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A B S T R A C T   

The shear strength plays a critical role in constructing the yield criterion and in understanding the plastic 
deformation mechanism of glasses as well as designing their mechanical performance in engineering applica-
tions. However, experimentally measuring the shear strength of glasses remains a challenging issue due to their 
plastic flow dependent of the pressure/normal stress. Here, through a carefully designed mechanical method, we 
can measure the shear strength of metallic glasses (MGs) over a wide temperature range. The obtained strength 
data verify the cooperative shear model and the Mohr–Coulomb yield criterion, which are commonly used to 
describe the plastic flow behaviors of MGs. The pure shear strength data also results in a precise determination of 
some key parameters for constructing yield criterion and constitutive deformation law in MGs.   

1. Introduction 

The plastic flow mechanism of metallic glasses (MGs) has arouse 
considerable interests from the perspective of both fundamental science 
and engineering applications [1,2]. With a long-range disordered 
structure, MGs are deformed in a totally different manner as compared 
to crystalline alloys. Generally, the plastic flow of MGs is inhomoge-
neous with plastic strain highly localized into nanoscale shear bands 
[3–5]. The shear bands are prone to become runaway due to work 
softening, leading to the brittle fracture of MGs. The poor ductility of 
MGs has become an obstacle for their wide potential applications [6–8]. 
The origin of shear band instability is closely related to the 
shear-induced dilation at some local atomic-scale sites. Some theoretical 
models have been proposed to account for the atomic-scale deformation 
process, including free volume model [9], shear transformation zone 
(STZ) model [10] and the cooperative shear model (CSM) [11,12], etc. 

One important consequence for the shear-induce dilation is that the 
plastic flow of MGs shows a dependence on the pressure/normal stress. 
As a result, the experimentally measured yield strength of MGs shows a 
significant variation under different loading modes. For example, under 
uniaxial loading, the plastic yielding of most bulk MGs is not along the 
maximum resolved shear stress plane (45� inclined to the loading axis) 
[13], and the tensile and compressive strength values display obvious 

asymmetry [14], indicating that the plastic flow of MGs is not solely 
determined by the deviatoric stress part. The yielding strength measured 
from the uniaxial tests in fact contains a pressure/normal stress portion, 
which is difficult to be distinguished from that contributed by deviatroic 
stress [15,16]. However, in developing the deformation law and yield 
criterion of MGs, many theoretical models often use the shear strength 
which reflect the intrinsic shear resistance and do not vary with the 
loading conditions [11,17,18]. Therefore, a knowledge on the precise 
value of shear strength is highly desirable, which is important in con-
structing the yielding criterion and understanding the deformation 
behavior of MGs. 

So far, measuring the shear strength of MGs remains a challenge in 
terms of traditional mechanical methods, and lack of systematical in-
vestigations. The torsion test, which had been applied for metallic ma-
terial by the thin-walled tubular sample [19,20], is obviously unsuitable 
for MGs due to their size limitation. For MGs, the cylinder sample seems 
to be the only choice for the torsion test [21], while the shear stress 
distributes linearly along the radial direction of the sample, which is 
difficult to determine the shear strength. Some other methods conducted 
pure shear tests, such as the single edge notched flexure fracture test 
[22], yet were just suitable for investigating the fracture toughness due 
to the introduction of pre-cracks and the stress concentration in samples. 
In this work, we designed a unique antisymmetrical four-point bend 
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(anti-FPB) shear test method to measuring the shear strength of MGs. By 
using the method, we obtain the shear strength of MGs over a wide 
temperature range. These strength values verify the CSM theory and the 
Mohr–Coulomb (M � C) yielding criterion. The shear strength data over 
a wide temperature are important for constructing the precise yielding 
criterion and constitutive deformation law of glassy solids. 

2. Experimental methods 

The anti-FPB shear test method is effective to measure the shear 
strength for macroscopic brittle material [23,24]. As shown in Fig. 1a, 
the four loading rods, which are embedded into the grooved blocks, are 
placed anti-symmetrically in the plane for a plate sample. The force is 
transmitted to the loading rods from the press head of the machine, 
which renders the anti-symmetrical four-point loading mode for the 
sample. The illustrations of bending moment and shear force in Fig. 1b 
reveal that the pure shear stress field is realized at the anti-symmetrical 
center since the bending moment is zero at this position. To get a uni-
form shear stress field, the samples are machined with two aligned 90�

V-shape notches at the anti-symmetrical center [25] (see Fig. 1a and b). 
The previous studies found that the introduction of two aligned 90�

V-notches at the zero-moment section in the antisymmetrically loaded 
beam renders the shear-stress distribution quite uniform as the sides of 
the notches are parallel to the normal stress directions at that point in 
the test sample (see Fig. 1a and b) [26]. The photoelastic analysis also 
confirms that the uniform shear stress field between the two notch tips 
can be obtained [27]. 

We also analyzed the shear stress distribution in the anti-FPB shear 
samples with V-notches angles by finite element method (FEM) in our 
early work [25]. In the FEM analysis, we adopted the linear elastic 
constitutive model to obtain the macroscopic shear stress field by 
considering the fact that most of the MGs display little macroscopic 
plasticity before fracture [7,28]. The planar four nodes element is 
adopted and the total number of elements for the whole model is 
118667. The element sizes at the notch tips and between the two notches 
tips are about 0.001 mm. The simulation results show that the stress 
concentration appears near the notch tips for the samples with notch 
angle larger or less than 90� [25]. While, the shear stress distributes 
uniformly for the 90� V-notch samples [25]. In Fig. 1c, the shear stress 

distribution contour of finite element analysis further confirms that a 
uniform shear stress field at the anti-symmetrical center can be achieved 
for the anti-FPB shear sample with 90� V-notches [25], which is suitable 
for measuring the shear strength of an isotropic glassy solid. 

Alloy ingots with the nominal composition Zr52.5Cu17.9Ni14.6Al10Ti5 
(Vit 105) were produced by arc melting a mixture of pure metals 
(purity�99.5%) in a Ti-gettered argon atmosphere. To ensure compo-
sitional homogeneity, each ingot was re-melted at least three times. 
Plate-shape bulk metallic glass (BMG) samples with a thickness of 2 mm 
and a length of about 60 mm were obtained by suction casting into a 
copper mould. The amorphous nature of the as-cast specimens was 
examined by x-ray diffraction (XRD, PANalytical X’Pert PRO) with Co 
Kα radiation and differential scanning calorimetry (DSC, PerkinElmer 
DSC7). 

Plate samples for the mechanical tests were cut from the BMG as-cast 
plate by a diamond saw with water cooling, and then were carefully 
ground and polished. The geometric size of samples is l ¼ 50 mm, h ¼ 6 
mm, δ ¼ 2 mm. The samples were machined with two aligned 900 V- 
notches at the anti-symmetrical center and the notch depth is 2.0 mm. 
The samples were tested over a wide temperature range from 220 K 
(0.31Tg) to 620 K (0.88Tg) with 20–40 K interval using the Instron 3384 
system. All pure shear tests were repeated for three times with the 
displacement rate of 0.2 mm/min and the heat rate of 10 K/min. When 
the test temperature was reached, each sample was held for 15–20 min 
before testing and the environmental cabinet surround the test facility 
was effective to maintain the test temperature in the loading process. 
After fracture, the fracture morphologies of all samples were examined 
carefully using a scanning electron microscopy (SEM). 

3. Results and discussions 

Fig. 2 presents the force-displacement curves for the Zr-based MG 
from lower to higher temperatures and the photos of fracture samples. 
The force-displacement curves in Fig. 2a show that all samples fail in 
catastrophic fracture and the fracture takes place without obvious 
macroscopic plastic deformation. Then, the yield strength is determined 
by the crossover point from elastic to plastic portions with a very small 
offset of 0.05% [29]. As shown in Fig. 1b for the enlarged portion at 
yield and fracture of force-displacement curve at 300 K, one can see that 

Fig. 1. Anti-FPB shear test. (a) Schematic view of the experiment principle. H is the press head of the machine; B is the grooved block holding the loading rods; R is 
the loading rod. (b) Diagrams of loading configuration, shear force and bending moment for the sample. (c) Shear stress distribution contour of finite element analysis 
for the anti-FPB shear sample with two 90� aligned V-notches. 
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the fracture occurs as soon as the sample yields. The micrographs on the 
front sides of fracture samples in Fig. 2b reveal that the crack propagates 
along the direction of the shear stress at different temperatures, which 
confirms that all samples underwent the pure shear. By comparing the 
SEM photos on the fracture samples (see Fig. 2c), we also find that the 
fracture of all samples occurs along the pure shear plane and the fracture 
angle does not change with the temperature. 

The experimental shear strength can be obtained by, 

τ0¼
Fujb � aj

δheðaþ bÞ
(1)  

where Fu is the ultimate force at fracture. Since the yield and fracture 
occur almost simultaneous. The obtained values of shear strength in this 
work can represent both yield and fracture strength. The values for the 
shear strength τ0 at different temperatures are listed in Table 1. As can 
be seen from Table 1, the shear strength decreases gradually with the 
increasing temperature, indicated that the reduced activation energy 
barrier for the plastic flow in MGs. For comparison, we also performed 

compression tests on the MGs at the same temperature points and 
extracted the compressive strength from the stress-strain curve [30]. The 
half of the measured compressive strength (1/2σc) is also listed in 
Table 1 and compared with the shear strength (τ0). One can see that for 
the intermediate temperature range (from 300 K to 570 K) τ0 is smaller 
than 1/2σc. This is reasonable since the plastic shear of MGs is influ-
enced by the pressure/normal stress. As shown in Fig. 3, the applied 
stress σ for tensile and compressive samples of MGs can be resolved into 
two components [25]: the shear stress τ in the plane of flow, which 
makes the two parts of the sample slide over each other, and the normal 
stress σn, which is perpendicular to the plane of flow. Then, the resolved 
shear stress on the tensile fracture plane can be calculated by τT ¼

sinθT∙cosθT∙σT, where σT is tensile strength and θT is tensile fracture 
angle [31]. The resolved shear stress on the compressive fracture plane 
is τC ¼ sinθC∙cosθC∙σC, where σC is compressive strength, and θC is 
compressive fracture angle [31]. Obviously, the tensile normal stress 
tries to pull the two parts of the sample apart and makes the sample 
easier to fracture at lower resolved shear stress, but the compressive 
normal stress extrudes the sample and makes the final fracture occur at 
higher resolved shear stress [32]. Then, we find that the shear strength 

Fig. 2. Macroscopic fracture behaviors of Zr-based MG at different temperatures under pure shear loading. (a) Force-displacement curves. (b) Enlarged portion at 
yield and fracture of force-displacement curve at 300 K. (c) Photo for the fracture sample. (d) SEM for the fracture angle. 

Table 1 
Measured value of shear strength (τ0), half of compressive strength (1/2σc) and 
friction coefficient αn of M � C yield criterion at different temperatures.  

T (K) T/Tg τ0 (GPa) 1/2σc (GPa) αn 

220 0.31 0.891 – – 
260 0.37 0.942 0.843 – 
300 0.42 0.842 0.920 0.0886 
340 0.48 0.838 0.914 0.0867 
380 0.54 0.778 0.883 0.127 
420 0.60 0.780 0.873 0.113 
460 0.65 0.783 0.833 0.0609 
500 0.71 0.721 0.812 0.119 
540 0.76 0.724 0.780 0.0740 
570 0.80 0.691 0.731 0.0550 
600 0.85 0.789 0.617 – 
620 0.88 0.763 0.490 –  

Fig. 3. Stress resolution on the tensile/compressive fracture surface by the 
Mohr’s circle and comparison between the half of compressive strength (1/2σc) 
with the shear strength (τ0). 
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τ0 should satisfy that τT<τ0<τC. It is worth noting that when the tem-
perature is lower than 260 K (0.37 Tg) or higher than 600 K (0.85 Tg), 
τ0<(σC/2) does not hold. This may be due to the transition of defor-
mation mode as temperature is decreased or increased. In the interme-
diate temperature range, most MGs will fracture along a primary shear 
band or plane, which is closely related to the activation of STZs at the 
atomic scale. However, recent studies have showed that a transition 
from shear-dominated failure to dilation-dominated failure occurs when 
MGs at deformed at very low temperatures [33]. This transition is 
accompanied by the appearance of some flower-like vein patterns on the 
fracture surface at low temperatures, which is different from the 
dimple-like patterns as observed at room temperature. While at the high 
temperature (above 0.8 Tg), a transition from the inhomogeneous 
deformation (shear banding) to homogeneous deformation also occurs, 
and this transition has been well documented in literatures [34]. 
Therefore, transition of deformation modes or mechanism at low or high 
temperatures may induce the failure of the rule that the shear strength is 
smaller than the half of compressive strength in MGs. Our speculation is 
also verified by the different fracture patterns in the shear tests observed 
at different temperatures, as can be seen in Fig. 4. 

Fig. 5a displays the experimental data and theoretical calculation 
result of CSM for the shear strengths at different temperatures. The error 
bar represents the standard deviation of the measured data, which is less 

than 5% for each temperature. For the scaling law τ=G ¼ γ0� γ1

�

T�Tg

�2 =

3 

of CSM, where T represents temperature, Tg is the glass transition tem-
perature, τ is the shear strength at temperature T, G is the shear modulus, 
the coefficients γ0 ¼ 0.036 � 0.002 and γ1 ¼ 0.016 � 0.002 are 
approximately universal constants. For Vit 105, G ¼ 32.3 GPa, Tg ¼ 708 
K and we set that γ0 ¼ 0.033, γ1 ¼ 0.012. The comparison between the 
experimental data and the CSM reveals that the shear strength is in line 
with the (T/Tg)2/3 scaling law (see the black solid line and red circular 
symbols in Fig. 5a). And if we change the value of the coefficients γ0 and 
γ1, one can see that the CSM would agree well with the experimental 
results when γ0 ¼ 0.033, γ1 ¼ 0.012. Then, considering the error bar of 
experimental data, we calculate the upper and lower limits for the 

experimental data (see the red dash and dot lines in Fig. 5a). For the 
upper limit, γ0 ¼ 0.0355, γ1 ¼ 0.012; and for the lower limits, γ0 ¼

0.0333, γ1 ¼ 0.014. 
The CSM had been proposed more than ten years and offers an 

important basis for understanding the plastic yield of MGs. While, the 
validation of CSM is inappropriate since that the shear strength is esti-
mated by the compressive strength. Our experimental results indicate 
that the estimation of shear strength τ0 by the half of compressive 
strength is improper and the normal stress effect should not be ignored 
(see Fig. 3 and Table 1). Moreover, the CSM is carefully verified based on 
the experimental results in Fig. 5a, which shows that the (T/Tg)2/3 

scaling law in CSM can describe the plastic flow of MGs at finite tem-
perature. While, the coefficients γ0 and γ1 in the CSM still need to adjust 
for more precise predictions. Therefore, our work offers a direct evi-
dence for the validation of CSM and the construct of yielding criterion. 
And for the shear fracture, the normal stress effect is ruled out and the 
plastic flow of MGs only depends on the shear stress, which reveals the 
deformation law for the shear flow of MGs directly. 

The data of shear strength at different temperatures are also helpful 
for constructing the precise plastic yield criterion in MGs. Many studies 
revealed that the pressure/normal stress plays an important role in the 
plastic yielding and flow of MGs. As a result, some yielding criterions 
incorporating the effect of hydrostatic element of stress tensor are often 
used to describe the plastic yielding of MGs. For example, the M � C 
yield criterion takes into account the effect of the normal component of 
stress on the shear plane, is written as: 

τy¼ ky � αnσn (2)  

where τy is the yielding shear stress on the shearing plane,σn is the 
normal stress on the shearing plane, ky is the shear strength or cohesive 
shear strength of the MG and αn is a friction coefficient, which describes 
the normal stress dependence of the plastic shear and is important for 
understanding the nature of shear dilation. For the uniaxial compression 
or tension, the yielding shear stress and normal stress on a given shear 
plane can be easily calculated from the uniaxial yielding strength. 
Therefore, if the shear strength is known, the friction coefficient αn can 

Fig. 4. Shear fracture surface morphologies for Zr-based MG at different temperatures. (a) 220 K (0.31 Tg); (b) 300 K (0.42 Tg); (c) 540 K (0.76 Tg); (d) 620 K 
(0.88 Tg). 
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be calculated according to Eq. (2). By this way, we calculated the value 
of αn at different temperatures from 300 K to 570 K, as listed in Table 1. 
As can be seen, the values of αn are in the range of 0.06–0.13, which are 
consistent with those reported by previous studies [35]. In contrast to 
the monolithic decrease of the shear strength (see Fig. 5b), αn seems to 
have the high value (>0.1) over the intermediate temperature range 
(from 380 K to 500 K), while the low values of αn appears at low tem-
peratures (�340 K) or high temperatures (�500 K). As shown in Table 1, 
the friction coefficient suddenly drops at 0.65 Tg, which may be caused 
by the transition from the inhomogeneous deformation (shear banding) 
to homogeneous deformation at about 0.65 Tg. The transition results in 
an anomaly of the shear strength at this point. Based on the M � C yield 
criterion, the value of friction coefficient is dependent on the shear 
strength. Hence, the friction coefficient suddenly drops due to the 
transition of deformation mode. Moreover, the value of friction coeffi-
cient indicates that the normal stress effect changes with temperature. 
For MGs, the normal stress effect is closely related to the shear induced 
dilation at the atomic scale [33]. Hence, the friction coefficient also 
reveals that the shear induced dilation has different effect on the fracture 
behavior with temperature changing. 

4. Conclusions 

In summary, we designed a unique Anti-FPB test method to measure 
the pure shear strength of MGs. The shear strength in a Zr-based MG has 
been obtained by the anti-FPB shear test method over a wide range 
temperature from 220 K (0.31Tg) to 620 K (0.88Tg). The experimental 
result confirms that the shear strength is less than the half of compres-
sive strength due to the normal stress effect. These strength data are used 
to verify the CSM and the M � C yield criterion, from which some key 
parameters in these models are determined. The measured pure shear 
strengths over different temperatures are important for constructing the 
yield criterion and understanding the shear dilation nature in MGs. 
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