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Rate dependent of strength 
in metallic glasses at different 
temperatures
Y.W. Wang, X.L. Bian, S.W. Wu, I. Hussain, Y.D. Jia, J. Yi & G. Wang

The correlation between the strength at the macroscale and the elastic deformation as well as shear 
cracking behavior at the microscale of bulk metallic glasses (BMGs) is investigated. The temperatures 
of 298 K and 77 K as well as the strain rate ranging from 10−6 s−1 to 10−2 s−1 are applied to the BMGs, 
in which the mechanical responses of the BMGs are profiled through the compression tests. The yield 
strength is associated with the activation of the elementary deformation unit, which is insensitive to 
the strain rate. The maximum compressive strength is linked to the crack propagation during shear 
fracture process, which is influenced by the strain rate. The cryogenic temperature of 77 K significantly 
improves the yield strength and the maximum compressive strength of the BMGs.

Due to extraordinarily high strength, bulk metallic glasses (BMGs) are expected to be potentially applied in 
structural materials. Besides high strength, a considerably good toughness also makes BMGs to be attractive1–4. 
The combination of high strength and good toughness will lead BMGs to be used in some extreme service condi-
tions, such as high strain rate deformation, and low environmental temperatures etc4–8. Therefore, it is required to 
uncover the correlation between the strength and the fracture behaviors of BMGs under different temperatures, 
and loading rates. Abundant researches have been carried out to explore the influence of cryogenic temperature 
on the strength and the plastic behavior (serrated flow) of BMGs in the past several years5,9–13. The quasi-static 
deformation tests as well as the dynamic deformation tests of many BMGs also were performed, which suggested 
a negative-sensitivity of strength to strain rate6,8,14–21. Furthermore, the influences of cryogenic temperature and 
strain rate on the deformation behavior of BMGs were discussed in the framework of deformation kinetics22. In 
these work, shear band9,23–27, serrated flows28–30, activation energy of shear banding31 etc. have been comprehen-
sively investigated. However, few work focus on the fracture behavior of BMGs coupled influenced by strain rates 
and temperatures. The fracture behavior of BMGs, such as the crack formation during the fracture process, may 
provide useful clue to not only understand deformation mechanism but also guide the design of BMGs with high 
toughness.

Accordingly, in this paper, two BMGs, i.e., Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%) (Zr-MG) and Ce68Al10Cu20Co2 
(Ce-MG), with different yield strength and toughness are selected as the model materials. The compression tests 
of two BMGs are performed at 298 K and 77 K, respectively, with a wide strain-rate range from 2.5 ×​ 10−6 s−1 to 
2.5 ×​ 10−2 s−1. The coupled effects of temperatures and strain rates on the crack formation of the BMGs are eluci-
dated based on the 3 dimensional (3D) fractogrphies and the theory of the instability of the crack tip.

Results
The compression nominal stress-displacement curves of the Zr-MG and the Ce-MG at 298 K and 77 K, and different  
strain rates are plotted in Fig. 1. Because the extensometer cannot be used in the cryogenic temperature, the 
plastic strain measurements are not provided. The results of repeated compression tests are summarized in Figs 
S1–S4 in Supplementary materials.

At 298 K, the deformation of the Ce-MG undergoes a remarkable brittle-to-ductile (BTD) transition with 
decreasing strain rate from 10−2 to 10−6 s−1. In the strain-rate range from 10−5 ~ 10−2 s−1, the stress-displacement 
curves of the Ce-MG exhibit a linear elastic deformation followed by a catastrophic fracture without obvious plas-
tic flow (Fig. 1a). When the strain rate decreases to 10−6 s−1, a stress overshoot followed by a plastic flow appears 
(Fig. 1a). The fracture at the strain rate of 10−6 s−1 does not occur. Regarding that the glass transition temperature 
of the Ce-MG is 352 K32, the deformation temperature of 298 K is already close to the supercooled liquid region 
of the Ce-MG. Thus, a homogeneous deformation occurs at a relative low strain rate. When temperature comes 
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to 77 K, the deformation of the Ce-MG in the strain-rate range from 10−2 to 10−5 s−1 exhibits the obviously plastic 
flow (Fig. 1b), and the catastrophic fracture after plastic deformation. The maximum compressive strength at 77 K 
is obviously larger than the value at 298 K.

For the deformation of the Zr-MG at 298 K, a linear elastic deformation followed by a plastic deformation, i.e., 
an elasto-plastic deformation, is observed at different strain rates (Fig. 1c). At 77 K, the elasto-plastic deformation 
is also observed (Fig. 1d). Furthermore, the decrease in temperature causes the maximum compressive strength 
to be increased, which is same to that in the Ce-MG.

According to the stress-displacement curves of two BMGs, the maximum compressive strength and the yield 
strength are chosen to characterize the mechanical response of the BMGs at different strain rates and temper-
atures, which are summarized in Fig. 2. The strength values are the average values from repeated compression 
tests (Figs S1–S4 in Supplementary materials). It can be seen that the compressive strength of the Ce-MG at 298 K 
decreases from 588 ±​ 39 to 500 ±​ 9 MPa, and the value of the Zr-MG decreases from 1945 ±​ 15 to 1877 ±​ 2 MPa 
with increasing strain rate from 10−5 to 10−2 s−1 (Fig. 2a,b), which clearly suggests a negative strain-rate sensi-
tivity. At 77 K, the strain-rate sensitivity is not obvious in both BMGs. The compressive strength of the Ce-MG 
remains unchanged around a stress of 805 MPa with increasing the strain rate (Fig. 2a). For the Zr-MG at 77 K,  
although it seems that the compressive strength increases slightly from 2134 ±​ 11 to 2186 ±​ 15 MPa with strain 
rate, regarding the error bars, we believe that the compressive strength is kept at a constant (Fig. 2b). The yield 
strength of the BMGs is determined as the elastic stress deviating the linear elastic stress-displacement curve, 
which is representatively shown in Fig. 1e. The yield strengths of the Ce-MG at 298 K and 77 K are almost 

Figure 1.  Nominal stress-displacement curves of the BMGs at different strain rates and temperatures. 
 (a) Ce-MG at 298 K. (b) Ce-MG at 77K. (c) Zr-MG at 298 K. (d) Zr-MG at 77 K. (e) The determination of yield 
strength of the BMGs. The Ce-MG fractured at 10−4 s−1 and 298 K is representatively shown.
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constants of 480 ±​ 11 MPa and 745 ±​ 6 MPa, respectively (Fig. 2c), and the corresponding values of the Zr-MG 
are 1675 ±​ 24 MPa and 1910 ±​ 21 MPa, respectively (Fig. 2d). The change of the strain rate does not significantly 
influence the yield strength of the BMGs.

The fractographies of two BMGs at the strain rate of 10−4 s−1, and at different temperatures are representatively 
shown in Fig. 3. The BMGs fractured at other strain rates are also shown in Figs S5–S8 in Supplementary materi-
als. Generally, cracking process in materials includes two stages, i.e., crack-formation stage and crack-propagation 
stage. The crack formation is associated with the intrinsic strength of materials. Therefore, the SEM observation 
region is located on the edge of fracture surface (which is marked by red arrows in Fig. 3), where the crack 
started to propagate. The SEM images of the Ce-MG and the Zr-MG (the left column of Fig. 3), show that the 
fracture surfaces are fully occupied by the finger-like vein patterns accompanied with some liquid droplets. The 
size of the vein pattern in the Zr-MG is larger than that in the Ce-MG. The insets of the left column images 
are the side views of the fractured BMGs, which confirm that both the Ce-MG and the Zr-MG behave a shear 
fracture behavior, and the shear-fracture angles of the Ce-MG and the Zr-MG are 44° and 42°, respectively. The 
changes in strain rate and temperature do not influence the fracture angle. The 3D fractographies are also recon-
structed in the middle column of Fig. 3, which can quantitatively provide the roughness of surface morphologies. 
Coordinates are marked on the 3D fractographies (the middle column of Fig. 3). The crack propagates along the 
X-axis on the X-Y plane. Based on the 3D fractographies, the sectional shape on the Y-Z plane, i.e., perpendicular 
to the crack-propagation direction, is profiled in the right column of Fig. 3, which clearly presents the roughness 
(height) of the finger-like vein pattern. For each fracture surface, three sectional shapes at different positions are 
profiled, as shown in the middle and right columns of Fig. 3.

According to the sectional shape of the fracture surface (the right column of Fig. 3), the average height of the 
finger-like vein pattern at different strain rates and temperatures are plotted in Fig. 4. The measurement of the 
height of the finger-like vein pattern is schematically shown in Fig. 3c, indicating that the relative height of the 
peak in the sectional shape of the fracture surface is considered as the height value. At 298 K, with increasing 
strain rate, the heights of the finger-like vein patterns of the Ce-MG and the Zr-MG decrease from 4.5 μ​m to 3 μ​m,  
and from 4.2 μ​m to 3.2 μ​m, respectively. When the temperature decreases to 77 K, the heights of the finger-like 
patterns of the Ce-MG and the Zr-MG are almost constants of 3 μ​m and 4 μ​m, respectively, which are independent  
of strain rate.

Discussion
Yield strength, as a critical stress value, is a boundary between elastic deformation and plastic deformation. The 
strength of crystalline metals is closely related to the Peierls force, i.e., the intrinsic frictional stress for dislocation 
motion, which was well documented33. For BMGs, due to the lack of crystalline defects, the yield strength of 

Figure 2.  Strength of two BMGs at different strain rates and temperatures. (a) Maximum compressive 
strength of Ce-MG vs. strain rate. (b) Maximum compressive strength of Zr-MG vs. strain rate. (c) Yield 
strength of Ce-MG vs. strain rate. (d) Yield strength of Zr-MG vs. strain rate.
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BMGs is believed to be directly associated with the cohesive strength between atomic clusters34–36. Furthermore, 
the yield strength is associated with the size of the elementary deformation units30,37. The increase of elastic 
stress causes the atomic-bond anisotropic reorientation in the first nearest-neighbor shell, and then induces sur-
rounding atoms shift concordantly, i.e., the atomic bonds elastically stretching (or shrinking) in other atomic 
shells11,37,38. Accordingly, the elementary deformation units for delivering strain are formed. The formation of 
the deformation units is associated with the stress increment, i.e., the elastic energy accumulation. The stress 
increment and the size of the deformation unit can dominate the yield strength of BMGs37,39. At cryogenic  
temperature, the size of the deformation unit is enlarged due to the increases in elastic modulus and shear 
modulus11. Therefore, decreasing temperature to the cryogenic level can apparently enlarge the size of elemen-
tary deformation units11, which further increases the activation energy of deformation units, and results in the 
increase of yield strength.

Figure 3.  Fracture morphologies of two BMGs fractured at different temperatures with the strain rate 
of 2.5 × 10−4 s−1. (a) Fractography of Ce-MG at 298 K. (b) 3D fractographies of Ce-MG at 298 K. (c) Three 
sectional shapes reflecting the surface roughness along the three lines in (b). (d) Fractography of Ce-MG at 
77 K. (e) 3D fractographies of Ce-MG at 77 K. (f) Three sectional shapes reflecting the surface roughness along 
the three lines in (e). (g) Fractography of Zr-MG at 298 K. (h) 3D fractographies of Zr-MG at 298 K. (i) Three 
sectional shapes reflecting the surface roughness along the three lines in (h). (j) Fractography of Zr-MG at 77 K. 
(k) 3D fractographies of Zr-MG at 77 K. (l) Three sectional shapes reflecting the surface roughness along the 
three lines in (k). Red dash-line arrows in the insets point to the SEM observation regions.
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Based on abundant experimental results, a constitutive model, i.e., James-Cook equation, was proposed to 
successfully describe the yield strength, σ, of metals as a function of strain rate and temperature40, which is 
expressed as,
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where σ0 and ε 0 are the reference yield stress, and the reference strain rate, respectively; ε is the strain; n is the 
work-hardening coefficient; B, C, and m are the factors associated with the materials. T*​ is calculated as T*​ =​ 
(T-Tr)/(Tm-Tr) (here T is the temperature, and Tm is the melting temperature. Tr is the reference temperature, at 
which σ0 and ε 0 are measured). In the present study, for each MG (i.e., the Ce-MG or the Zr-MG), the B, C, and m 
values are constants, and the term of (σ​0+​Bεn) is also treated as a constant. At the setting temperatures (i.e., 77 K 
or 298 K), the term of [1−​(T*)m] does not change with increasing the strain rate. Therefore, Equation (1) can be 
rewritten as σ = + ε

ε

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 (here K is a constant depending on materials), which clearly shows that the yield 
strength is a logarithm dependence of the strain rate. Regarding that the C value of metals is usually in a range 
from 0.007 to 0.06041, we assume the C value of 0.030 (middle value) in the present study. If the reference strain 
rate, ε 0, is assumed to be 10−2 s−1, the change of the yield strength of the BMGs is within 10% with decreasing the 
strain rate from 10−2 to 10−6 s−1. Due to the brittle nature of BMGs, the scattering of the yield strength value dur-
ing the compression test can be already compared with the change value of the yield strength with strain rate. 
Thus, the yield strength of the Ce- and Zr-MGs in Fig. 2c,d do not show significantly change with strain rate. It 
requires to be noted that although James-Cook equation is deduced based on the mechanical properties of crys-
talline materials, it is originated from the stress state of materials, and the elastic energy accumulation and the 
release process, which has no any relationship with the structure of crystalline phase or amorphous phase42. 
Therefore, James-Cook constitutive model can be reasonable used in the present study.

As demonstrated in Fig. 1, the maximum compressive strength is almost equivalent to the fracture strength 
of the BMGs. Therefore, the crack propagation during the fracture process may have some correlations with the 
compressive strength. Due to the nature of metal in BMGs, the strain can be accommodated in the atomic scale37. 
The metallic bond breaking and reformation can occur with increasing strain, accompanied with plastically sof-
tening at the atomic scale43. In the present study, the shear fracture of the BMGs is normally formed along a 
primary (main) shear band44. The shear fracture actually behaves a Mode II crack separation process, as shown 
in Fig. 5a. Based on this, it is essential to reconstructing the separation process of the crack tip during the shear 
fracture process, which must be associated with the fracture strength of the BMGs. The finger-like vein patterns 
on the fracture surface provide evidence that the locally plastic flow (softening) occurs in the crack tip during the 
fracture process45, which also suggest that the roughness on the fracture surface is characterized by peak to peak 
matching on two opposite fracture surfaces46,47. Therefore, locally plastic softening can effectively blunt initially 
sharp cracks where progressive local separation still occurs by the coalescence of the damage cavities along the 
extension of the shear plane.

Based on the Irwin-Orowan small-scale zone model48, as an in-plane shear fracture process, the crack propa-
gation is mainly dominated by the shear stress, σxy, which can be expressed as48,

σ
π

θ θ θ= −.
K
x(2 )

cos( /2)[1 sin( /2)sin(3 /2)],
(2)

xy
c

0 5

where KC is the stress intensity factor, x is the distance to crack tip, and θ is the angle between the stress compo-
nent and the crack propagation direction, i.e., the X-axis. The stress field is schematically plotted in Fig. 5b. The 
maximum shear stress appears when the θ value equals to 0°. The stress intensity, KC, is not a constant because 

Figure 4.  The heights of the finger-like vein patterns of two BMGs as functions of strain rate at different 
temperatures. (a) Ce-MG. (b) Zr-MG.
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the dynamic propagation causes an instable crack front, and then leads to a fluctuation in the stress intensity49,50. 
Therefore, we need to focus on the plastic zone in the front of crack tip.

Once the shear band is formed, due to adiabatic heating and shear dilatation, the glassy phase in shear bands 
is softened51. In this case, the crack propagation during the shear fracture process is conjectured to be a viscous 
fluid flowing in a channel with a height of H, as shown in Fig. 5c. Based on the Grease model51–53, driven by the 
stress, the viscous fluid in the plastic zone (in the front of crack tip) would form a fluid meniscus in the crack tip. 
To counter balance the surface tension of the viscous fluid, a negative stress, σN, in the front of crack tip should be 
formed to pull the crack propagation along the X-axis54, which makes the fluid meniscus to be curved (Fig. 5c). 
The height of the fluid meniscus is defined as the crack tip open displacement (CTOD)53, which is approximately 
equivalent to the height of the channel, H, (Fig. 5c). Furthermore, the cavitation is formed in the plastic zone 
before the crack tip penetrating into the glassy phase. With cracking, the cavities in the plastic zone can coalesce 
with the main crack, and then leave the finger-like vein patterns with a height of h on the fracture surface. The 
process of the formation and coalescence of voids behave a plastic necking process when the crack tip is sepa-
rated, which can leave some vein pattern on the fracture surface47,55. The height of the vein pattern, h, is approxi-
mated to be the half of the height of the channel, H 46. Therefore, the height of the channel, H, is then reasonable 
to be treated as two times of the height of the finger-like vein pattern, h (Fig. 5c,d), i.e., CTOD = H = 2h.

The CTOD is dominated by the stress state of the viscous layer in the front of crack tip, i.e., 
π= χ

τ( )CTOD B n24 ( )2 , where χ is the surface tension of the meniscus, τ is the shear stress. B(n) is a function 
associated with the viscosity of the viscous layer in the crack tip, the strain-rate sensitivity exponent, and the per-
colation wavelength of the crack front53,55. The plastic-shear resistance is a function of the equivalent shear-strain 
rate. For media with close to an ideal plastic behavior, the dependence of the shear resistance on the shear-strain 
rate is very weak, and the shear resistance may be taken as the yield strength, σY, in shear for a relatively fast 

Figure 5.  Sketch of the crack propagation process. (a) Sketch of shear fracture of BMGs. (b) Shear stress 
filed in the front of crack tip. (c) Sketch of the structure of the crack tip for BMGs. (d) Sketch of the cavitation 
formation in the plastic zone.
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laboratory compression experiment53. Therefore, from the fracture parameters, the critical stress intensity factor, 
KC, can be expressed as53,56

σ=K CTODm E , (3)C Y

where m is a dimensionless constant which is determined by the material properties and the stress states, E is the 
elastic modulus, and σY is the yield strength. For the fracture of amorphous solids, or the cleavage of crystalline 
solids, at the tip of a very sharp crack the yield strength of the solid is reached before any plastic deformation can 
be initiated57–59. Thus, the strength in Eq. (3) is chosen as the yield strength. The KC value reflects a critical stress 
intensity near a crack tip caused by a remote load, which can support the crack to continuously propagate60. In 
the present study, the value of m is approximately 1.16 for BMGs53. The yield strengths of two BMGs are plotted 
in Fig. 2c,d. The elastic moduli of the BMGs at two temperatures have been estimated by the Varshni equation, 
which are listed in Table 161. Accordingly, the KC values as functions of strain rates for two BMGs at two temper-
atures are plotted in Fig. 6. It can be seen that the stress intensity factor of the Ce-MG at 298 K decreases from 
12.5 ±​ 0.5 MPa·m0.5 to 10.2 ±​ 1.3 MPa·m0.5, and the value of the Zr-MG decreases from 37.9 ±​ 1.4 MPa·m0.5 to 
33.1 ±​ 1.8 MPa·m0.5. At 77 K, the stress intensity factors of the Ce-MG and the Zr-MG at different strain rates are 
almost constants of 13.6 ±​ 0.8 MPa·m0.5, and 39.5 ±​ 1.5 MPa·m0.5, respectively. It can be seen that the stress inten-
sity factor of the Ce-MG at 77 K is always larger than that 298 K. For the Zr-MG, the stress intensity factor at 77 K 
is also larger than the value at 298 K when the strain rate is in the range from 10−4 s−1 to 10−2 s−1.

The small-scale yielding model indicates that fracture surface separation process is confined to the frontal 
plastic zone48. The radius of the plastic zone, R, for plane strain can be estimated as:

π σ
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Then, based on the values in Fig. 6, the size of the plastic zone, R, can be calculated and listed in Table 2. 
According to the Irwin crack tip stress field solution48, and the plastic zone size calculation, i.e., Eq. (2), the nega-
tive stress, σN, in the plastic zone is equivalent to the shear stress component along the X-axis, i.e., σxy in Eq. (2). 
As the negative stress is along the X-axis, and the two fracture surfaces shear with each other, the θ value is 0°, and 
then σ σ= = −

πN xy
K

x
2
2

C . The derivative of the σxy is the negative stress gradient, dσN/dx. The absolute value of 
the negative stress gradient, │​dσN/dx│​, can be expressed as,

σ
π

= .
−d

dx
K x

2 (5)
N C

3
2

In the plastic zone, the distributions of negative stress gradient at different distances as well as different strain 
rates are plotted in Fig. 7. A dramatic decrease of the │​dσN/dx│​ value in the plastic zone near the crack tip occurs. 
Thereafter, with increasing the distance to the crack tip, the negative stress gradient approaches a stable state, as 
shown in Fig. 7a. Because the negative stress formed in the front of crack can dominate the instability of the crack 
front, the │​dσN/dx│​ value near the crack tip, i.e., the maximum negative stress gradient, is a key parameter to 
correlate to the crack formation and propagation. The maximum negative stress gradient vs. strain rate at different 
temperatures are plotted in Fig. 8, which shows that the negative pressure gradients of two BMGs decreases with 
increasing strain rate at 298 K, but are kept at constants at 77 K. This result is consistent with the trend of the max-
imum compressive strength variation. Therefore, the maximum compressive strength is assumed to be correlated 
with the fracture (shear cracking) behavior of BMGs. The driving force of the crack propagation in primary shear 
band dominates the compressive strength (fracture strength). At 77 K, the low temperature causes the rejuvena-
tion of the glassy phase62. In this case, the activation energy of the locally softening in the front of crack tip, i.e., in 
the plastic zone, is more difficult than that at 298 K62. Thus, the negative stress gradient is improved, which further 

Figure 6.  Stress intensity factors of two BMGs as functions of strain rate at different temperatures. (a) Ce-MG. 
(b) Zr-MG.
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enhances the compressive strength. Furthermore, at cryogenic temperature, the thermal diffusion is enhanced 
due to the enlarged temperature gradient63. The effect of adiabatic heating is weakened, which possibly cause that 
the viscosity of the viscous fluid, i.e., the softened glassy phase, in shear bands significantly increases. In this case, 
the negative pressure gradient is mainly influenced by temperature rather than strain rate. Thus, the maximum 
compressive strength is constant at 77 K with increasing strain rate.

Conclusions
In summary, we profile the mechanical responses of two BMGs deformed at different strain rates and tempera-
tures. The yield strength and the maximum compressive strength (i.e., fracture strength) are chosen as the indexes 
reflecting the deformation behavior of the BMGs. The yield strength is found to be independent of the strain rate, 
which is associated with the elastic energy accumulation, and the activation of the elementary deformation unit. 
This process is insignificantly influenced by the strain rate. The temperature at cryogenic level can enlarge the size 
of elementary deformation unit, and then improve the activation energy. Therefore, the yield strength is increased 
by decreasing the temperature. The maximum compressive strength is almost equivalent to the fracture strength 
that is depending on the driving force of the crack propagation, i.e., the negative stress gradient. As a dynamic 
process, the crack tip instability is sensitive to the strain rate, which is evidenced by the analysis of the fractogra-
phies of the BMGs fractured at different strain rates and temperatures. Our findings construct a bridge to link the 
strength of BMGs at the macroscale and the shear cracking behavior at the micro scale, which not only help to 
understand of the strength origination of BMGs but may also provide fundamental insights into the explanation 
of their unique mechanical behavior.

Figure 7.  Negative pressure gradient distribution at different strain rates and temperatures. Maximum 
negative pressure gradient values are listed. (a) Ce-MG at 298 K. A stable negative pressure gradient is marked. 
(b) Ce-MG at 77 K. (c) Zr-MG at 298 K. (d) Zr-MG at 77K.

BMGs T (K) E (GPa)

Ce-MG 298 31.4

Ce-MG 77 33.9

Zr-MG 298 88.6

Zr-MG 77 90.2

Table 1.   Elastic moduli of two BMGs at different temperatures.



www.nature.com/scientificreports/

9Scientific Reports | 6:27747 | DOI: 10.1038/srep27747

Methods
The Zr52.5Cu17.9Ni14.6Al10Ti5 and Ce68Al10Cu20Co2 alloys were prepared by arc melting a mixture of pure metal  
elements (with purities higher than 99.99%) in an argon atmosphere, followed by suction casting into Cu-mould 
to form rod-like BMGs. The diameter was 2 mm, and the length was 70 mm for the BMGs. The glassy phase 
of each as-cast BMG was examined by X-ray diffraction (XRD) technique in a Rigaku DLMAX-2550 diffrac-
tometer with the Cu-Kα radiation (not shown). The fractographies of the fractured BMGs were observed in an 
APHENOMTM G2 (FEI company) scanning electron microscope (SEM). Compression specimens with a length/
diameter ratio of 2 were cut from the rod-like BMGs. Two parallel ends of each specimen were carefully ground 
to that the surface roughness was less than 1 μ​m. Compression tests were conducted using a MTS CMT5205 
machine with a strain rate ranging from 2.5 ×​ 10−6 s−1 to 2.5 ×​ 10−2 s−1, at 298 K and 77 K, respectively. To exclude 
the occasional case, the compression tests of these two BMGs were repeated at least four times at each tempera-
ture and each strain rate.

References
1.	 Ritchie, R. O. The Conflicts Between Strength and Toughness. Nature mater. 10, 817–822 (2011).
2.	 Sun, B. A. & Wang, W. H. The Fracture of Bulk Metallic Glasses. Prog. Mater. Sci. 74, 211–307 (2015).
3.	 Ashby, M. F. & Greer, A. L. Metallic Glasses as Structural Materials. Scr. Mater. 54, 321–326 (2006).
4.	 Demetriou, M. D. et al. A Damage-Tolerant Glass. Nature Mater. 10, 123–128 (2011).
5.	 Li, H., Fan, C., Tao, K., Choo, H. & Liaw, P. K. Compressive Behavior of a Zr‐Based Metallic Glass at Cryogenic Temperatures. Adv. 

Mater. 18, 752–754 (2006).
6.	 Nieh, T. G., Schuh, C., Wadsworth, J. & Li, Y. Strain Rate-Dependent Deformation in Bulk Metallic Glasses. Intermetallics. 10, 

1177–1182 (2002).
7.	 Liu, J. & Shim, V. P. W. Characterization and Modelling of In-Situ La-based Bulk Metallic Glass Composites Under Static and 

Dynamic Loading. Int. J. Impact Eng. 80, 94–106 (2015).

BMGs T (K) Strain rate (s−1) KC (MPa·m0.5) R (μm)

Ce-MG 298 2.5 ×​ 10−5 12.5 ±​ 0.5 36.2 ±​ 3.0

Ce-MG 298 2.5 ×​ 10−4 10.5 ±​ 0.8 25.4 ±​ 4.4

Ce-MG 298 2.5 ×​ 10−3 10.2 ±​ 1.3 24.1 ±​ 7.4

Ce-MG 298 2.5 ×​ 10−2 10.5 ±​ 0.9 25.9 ±​ 4.7

Ce-MG 77 2.5 ×​ 10−5 13.5 ±​ 0.5 17.3 ±​ 1.5

Ce-MG 77 2.5 ×​ 10−4 13.6 ±​ 0.5 17.9 ±​ 1.7

Ce-MG 77 2.5 ×​ 10−3 13.7 ±​ 0.8 18.1 ±​ 2.4

Ce-MG 77 2.5 ×​ 10−2 13.7 ±​ 0.9 17.8 ±​ 2.3

Zr-MG 298 2.5 ×​ 10−6 37.9 ±​ 1.4 27.3 ±​ 3.0

Zr-MG 298 2.5 ×​ 10−5 35.4 ±​ 1.8 23.6 ±​ 2.7

Zr-MG 298 2.5 ×​ 10−4 33.8 ±​ 2.3 21.6 ±​ 3.1

Zr-MG 298 2.5 ×​ 10−3 32.8 ±​ 1.2 20.4 ±​ 2.0

Zr-MG 298 2.5 ×​ 10−2 33.1 ±​ 1.8 20.8 ±​ 2.4

Zr-MG 77 2.5 ×​ 10−5 39.5 ±​ 1.3 22.7 ±​ 1.6

Zr-MG 77 2.5 ×​ 10−4 39.2 ±​ 1.8 22.1 ±​ 2.2

Zr-MG 77 2.5 ×​ 10−3 39.7 ±​ 1.2 22.9 ±​ 1.7

Zr-MG 77 2.5 ×​ 10−2 39.5 ±​ 0.8 22.6 ±​ 1.5

Table 2.   Stress intensity factor and size of plastic zone of two BMGs.

Figure 8.  Maximum negative pressure gradients of two BMGs as functions of strain rate at different 
temperatures. (a) Ce-MG. (b) Zr-MG.



www.nature.com/scientificreports/

1 0Scientific Reports | 6:27747 | DOI: 10.1038/srep27747

8.	 Hufnagel, T. C., Jiao, T., Li, Y., Xing, L. & Ramesh, K. T. Deformation and Failure of Zr57Ti5Cu20Ni8Al10 Bulk Metallic Glass Under 
Quasi-Static and Dynamic Compression. J. Mater. Res. 17, 1441–1445 (2002).

9.	 Maaß, R., Klaumünzer, D., Preiß, E. I., Derlet, P. M. & Löffler, J. F. Single Shear-Band Plasticity in a Bulk Metallic Glass at Cryogenic 
Temperatures. Scr. Mater. 66, 231–234 (2012).

10.	 Qiao, J. W. et al. Low-Temperature Shear Banding for a Cu-based Bulk-Metallic Glass. Scr. Mater. 63, 871–874 (2010).
11.	 Tan, J. et al. Correlation Between Atomic Structure Evolution and Strength in a Bulk Metallic Glass at Cryogenic Temperature. Sci. 

Rep. 4, 3897, 10.1038/srep03897 (2014).
12.	 Liu, Z. Y. et al. Temperature Dependent Dynamics Transition of Intermittent Plastic Flow in a Metallic Glass. I. Experimental 

Investigations. J. Appl. Phys. 114, 33520 (2013).
13.	 Guo, S., Ng, C. & Liu, C. T. Anomalous Solidification Microstructures in Co-free AlxCrCuFeNi2 High-Entropy Alloys. J. Alloy. 

Compd. 557, 77–81 (2013).
14.	 Lu, J., Ravichandran, G. & Johnson, W. L. Deformation Behavior of the Zr41.2Ti13.8Cu12.5Ni10 Be22.5 Bulk Metallic Glass over a Wide 

Range of Strain-Rates and Temperatures. Acta Mater. 51, 3429–3443 (2003).
15.	 Dalla Torre, F. H., Dubach, A., Siegrist, M. E. & Löffler, J. F. Negative Strain Rate Sensitivity in Bulk Metallic Glass and its Similarities 

with the Dynamic Strain Aging Effect During Deformation. Appl. Phys. Lett. 89, 91918 (2006).
16.	 Mukai, T., Nieh, T. G., Kawamura, Y., Inoue, A. & Higashi, K. Effect of Strain Rate On Compressive Behavior of a Pd40Ni40P20 Bulk 

Metallic Glass. Intermetallics. 10, 1071–1077 (2002).
17.	 Liu, L. F., Dai, L. H., Bai, Y. L., Wei, B. C. & Yu, G. S. Strain Rate-Dependent Compressive Deformation Behavior of Nd-based Bulk 

Metallic Glass. Intermetallics. 13, 827–832 (2005).
18.	 Ma, W., Kou, H., Li, J., Chang, H. & Zhou, L. Effect of Strain Rate On Compressive Behavior of Ti-based Bulk Metallic Glass at Room 

Temperature. J. Alloy. Compd. 472, 214–218 (2009).
19.	 Liu, L. F., Dai, L. H., Bai, Y. L. & Wei, B. C. Initiation and Propagation of Shear Bands in Zr-based Bulk Metallic Glass Under Quasi-

Static and Dynamic Shear Loadings. J. Non-Cryst. Solids. 351, 3259–3270 (2005).
20.	 Wang, G. et al. Deformation Behaviors of a Tungsten-Wire/Bulk Metallic Glass Matrix Composite in a Wide Strain Rate Range.  

J. Non-Cryst. Solids. 352, 3872–3878 (2006).
21.	 Guo, S., Ng, C., Lu, J. & Liu, C. T. Effect of Valence Electron Concentration On Stability of Fcc Or Bcc Phase in High Entropy Alloys. 

J. Appl. Phys. 109, 103505 (2011).
22.	 Dubach, A., Dalla Torre, F. H. & Löffler, J. F. Deformation Kinetics in Zr-based Bulk Metallic Glasses and its Dependence On 

Temperature and Strain-Rate Sensitivity. Phil. Mag. Lett.87, 695–704 (2007).
23.	 Bei, H., Xie, S. & George, E. P. Softening Caused by Profuse Shear Banding in a Bulk Metallic Glass. Phys. Rev. Lett. 96, 105503 

(2006).
24.	 Chen, N., Louzguine-Luzgin, D. V., Xie, G. Q., Wada, T. & Inoue, A. Influence of Minor Si Addition on the Glass-Forming Ability 

and Mechanical Properties of Pd40Ni40P20 Alloy. Acta Mater. 57, 2775–2780 (2009).
25.	 Liu, Z. Y., Yang, Y. & Liu, C. T. Size-Affected Shear-Band Speed in Bulk Metallic Glasses. Appl. Phys. Lett. 99, 171904 (2011).
26.	 Liu, Z. Y., Yang, Y. & Liu, C. T. Yielding and Shear Banding of Metallic Glasses. Acta Mater. 61, 5928–5936 (2013).
27.	 Guo, S., Hu, Q., Ng, C. & Liu, C. T. More than Entropy in High-Entropy Alloys: Forming Solid Solutions Or Amorphous Phase. 

Intermetallics. 41, 96–103 (2013).
28.	 Jiang, W. H. et al. Temperature Dependence of Serrated Flows in Compression in a Bulk-Metallic Glass. Appl. Phys. Lett. 89, 261909 

(2006).
29.	 Bian, X. L. et al. Shear Avalanches in Metallic Glasses Under Nanoindentation: Deformation Units and Rate Dependent Strain Burst 

Cut-Off. Appl. Phys. Lett. 103, 101907 (2013).
30.	 Bian, X. L. et al. Manipulation of Free Volumes in a Metallic Glass through Xe-ion Irradiation. Acta Mater. 106, 66–77 (2016).
31.	 Chen, C., Ren, J., Wang, G., Dahmen, K. A. & Liaw, P. K. Scaling Behavior and Complexity of Plastic Deformation for a Bulk Metallic 

Glass at Cryogenic Temperatures. Phys. Rev. E. 92, 12113 (2015).
32.	 Zhang, B., Wang, R. J., Zhao, D. Q., Pan, M. X. & Wang, W. H. Superior Glass-Forming Ability through Microalloying in Cerium-

Based Alloys. Phys. Rev. B. 73, 92201 (2006).
33.	 Kubin, L. P. et al. In Dislocation in Solids, Vol. 11 (eds Nabarro, F. N. R. et al.) 101–192 (North-Holland, 2002).
34.	 Chen, M. Mechanical Behavior of Metallic Glasses: Microscopic Understanding of Strength and Ductility. Annu. Rev. Mater. Res. 38, 

445–469 (2008).
35.	 Yavari, A. R., Lewandowski, J. J. & Eckert, J. Mechanical Properties of Bulk Metallic Glasses. Mrs Bull. 32, 635–638 (2007).
36.	 Miracle, D. B. A Structural Model for Metallic Glasses. Nature mater. 3, 697–702 (2004).
37.	 Wang, G. et al. Correlation Between Elastic Structural Behavior and Yield Strength of Metallic Glasses. Acta Mater. 60, 3074–3083 

(2012).
38.	 Mattern, N. et al. Structural Evolution of Cu–Zr Metallic Glasses Under Tension. Acta Mater. 57, 4133–4139 (2009).
39.	 Trachenko, K. Slow Dynamics and Stress Relaxation in a Liquid as an Elastic Medium. Phys. Rev. B. 75, 212201 (2007).
40.	 Johnson, G. R., Hoegfeldt, J. M., Lindholm, U. S. & Nagy, A. Response of Various Metals to Large Torsional Strains Over a Large 

Range of Strain Rates—Part 1: Ductile Metals. ASME J. Eng. Mater. Tech. 105, 42–47 (1983).
41.	 Meyers, M. A. Dynamic Behavior of Materials (John wiley & sons, 1994).
42.	 Johnson, G. R. & Cook, W. H. A Constitutive Model and Data for Metals Subjected to Large Strains, High Strain Rates and High 

Temperatures. Proceedings of the 7th International Symposium on Ballistics: The Hague, The Netherlands. 541–547(1983).
43.	 Schuh, C. A., Hufnagel, T. C. & Ramamurty, U. Mechanical Behavior of Amorphous Alloys. Acta Mater. 55, 4067–4109 (2007).
44.	 Qu, R. T., Liu, Z. Q., Wang, G. & Zhang, Z. F. Progressive Shear Band Propagation in Metallic Glasses Under Compression. Acta 

Mater. 91, 19–33 (2015).
45.	 Zhang, Z. F., Eckert, J. & Schultz, L. Difference in Compressive and Tensile Fracture Mechanisms of Zr59Cu20Al10Ni8Ti3 Bulk Metallic 

Glass. Acta Mater. 51, 1167–1179 (2003).
46.	 Xi, X. et al. Fracture of Brittle Metallic Glasses: Brittleness Or Plasticity. Phys. Rev. Lett. 94, 125510 (2005).
47.	 Wang, G. et al. Nanoscale Periodic Morphologies On the Fracture Surface of Brittle Metallic Glasses. Phys. Rev. Lett. 98, 235501 

(2007).
48.	 Lawn, B. R. In Fracture of Brittle Solids 2nd edn (eds Davis, E. A. et al.) 16–44 (Cambridge university, 1993).
49.	 Wang, Y. T., Xi, X. K., Wang, G., Xia, X. X. & Wang, W. H. Understanding of Nanoscale Periodic Stripes On Fracture Surface of 

Metallic Glasses. J. Appl. Phys. 106, 113528 (2009).
50.	 Wang, G. et al. Ductile to Brittle Transition in Dynamic Fracture of Brittle Bulk Metallic Glass. J. Appl. Phys. 103, 93520 (2008).
51.	 Spaepen, F. A Microscopic Mechanism for Steady State Inhomogeneous Flow in Metallic Glasses. Acta metall. 25, 407–415 (1977).
52.	 Taub, A. I. Stress-Strain Rate Dependence of Homogeneous Flow in Metallic Glasses. Acta Metall. 28, 633–637 (1980).
53.	 Argon, A. S. & Salama, M. The Mechanism of Fracture in Glassy Materials Capable of some Inelastic Deformation. Mat. Sci. Eng. 23, 

219–230 (1976).
54.	 Pitts, E. & Greiller, J. The Flow of Thin Liquid Films Between Rollers. J. Fluid Mech. 11, 33–50 (1961).
55.	 Wang, G., Chan, K. C., Xu, X. H. & Wang, W. H. Instability of Crack Propagation in Brittle Bulk Metallic Glass. Acta Mater. 56, 

5845–5860 (2008).
56.	 Taylor, G. The Instability of Liquid Surfaces When Accelerated in a Direction Perpendicular to their Planes. I. Proceedings of the 

Royal Society of London A: Mathematical, Physical and Engineering Sciences: The Royal Society.192–196 (1950).



www.nature.com/scientificreports/

1 1Scientific Reports | 6:27747 | DOI: 10.1038/srep27747

57.	 Griffith, A. A. The Phenomena of Rupture and Flow in Solids. Philosophical transactions of the royal society of London. Series A, 
containing papers of a mathematical or physical character. 221, 163–198 (1921).

58.	 Orowan, E. Mechanical Strength Properties and Real Structure of Crystals. Z. Kristallogr. 89, 327–343 (1934).
59.	 Kelly, A., Tyson, W. R. & Cottrell, A. H. Ductile and Brittle Crystals. Phil. Mag. 15, 567–586 (1967).
60.	 Anderson, T. L. Fracture Mechanics: Fundamentals and Applications (CRC press, 2005).
61.	 Zhang, Z., Keppens, V. & Egami, T. A Simple Model to Predict the Temperature Dependence of Elastic Moduli of Bulk Metallic 

Glasses. J. Appl. Phys. 102, 123508 (2007).
62.	 Ketov, S. V. et al. Rejuvenation of Metallic Glasses by Non-Affine Thermal Strain. Nature. 524, 200–203 (2015).
63.	 Liu, C. T. et al. Test Environments and Mechanical Properties of Zr-base Bulk Amorphous Alloys. Metall. Mater. Trans. A. 29, 

1811–1820 (1998).

Acknowledgements
The work described in this paper was supported by grants from the MOST (No. 2015CB856800), NSF of China 
(Nos. 51171098 and 51222102).

Author Contributions
G.W. conceived and designed the experiments. Y.W.W., X.L.B. and S.W.W. performed the experiments. I.H., Y.D.J. 
and J.Y. analyzed the data. Y.W.W. and G.W. wrote the main manuscript text.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, Y.W. et al. Rate dependent of strength in metallic glasses at different 
temperatures. Sci. Rep. 6, 27747; doi: 10.1038/srep27747 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Rate dependent of strength in metallic glasses at different temperatures
	Introduction
	Results
	Discussion
	Conclusions
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Rate dependent of strength in metallic glasses at different temperatures
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27747
            
         
          
             
                Y.W. Wang
                X.L. Bian
                S.W. Wu
                I. Hussain
                Y.D. Jia
                J. Yi
                G. Wang
            
         
          doi:10.1038/srep27747
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27747
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27747
            
         
      
       
          
          
          
             
                doi:10.1038/srep27747
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27747
            
         
          
          
      
       
       
          True
      
   




