass formation ability and thermal stability. Currently, thermal analysis [9–12] (DSC) is one of
the most convenient and widely used methods for the analysis of thermal material. DSC technology is a method
that can be employed for measuring the characteristic thermodynamic temperatures during the process of
heating bulk metal glass, including glass transition temperature (Tg), crystallization temperature (Tx),
crystallization peak temperature (Tp), and melting temperature (Tm). An index of thermal stability of bulk
metallic glass can be obtained using the DSC thermal analysis test instrument, as shown in Fig. 1a. There
are five characteristic thermodynamic temperatures of amorphous: Tg, Tx, Tp, Tm, and Tl. This can be seen
in Fig. 1b. The transition of an amorphous state from equilibrium metastable state to non-equilibrium
metastable state is known as an amorphous state transition, and the temperature at the start of the transition
is the glass transition temperature Tg, which is the transition between the glassy state and high elastic state.
During the heating process, the bulk metallic glass transforms from the non-equilibrium metastable state to
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equilibrium state, and the initial temperature at which the glass crystallizes is known as crystallization
temperature Tx. The temperature at which the most energy is released during amorphous crystallization is
the peak crystallization temperature (Tp). The temperature at which the transition from solid to liquid starts
is the solid-line temperature (Tm). The temperature at which the solid is completely transformed into a
liquid is the liquidus temperature (Tl).

A comprehensive evaluation and comparison of the thermal stability of bulk metallic glass can be
performed. However, DSC is a dynamic temperature analysis technique and there are many factors that
can affect its experimental results. The measurement results will not only be affected by the material
state, but also by other factors including experimental conditions. Results that are obtained under different
test conditions may contain significant errors [13].

When conducting research on the influence of test conditions on the characteristic temperature of bulk
metallic glass, it is of great significance to improve the testing accuracy by obtaining the optimum testing
conditions. This is effective for improving the glass formation ability GFA of the Cu-Zr-Al BMGs.

In this paper, the results of the experiment will be compared and analyzed. The will be conducted using
DSC under different test conditions with test samples of bulk metallic glass, and the influence of test
conditions on the five characteristic thermodynamic temperatures of BMGs will be researched. By
calculating the GFA as a criterion of ΔT ( ΔT = Tx − Tg), Trg (Trg = Tg/Tl), γ (γ = Tx/(Tg + Tl)),
α (α = Tx/Tl), the GFA and thermal stability of the sample can be analyzed under different test conditions.
The correct conditions can be chosen and the thermodynamic temperature change rule under different test
conditions can be summarized.

2 Experimental Methods

Master alloy ingots with a nominal composition of Cu43Zr48Al9 were prepared by arc-melting a
mixture of Cu (99.9%), Zr (99.99%), Al (99.99%) and Y (99.99%) in a high-purity argon atmosphere. In
order to ensure complete melting and compositional homogeneity, the alloy ingots were re-melted three
times. The molten alloys were then suction cast into a copper mold a rod 3 mm in diameter was obtained
under negative pressure. The thermal characteristic parameters of the alloys were determined using a
differential scanning calorimeter (DSC) in a high-purity argon atmosphere.

Figure 1: DSC test instrument and DSC curves (a) DSC thermal analysis test instrument (b) DSC curves and
thermodynamic temperature
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This experiment uses the amorphous alloy Cu43Zr48Al9 as its research object for analyzing the change
trend and rule of characteristic thermodynamic temperatures (Tg, Tx, Tp, Tm, Tl) in a variety of DSC test
conditions. The test conditions include sample quality, sample specific surface area, crystal phase state of
the sample, and temperature rise rate of the instrument.

3 Results and Discussion

3.1 Influence of Sample Quality on DSC Test Results
Due to the quality of the sample is not the same as lead to there are some different of test results. In order

to determine a more appropriate test quality, the test quality of 20, 40, 60, 80 and 100 mg by DSC test,
different quality of Cu43Zr48Al9 test results by DSC as shown in Fig. 2. The measured results of the
various characteristics of temperature and glass formation ability parameters are shown in Table 1.

From Fig. 3 and Table 1, with Cu43Zr48Al9 as the research object and examining the five characteristics
of temperature change trend, it can be seen that the change to Tg and Tp is the least and the change to Tl is
the largest.

The variation trend of GFA parameters ΔT, Trg, γ, and α of Cu43Zr48Al9 samples with different qualities
can be seen in Fig. 4. Fig. 4a displays the trend of ΔT as sample quality changes; Fig. 4b shows the trend of
Trg, γ, and α as sample quality changes. The figure shows that ΔT exhibits an increasing trend as the sample

Figure 2: DSC curves of Cu43Zr48Al9 bulk metallic glass with different masses

Table 1: Characteristic temperature and glass formation capacity parameters of Cu43Zr48Al9 bulk metallic
glass with different qualities

Mass/mg Tg/K Tx/K Tp/K Tm/K Tl/K ΔT/K Trg γ α

20 703 765 778 1135 1162 61.9 0.605 0.410 0.658

40 702 764 779 1128 1167 62.5 0.601 0.409 0.655

60 703 767 777 1136 1175 63.7 0.599 0.408 0.653

80 702 766 778 1133 1173 64.8 0.598 0.409 0.653

100 703 771 778 1138 1174 67.2 0.599 0.410 0.656
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quality increases. Trg, γ, and α display a tendency of decreasing first and then increasing as sample quality
increases. According to the comprehensive results, when the sample quality is 100 mg, ΔT, Tg, Tx, and Tp are
larger, and demonstrate good thermal stability.

3.2 Influence of Specific Surface Areas on DSC Test Results
Due to the different specific surface areas of the samples, differences were evident during the heating

area of samples during the DSC test, and differences occurred during the process of heat conduction and
the physicochemical reaction of samples. It is therefore necessary to study the influence of the specific
surface area of samples on the characteristic thermodynamic temperature of bulk metal glass. The specific
surface areas of samples A and B were 1.0 and 2.0. The DSC curves of Cu43Zr48Al9 with different

Figure 3: Characteristic temperature variation trend of Cu43Zr48Al9 bulk metallic glass with different
qualities

Figure 4: Variation trend of GFA parameters of Cu43Zr48Al9 with different mass (a) Mass-ΔT (b) Mass-Trg,
γ and α
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specific surface areas can be seen in Fig. 5. The characteristic temperatures and glass formation capacity
parameters of the measured results can be seen in Table 2.

According to Fig. 5 and Table 2, the specific surface areas of samples have little influence on the DSC
test results, Tg, Tx, Tp, and Tm have little influence, and Tl has great influence. It can be seen from GFA
parameters ΔT, Trg, γ, and α that the specific surface area of the sample has little influence on the
characteristic thermodynamic temperature.

3.3 Sample Crystal Relative to DSC Test Results
With the stepped sample bar (Fig. 6), the cooling rate of the sample bar decreases from 3 mm front end to

7 mm end. In the direction of increasing diameter, the proportion of non-crystals in the crystal phase
gradually becomes smaller. Studying the influence of the sample crystal on characteristic thermodynamic
temperature would better guide us to prepare suitable measurement samples.

Figure 5: DSC curves of Cu43Zr48Al9 with different specific surface areas

Table 2: Characteristic temperatures and glass formation capacity parameters of Cu43Zr48Al9 with different
specific surface areas

Tg/K Tx/K Tp/K Tm/K Tl/K ΔT/K Trg γ α

700 769 776 1116 1163 69.0 0.602 0.413 0.661

699 767 774 1113 1158 68.7 0.604 0.413 0.663

Figure 6: Sample photo
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The DSC curves of Cu43Zr48Al9 in different crystal phases can be seen in Fig. 7. The characteristic
temperatures and glass formation capacity parameters of Cu43Zr48Al9 in different crystal phases can be
seen in Table 3.

From Fig. 7 and Table 3, it can be seen that the change in crystal phase has little influence on the
DSC measurement results. With the same sample, there is little difference in the Tg, Tx, Tp, and Tm of
different crystal phases, with the smallest change evident in Tg and Tp, followed by Tx and Tm, and the
largest being Tl.

Cu43Zr48Al9 samples under different crystal phases as the GFA parameters of ΔT, Trg, γ, and α can be
seen in Fig. 8. Fig. 8a as for delta T as the change of sample crystal phase change trend, Fig. 8b for Trg, γ, α, as
the change of sample crystal phase change trend, Δ T change pattern, sample 3 mm good amorphous front-
end crystal phase composition as so delta T is larger, showed good thermal stability. The changes of Trg, γ,
and α have a tendency to decrease as the amorphous composition of the crystal phase decreases (from the
3 mm front end to the 5 mm end). Therefore, the sample with a diameter of 3 mm has a larger Trg, γ, and
α, which demonstrates a better glass formation ability.

Figure 7: DSC curves of Cu43Zr48Al9 in different crystal phases

Table 3: Characteristic temperatures and glass formation capacity parameters of Cu43Zr48Al9 in different
crystal phases

Cu43Zr48Al9 Tg/K Tx/K Tp/K Tm/K Tl/K ΔT/K Trg γ α

3 mm forepart 699 766 774 1107 1154 67.1 0.606 0.414 0.664

3 mm tail end 700 763 772 1106 1155 62.9 0.607 0.411 0.661

5 mm forepart 700 766 774 1103 1165 66.0 0.601 0.411 0.658

5 mm tail end 701 766 774 1102 1165 65.1 0.601 0.410 0.657

7 mm forepart 700 765 774 1102 1163 65.6 0.602 0.411 0.658
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As the position of amorphous alloy Cu43Zr48Al9 rod specimen is more backward (the diameter of 3mm is set
as the front), the amorphous content of the crystal phase decreases and ultimately crystallizes. From the 3 mm
forepart end to the 7 mm forepart, the characteristic temperature point of the sample in the DSC measurement
results exhibits very little change, and the 3 mm measurement data demonstrates good thermal stability.

3.4 Influence of Heating Rate on DSC Test Results
Different heating rates cause different amounts of heat to be received by test samples per unit of time.

With test samples that have the same composition and state, the effects different heating rates have on their
characteristic thermodynamic temperatures can be better studied, in order to better understand their
thermostatic crystallization behavior. This paper has studied the Cu43Zr48Al9 DSC curves measured at 5,
10, 20, 30, 40 and 50 °C/min.

The DSC test curves of Cu43Zr48Al9 at different heating rates can be seen in Fig. 9, and the characteristic
temperatures and glass formation ability parameters of the DSC measured results can be seen in Table 4.

Figure 8: GFA parameter variation trend of Cu43Zr48Al9 in different crystal phases (a) Crystal phase-ΔT
(b) Crystal phase-Trg, γ, and α

Figure 9: DSC curves under different heating rates
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From Fig. 10 and Table 4, it can be seen that the heating rate of DSC measurement results shows the
influence of a certain regular. As the heating rate increases, the characteristics of temperature Tg, Tx, Tp,
Tm, Tl, almost all Tm and corresponding to high end mobile. This suggests that the glass transition and
melting behavior of the amorphous alloy is a type of dynamic behavior of temperature dependence.
Fig. 10 displays the variation trend of the characteristic temperatures of Cu43Zr48Al9 at varying heating
rates. When heating rates are different, Tm changes the least, followed by Tg, and Tx, TP, and Tl are the
most significant.

The variation trend of GFA parameters ΔT, Trg, γ, and α of Cu43Zr48Al9 at different heating rates can be
seen in Fig. 11. The higher the heating rate, the higher the value of ΔT. Trg, γ, and α show no obvious change
rule, and α and Trg are the largest with a heating rate of 20 °C/min.

Table 4: Characteristic temperatures and glass formation capacity parameters under different heating rates

Cu43Zr48Al9
heating rates/K·min-1

Tg/K Tx/K Tp/K Tm/K Tl/K ΔT/K Trg γ α

5 687 752 760 1123 1156 64.6 0.595 0.408 0.651

10 692 760 768 1120 1157 68.0 0.596 0.412 0.657

20 702 770 778 1125 1167 68.5 0.601 0.412 0.660

30 702 776 783 1120 1178 73.7 0.596 0.413 0.659

40 703 779 785 1122 1185 75.1 0.593 0.412 0.657

50 704 783 790 1124 1189 79.2 0.591 0.413 0.658

Figure 10: Trend of characteristic thermodynamic temperatures at different heating rates
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4 Conclusion

This paper has used Cu-Zr-Al bulk metallic glass as its research object for studying the influence
different test conditions have on the thermodynamic temperature of amorphous characteristics and has
reached the following conclusions:

1) The heating rate has a significant influence on the characteristic temperature points, and the five
characteristic thermodynamic temperatures (Tg, Tx, TP, Tm, Tl) all increase in temperature as the heating
rate increases. The GFA parameter ΔT also increases as the heating rate increases.

2) The sample mass, sample specific surface area, and thermodynamic temperature of the crystal relative
to the amorphous characteristics of the sample have very little influence.

3) The influence degree of test conditions on the thermodynamic temperature of Cu-Zr-Al bulk metallic
glass: sample surface area < sample crystal phase < sample mass < heating rate.
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