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Deformation and fracture of a Zr-Al-Cu 
metallic glass ribbon under tension near 
glass transition temperature
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Amorphous alloys have excellent mechanical 
properties compared with traditional crystalline 

alloys, such as high strength, superplasticity in the 
supercooled liquid region, good corrosion resistance 
and large elastic limit [1]. An amorphous alloy is a kind 
of metallic material with only a short-range order on 
the atomic scale. Because its microstructure is quite 
similar to that of glass and it forms from rapid cooling 
of  metals, it is also called metallic glass [2-5]. Lack of 
typical defects for polycrystalline alloys, such as grain 
boundaries and dislocations, metallic glasses attract 
a lot of research interests on fabrication methods, 
properties and applications [6-8]. However, metallic 
glasses exhibit different deformation behavior under 
different loading conditions due to its metastable glassy 
nature. Its deformation behavior is especially sensitive 
to temperature and strain rate. Metallic glasses have no 
observable plastic deformation at room temperature and 
the ductility is almost zero especially under the condition 
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of tension, even compression [9].  The limited plastic 
deformation under tension or compression is normally 
localized in a single primary shear band of about 
10 nm thick, rendering no observable global plastic 
deformation. The localized shear banding introduces a 
brittle manner of rupture, causing catastrophic failure 
under loading higher than the strength as in ceramic 
materials. Thus, the practical application as structural 
materials is seriously restricted
   The mechanical behavior and fracture of bulk metallic 
glasses at room temperature were widely investigated 
and in-depth fracture analysis was carried out. Zhang 
[10] et al. found the existence of a large number of radial 
dimples in the tensile fracture surface in Zr-based 
metallic glasses at room temperature. Wang[11] et al. 
found that the tensile fracture morphology of Zr-based 
amorphous alloy presents a typical vein pattern. 

A lot of efforts have also been made to enhance 
global plasticity or ductility of metallic glasses at room 
temperature. Zhang et al.[12] introduced compression 
surface stresses to obstruct single primary shear band 
propagation and shear localization, the remarkable 
improvement of ductility was obtained in bulk metallic 
glasses. It is still difficult to achieve tensile ductility of 
monolithic metallic glasses. Guo et al.[13] employed in 
situ transmission electron microscope to determine the 
deformation nature of the small-sized metallic glass 
under tension. For the 100 nm thick sample, great tensile 
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ductility in the range of 23%-45% was observed, including 
significant uniform elongation and extensive necking or stable 
growth of the shear offset.

In the supercooled liquid region, which is defined as the 
temperature range between the glass transition (Tg) and onset 
of crystallization (Tx), an amorphous alloy exhibits excellent 
plastic deformability [14-18]. The deformation behavior in this 
temperature range was extensively studied due to the potential 
to forming Microelectromechanical systems (MEMS) parts 
by net shape processing. Inoue et al[19] reported that Zr-based 
amorphous alloys exhibited a wide supercooled liquid region 
and the superplastic behavior occurred in tensile loading.

The deformation and fracture behavior in the vicinity of glass 
transition temperature was seldom carried out. Investigating 
the transition of room temperature localized shear banding 
to high temperature homogenous flow will also contribute to 
understanding the challenging question of the nature of glass 
transition. However, the research of deformation behavior at this 
temperature range was mostly based on compression tests. 

Therefore, it is necessary to study the deformation behavior 
near the glass transition temperature, in addition to studying 
the mechanical properties of the supercooled liquid region. 
In this paper, Zr-based metallic glassy ribbon was engaged to 
understand the deformation and fracture nature under tension 
near glass transition temperature. The deformation and fracture 
behavior of a Zr50Cu40Al10 metallic glass in the vicinity of glass 
transition temperature were studied.

1 Experimental procedure
Zr50Al40Cu10 (at.%) ingots were prepared by arc melting pure 
Zr, Cu and Al elements in an Ti-gettered Ar atmosphere and 
remelted 4-5 times to ensure the composition homogeneity. Melt 
spinning was performed using a laboratory-scale single roller 
melt-spinner operated in a purified Ar atmosphere. The samples 
with ~4 mm in width and 40 μm in thickness were used in the 
tensile tests. Glassy structure was identified by X-ray diffraction 
(XRD-7000 (S/L), Shimadzu). The initial thermal properties 
of the alloy were studied using a Differential Scanning 
Calorimetry (DSC-1, Mettler Toldeo) at a constant heating rate 
(20 °C·min-1). Electronic universal testing machine（WDW-
1D, SUNS）equipped with an electric furnace with temperature 
accuracy of ±1 °C was used for tensile tests together with a pair 
of twin drum jigs, and the gauge length was set at 25 mm. The 
initial strain rate was 3.33×10-4 s-1. The ribbons used for the 
tensile test were kept in their original state, i.e. no grinding or 
polishing treatments were conducted on the surfaces or edges. 
High temperature tests were conducted after the samples were 
heated to the preset temperature, then hold for 10 minutes 
before loading. The fracture surfaces of the samples were 
observed with a high resolution field-emission scanning electron 
microscope (TM3030, Hitachi).

Fig. 1:    XRD curve and DSC curve of Zr50Cu40Al10 metallic 
glass

2 Results
2.1 Characterization of as-spun samples
The structure and thermal properties of the as-spun sample 
were characterized by XRD and DSC. As shown in Fig. 
1(a), the XRD profile shows an obvious broad peak, which 
conforms to the amorphicity of the prepared alloy. The thermal 
property of the as-spun sample detected by DSC shows that 
the glass transition temperature (Tg) is 428 °C and the onset of 
crystallization temperature (Tx) is 505 °C. According to the DSC 
data, the tensile test experimental temperatures were set from 
350 °C to 440 °C, which are in the vicinity of the apparent glass 
transition temperature.

2.2 Tensile properties
The stress-strain curves of Zr50Cu40Al10 metallic glass at initial 
strain rate of 3.33×10-4 s-1 at different temperatures are shown 
in Fig. 2. The results indicate that the deformation behavior 
varies with testing temperatures. The sample exhibits a complete 
elastic deformation and an abrupt fracture with a tensile strength 
of about 745 MPa at room temperature. At 350 °C and 370 °C, 
the curves endure an elastic deformation and a small amount 
of plastic deformation with serrations and the tensile strength 
is 830 MPa and 678 MPa, respectively. All the other curves 
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Fig. 2:  Tensile stress-strain curves of Zr50Cu40Al10 at 
different temperatures

Fig. 4:  Tensile stress-strain curve of Zr50Cu40Al10 at 
420 °C (the insert is a partially magnified view 
of the serrations)

Fig. 3:  Trend of tensile stress-strain data of Zr50Cu40Al10 
amorphous alloy varies with temperature: (a) tensile 
strength, (b) linear elastic strain and fracture strain

corresponding to tests from 400 °C to 440 °C show quite large 
plastic deformation following the elastic deformation and then 
strain induced softening can be observed. 
   At 430 °C and 440 °C, which is within the supercooled 
liquid region, the plastic deformability of the sample is greatly 
improved and the necking is more obvious. The fracture regions 
of the samples tested at these temperature ranges deformed to 
sharp tips due to pure shear deformation behavior of excellent 
plasticity and low shear strength. 

According to the above tensile stress-strain curve, the results 
of the tensile tests are summarized in Fig. 3. Figure 3(a) shows 
the variation of tensile strength with the testing temperature. 
The strength decreases with the increase of testing temperature. 
It is emphasized that strength reaches a maximum of 830 MPa 
at 350 °C and drops sharply to 473 MPa at 400 °C. The trend of 
linear elastic strain and elongation with temperature are shown 
in the Fig. 3(b). The elastic strain decreases with the increase 
of temperature. The elastic strain decreased to 2.4% at 370 
°C. The elongation sharply increases with temperature within 
the supercooled liquid region. The ductility at 440 °C is about 
107%, which is about twice the amount of that of 430 °C. With 
the increase of temperature, the strength of Zr50Cu40Al10 metallic 
glass gradually decreased, and the residue strain increased. The 
reason for the increase in strength at 350 °C compared with that 
at room temperature is detailed in the discussion section.

Tensile stress-strain curves (Fig. 2) show serrations at 
elevated temperatures. As the testing temperature increases, the 
serrated deformation became more uniform and denser. Figure 
4 is a fragment of the tensile stress-strain curve of Zr50Cu40Al10 

alloy at 420 °C. The insert is a magnified view of its serrated 
deformation. The stress fluctuation Δσ and the periodic strain 
spacing Δε between two adjacent serration are shown in the 
insert. Serrated deformation experiences a sudden drop in stress, 
and the magnified curve shows a vertical line in the graph. Then, 
the stress reverts to a little lower value with the un-dropped part. 
According to the dotted line (the slope of stress v.s. strain) in the 
figure, the initial slope during the stress recovery is almost the 
same as the initial elastic stage of the stress-strain curve. The 

measurement of the inserted figure demonstrates that the Δσ of 
the serrated curve is about 25.5 MPa, and the Δε is about 0.0077. 
With the increase of strain, the vertical serration value become 
smaller, but the Δε remains almost unchanged.

2.3 Fracture morphology
Figure 5 shows the fracture morphologies of the Zr50Cu40Al10 

metallic glass at different testing temperatures. As can be seen 
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from Fig. 5(a), (b), and (c), the sample fracture morphologies 
show a typical vein pattern, which is similar to the fracture 
surface of most ductile amorphous alloy ribbons. Zhang[20] et 
al. studied the fracture morphology of the Zr-based amorphous 
alloy at room temperature, which includes radial dimples. A 
pattern similar to that of a radial dimple can also be found from 
the Region A in Fig. 5(b) and (c). Moreover, it was found that 
the width of the veins significantly increased in the fracture 
morphology at 400 °C compared with that of 370 °C. 

In Fig. 5(d), some gray rough spots can be observed on 
both edges of the sample, which is caused by the oxidation of 
metallic elements due to the long period of exposure under high 

temperature and atmosphere. With careful observation, some 
likely gray spots was also observable on the Fig. 5(c) around the 
crack initiation area. With the increase of testing temperature 
to 430 °C, the fracture surface obtained was fully covered 
by oxides due to higher temperature induced rapid oxidation 
kinetics. At this temperature or above, no vein patterns could be 
observed even in the latest fracture area of the center part, the 
fracture surface was fully covered by oxides. 

3 Discussion
The deformation and fracture behaviors of metallic glasses 

Fig. 5:    SEM images of fracture surfaces of 
Zr50Cu40Al10 metallic glass: (a) at room 
temperature, (b) 370 °C, (c) 400 °C, (d) 
420 °C, (e) 430 °C
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are very sensitive to temperature and strain rate. At elevated 
temperature, the tensile curves undergo elastic and plastic 
deformations and final fracture. During the loading process, 
stress overshoot and serrated deformation appear with the 
change of temperature. Unlike Al-based metallic glassy ribbons, 
which show obvious strain hardening near the glass transition 
temperature at some certain strain rate range [21, 22], this alloy 
indicates obvious softening behavior with the increase of strain 
and much greater elongation in the supercooled liquid region. 

 According to the above experimental results, it was found 
that the deformation behavior of Zr50Cu40Al10 metal glass is quite 
different near the supercooled liquid region. 

The tensile strength at room temperature for the present test is 
much lower than that reported by other researchers[23, 24] whose 
results of about 2,000 MPa were based on a compression test. 
This may be attributed to lower stress state softening parameter 
of tensile testing and high stress concentration caused by the raw 
rough state of test ribbons.

 The shear resistance of the sample is reduced and the plastic 
deformation occurs during the loading process at elevated 
temperature. However, the strength tested at 350 °C is higher 
than that at room temperature. This abnormal phenomenon 
is ascribed to the less stress concentration introduced by the 
improvement of the material’s plasticity at 350 °C. 

 The plastic deformation and ductility of the sample increase 
at higher temperature, which reduces the shearing stress during 
the tensile test, resulting in the maximum strength 830 MPa 
of the sample at 350 °C. At 370 °C, the tensile process of the 
sample is subjected to normal stress, the strength is up to 678 
MPa and shows a small amount of plastic deformation. The 
atoms get higher thermal activation energy, the ability of atomic 
diffusion is enhanced and the stress softening occurs at 400 
-410 °C. The fracture strength is obviously lower than the yield 
strength, and the plastic deformation ability increases. 

The amount of atomic diffusion increased at 420-430 °C 
(Tg). In the loading, the deformation quickly transforms to the 
stable state and obtains great plastic deformation. At 440 °C, the 
fracture strength of the sample is almost zero and the residual 
plastic strain is up to 107%. The deformation behavior of the 
sample has been completely transformed into viscous flow. It 
also shows that the superplastic deformation of the sample is 
caused by viscous flow of supercooled liquid. 

With thorough observation, we can find that after the elastic 
deformation, there are multiple periodic repeats of sudden 
drops in stress, that is, serrations on the stress-strain curve. 
Lewandowski summarized the deformation behavior of 
metallic glasses with shear strain rate and normalized testing 
temperature[25]. During the tensile test, the shear bands will be 
constantly activated, and the stress will suddenly drop down 
every time a shear band operates. However, the localized shear 
deformation zone does not expand quickly through the whole 
section; shear banding is obstructed at some points. Then new 
elastic and plastic deformation continues to occur. As shown in 
Fig. 4, the recovery of stress for every serrated deformation is 
consistent with the initial loading deformation behavior. This 

further indicates that the serrated flow is caused by a sharp 
shear band at each time, and then the sample follows the initial 
deformation behavior.   

Actually, at a temperature near the glass transition 
temperature, two kinds of deformation, shear banding and 
viscous flow, coexist. With the increase of temperature, 
the deformation of the sample is transformed from shear 
deformation to viscous flow. Therefore both the serration height 
and the spacing decrease with the testing temperature.

4 Conclusion
The tensile test of the Zr50Cu40Al10 metallic glassy ribbon was 
carried out in the vicinity of the glass transition temperature. The 
deformation and fracture behavior of the sample varies with the 
testing temperature. At 350 °C, which is about 80 °C lower than 
Tg, obvious plastic deformation was also detected and therefore 
plastic deformation can be initiated at a temperature much 
lower than the glass transition temperature. The ultimate tensile 
strength decreases with the increase of testing temperature and 
the ductility increases with temperature; superplasticity was 
obtained above the glass transition temperature. At temperature 
higher than Tg, homogeneous plastic deformation led to obvious 
necking. The fracture ends tapered to tips under shear stress 
attributed to low flow stress in the supercooled liquid region. 
The deformation process was inhomogeneous, remarkable 
serrations were observed on the stress-strain curve near glass 
transition temperature.
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