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Abstract

The compressive and tensile deformation, as well as the fracture behavior gfGuLgAl NigTi; bulk metallic
glass were investigated. It was found that under compressive loading, the metallic glass displays some plasticity before
fracture. The fracture is mainly localized on one major shear band and the compressive fracturéarmgeyeen
the stress axis and the fracture plane i8.AIhder tensile loading, the material always displays brittle fracture without
yielding. The tensile fracture stressy, is about 1.58 GPa, which is lower than the compressive fracture stress,
o&( = 1.69 GPa). The tensile fracture angle, between the stress axis and the fracture plane is equaftd bdrefore,
both 6. and6; deviate from the maximum shear stress plané)4fdicating that the fracture behavior of the metallic
glass under compressive and tensile load does not follow the von Mises criterion. Scanning electron microscope obser-
vations reveal that the compressive fracture surfaces of the metallic glass mainly consist of a vein-like structure. A
combined feature of veins and some radiate cores was observed on the tensile fracture surfaces. Based on these results
the fracture mechanisms of metallic glass are discussed by taking the effect of normal stress on the fracture process
into account. It is proposed that tensile fracture first originates from the radiate cores induced by the normal stress,
then propagates mainly driven by shear stress, leading to the formation of the combined fracture feature. In contrast,
the compressive fracture of metallic glass is mainly controlled by the shear stress. It is suggested that the deviation of
0 andO; from 45° can be attributed to a combined effect of the normal and shear stresses on the fracture plane.
0 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction example, superior strength and high hardness,
excellent corrosion resistance and high wear resist-
Bulk metallic glasses (BMGs) have many poten- ance [1,2]. However, the high strength of BMGs
tial applications due to their unique properties, for is often accompanied by remarkably little plastic
deformation and their deformation and fracture
_— mechanisms are quite different from crystalline
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follows Schmid’'s law. In general, single crystals
often slide along the dlip system with the largest
Schmid factor. As aresult, the yield stress and the
angle, 6, between the dlip plane and the stress axis
can be calculated from the orientation of the sin-
gle crystal.

In the past three decades, the deformation and
fracture behavior of metallic glasses was widely
investigated [3-12]. In general, the plastic defor-
mation of metallic glasses is localized in the nar-
row shear bands, followed by the rapid propagation
of these shear bands and sudden fracture. Mean-
while, the following deformation and fracture
behavior of metallic glasses was often observed.
(1) Under compressive load, metallic glasses
deform and fracture along localized shear bands
and the fracture angle, 6, between the compress-
ive axis and the shear plane is, in general, smaller
than 45° (about 42°) [14-17]. (2) Under tensile
load, however, it is found that the tensile fracture
angle, 6+, between the tensile axis and the fracture
plane is larger than 45°. In most cases, 8+ isin the
range 50-65° with an average value of 56° [15—
24]. This indicates that the deformation and frac-
ture of metalic glasses will not occur along the
maximum shear stress plane irrespective of
whether they are under compressive or tensile load.
Donovan [9] has proposed a yield criterion for
Pd,oNi 4P, metalic glass under compressive load.
He found that the yield behavior of the glass fol-
lows a Mohr—Coulomb criterion rather than the
von Mises criterion. Since the difference in the
fracture angles 6. and 6+ is quite large, however,
there is no reasonable explanation for this phenom-
enon, which should be of special importance for a
better understanding of the deformation mech-
anisms of metallic glasses. In the present work, we
attempt to further reveal the basic deformation and
fracture mechanisms through compressive and ten-
sile tests of a ZrsgCuypAloNigTi; BMG.

2. Experimental procedure

Master ingots with composition ZrsgCuypAlyo
NigTi; were prepared by arc-melting elemental Zr,
Cu, Al, Ni and Ti with a purity of 99.9% or better
in a Ti-gettered argon atmosphere. For reaching

homogeneity, the master aloy ingots were re-
melted several times and were subsequently cast
into copper molds with different dimensions, i.e.
40 mm x 30 mm x 1.8 mm for tensile test speci-
mens and 3 mm in diameter and 50 mm in length
for the samples used for compressive tests. The
amorphous structure of the samples was checked
by standard X-Ray diffraction (XRD) (Philips
PW1050 diffractometer using Co-Ka radiation).
As shown in Fig. 1, the two kinds of samples for
the compressive and tensile tests show only broad
diffraction maxima and no peaks of crystalline
phases can be seen, revealing the amorphous struc-
ture of the samples. For compressive tests, the 50-
mm long rods were cut into specimens of 6 mm
in length and 3 mm in diameter. Tensile specimens
with a total length of 40 mm were machined from
the plates and were polished to produce a mirror
surface. The final gauge dimension of the speci-
mens was 6 mm x 3 mm x 1L.5mm. The com-
pression and the tensile tests were conducted at dif-
ferent strain rates with an Instron 4466 testing
machine at room temperature. After fracture, all
the specimens were investigated by a JEOL
JSM 6400 scanning electron microscope (SEM) and
by an optical microscope (OM) to reveal the frac-
ture surface morphology and the fracture features.

Zr,, Cu,Al,NiTi alloy

(a) ®=3 mm rod

Intensity (a.u)

(b)1.8 mm plate

10 20 30 40 50 60 70 80 90
26 (degree)

Fig. 1. XRD patterns of ZrsgCuspAl,oNigTis metallic glass for
(a) compressive and (b) tensile tests.
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3. Experimental results
3.1. Stress-strain curves

Fig. 2(a) shows the compressive stress-strain
curves of the metallic glass specimens at strain
rates of 45x10°s*and 45x10°3s . It can
be seen that the metallic glassy samples display an
initial elastic deformation behavior with an elastic
strain of 1.5%, then begin to yield at about 1.45
GPa, followed by some strain hardening before
fracture. The compressive plastic strains for the
two specimens are 0.52 and 0.60%, respectively.
Obvioudly, the metallic glass can deform with cer-
tain plasticity under compressive load. The com-
pressive  fracture  stress, o€, reaches
1.69 + 0.02 GPa, the measured Y oung modulus is
equal to 91.1+ 1.8 GPa for the two specimens
deformed at the strain rates of 4.5 x 107° s™* and
4.5 x 1072 s~*. These results indicate that the frac-
ture stress, the elastic and plastic strains and
Young's modulus are not significantly affected by
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Fig. 2. Stress-strain curves of ZrsgCusAloNigTiz metallic
glassy specimens for different strain rates under (a) compressive
loading and (b) tensile loading.

the applied strain rates under compressive loading.
The present results are consistent with other data
for Zr—Cu-Al-Ni—Ti metallic glasses [25-27].

Fig. 2(b) gives the tensile stress—strain curves of
the metallic glassy specimens deformed in the
strain rate range 3 x 1075to 3 x 1072 571, All the
specimens display only an elastic deformation
behavior and catastrophic fracture without yield-
ing, which is different from the compressive tests.
The fracture stress, of, of the four specimens
nearly maintains a constant value of 1.56-1.60
GPa, independent of the applied strain rates. The
total tensile strain before failure is about 1.7%, the
average fracture stress, of, is 1.58 + 0.02 GPa,
which is silightly lower than the compressive frac-
ture stress, o€ (1.69 + 0.02 GPa).

From the compressive and tensile tests, it can
be deduced that, as expected, the fracture stress is
independent of the strain rate, which was aso
observed for other metallic glasses [24]. Another
difference in the deformation mechanisms of the
two different testing modes is the occurrence of
plastic deformation and a relatively high fracture
stress under compression even though the glassy
specimens have the same composition. A similar
phenomenon was widely observed for a variety of
most metallic glasses [17,20]. The difference in the
deformation mechanisms should be attributed to
the effect of loading modes and will be further dis-
cussed in the following sections.

3.2. Fracture surface observations

3.2.1. Compressive fracture feature

SEM observations show that the fracture under
compression always occurs in a shear mode, as
seen in Fig. 3(a), the compressive fracture surface
has a large angle 6. with the stress axis and can
be measured as marked in the figure. It is found
that 6. is equal to 43° for the present specimens.
As one can see in Fig. 3(b), the fracture surface is
relatively flat and displays a typical shear fracture
feature, such as it has been widely observed for
many other metallic glass specimens [14-17]. In
most metallic glasses, it was found that the com-
pressive fracture angle, 6, deviates from 45°. For
comparison, some measured results for 6. are
listed in Table 1. It can be seen that, in generdl,
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Fig. 3. SEM micrographs revealing the compressive fracture feature of ZrsgCu,Al,oNigTis metallic glass. (a) Shear fracture of the
compressive specimen; (b)—(e) compressive fracture surface at different magnification; (f) shear bands on the specimen surface.

Table 1

Comparison of the compressive fracture angle, 6., for different metallic glasses

Investigators Metallic glasses Fracture angle (6¢)
Donovan [14] Pd,oNi4oP5o 0. =419+ 12°
Lowhaphandu et a. [15] ZresTioNioCU 4 sBes 5 6. =416+ 21°
Wright et al. [16] Zr40Ti14Ni;oCuU,,Bes, Oc = 42°

He et al. [17] Zrs;sNips 6AloCUy; o Tis 0. = 40-45°
Present results ZrsoCU,0Al1oNigTig Oc = 43°

Oc is approximately equal to 42-43°, i.e. smaller
than 45°. This indicates that the compressive frac-
ture of metallic glasses does not occur aong the
plane of the maximum shear stress and accord-
ingly, does not follow the von Mises criterion [9].

Further observations show that the typical fea
ture of the fracture surfaces is a vein-like structure,
as shown in Fig. 3(c) and (d). This vein-like struc-

ture often spreads over the whole fracture surface
and extends along a uniform direction, as marked
by arrows in the two figures. It is noted that the
uniform arrangement of the veins exactly corre-
sponds to the propagation direction of the shear
band, which is confirmed by Fig. 3(b). The vein-
like structure was attributed to local melting within
the main shear band induced by the high elastic
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energy in instantaneous fracture [16,20]. Dueto the
melting of metallic glass within the main shear
band, the molten metalic glass easily flows and
appears in a vein-like structure feature, as clearly
shown in Fig. 3(e). For al metallic glasses, their
compressive fracture surfaces nearly show the
same features, i.e. a vein-like structure
[9,20,22,25-27]. These veins on the fractography
clearly demonstrate a pure shear fracture process
of the different metallic glasses.

When the investigations are focused on the
specimen surfaces, it is noted that there are many
localized shear bands near the fracture plane, as
shown in Fig. 3(f). The shear bands have a rela-
tively high density and are basically parallel to the
fracture plane. The activation of the shear bands
should be a direct evidence for the compressive
plasticity of the metalic glass. However, the shear
bands did not propagate over the whole specimen
surface. This indicates that the plastic deformation
only took place at a local region near the fracture
surface. Within these shear bands, occasionaly,
one or two cracks can be seen, as indicated by the
arrow in Fig. 3(f).

3.2.2. Tensile fracture feature

OM and SEM observations show that the tensile
specimens al so fractured in a shear mode, as shown
in Fig. 4(a). The formation and propagation of one
major shear band dominates the fracture process.
The fracture surface is very smooth and a vein-like
morphology is visible (Fig. 4(b)). Therefore, the
tensile fracture angle, 6+, between the tensile axis
and the fracture plane can be readily measured on
the surface of the specimen, as marked in Fig. 4(a).
It is found that the tensile fracture angles, 6+, of
the present specimens are equal to 54°, which is
significantly different from 45°. The present result
is consistent with previous observations for other
metallic glasses under tensile deformation [5,15—
24]. For comparison, all the available results for
0, are listed in Table 2. Apparently, 6+ is, in gen-
eral, in the range 50-65° for different metallic
glasses, which obviously deviates from the angle
of the maximum shear stress plane (45°). There-
fore, it can be concluded that the tensile defor-
mation behavior of metallic glasses should also not
follow the von Mises criterion [9].

Further investigations reveal that the mor-
phology on the tensile fracture surface is quite pec-
uliar in comparison with that on the compressive
fracture surfaces. On the tensile fracture surface,
besides the vein-like structure, there are many
round cores with different diameters on the whole
surface, as shown in Fig. 4(b)—<d). In previous
observations, there have been some similar features
on tensile fracture surfaces. The features reported
are comparable to those in the literature [5] (Figs.
8 and 13), [24] (Fig. 5), [28] (Fig. 8) and [29] (Fig.
5), respectively. However, these cores were never
mentioned in detail before and were not considered
for respondence to the fracture mechanisms of met-
alic glasses subjected to tensile deformation. All
the micrographs demonstrate that the cores coexist
with the vein-like structure and the veins radiate
from these cores and propagate towards outside, as
clearly shown in Fig. 4(e). In the region of the
cores, the fracture seems to take place in a normal
fracture mode, rather than a pure shear mode. From
this morphology, it is suggested that the fracture
of metallic glasses should first originate from these
cores induced by normal tension stress on the
plane, then catastrophically propagate towards out-
side of the cores in a shear mode driven by the
shear stress. As a result, the tensile fracture surface
of metallic glasses consists of a combined feature
of cores and veins, which is quite different from
the compressive fracture surface. Therefore, the
above fracture morphology should reflect the dif-
ference in the fracture mechanisms of metallic
glasses under compressive and tensile loading and
will be further discussed in Section 4. On the speci-
men surface, it is found that there are also some
shear bands, as shown in Fig. 4(f). However, in
comparison with the dense shear band array in Fig.
3(f), there are only 34 shear bands on the speci-
men surface. This indicates that the shear bands
induced by tensile loading are rather few and
consequently, do not contribute much to the overall
tensile plasticity, as shown in the curves of Fig.
2(b).

4. Discussion

From the above observations, it can be con-
cluded that the fracture processes of the metalic
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Fig. 4. SEM micrographs revealing the tensile fracture feature of ZrssCu,0Al,oNigTis metallic glass. (a) Shear fracture of the tensile
specimen; (b)—e) tensile fracture surface at different magnification; (f) shear band on the specimen surface.

Table 2
Comparison of the tensile fracture angle, 6+, for different metallic glasses

Investigators Metallic glasses Fracture angle (6+)
Pampillo [5] Pdg,Sis 6 = 54.7°
Lowhaphandu et a. [15] ZresTioNioCuyssBes s 6 =57+37°
Wright et al. [16] Zr40Ti14Ni;oCuy,Be,, 6 = 56°

He et al. [17] ZrssNiz Al1oClsoTis 6; = 55-65°
Takayama [18] Pd., sCUsSi 65 6; = 51°
Megusar et al. [19] Pdg0Sizo 6 = 50°

Liu et a. [20] ZrepsNig 6Al1oClUs7oTis 6 = 53-60°
Fan and Inoue [21] Zrg0Al10CUL0Pdy0 0+ = 50°
Inoue et a. [22] ZresNijpAl; sCu; sPdsg 6+ = 50°
Inoue et a. [23] CUgoZroTi1o 01 = 54°
Mukai et al. [24] Pd,oNi40P20 6 = 56°

Present results Zr5CUx0Al1oNigTis 0+ = 54°
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glass under compressive and tensile loading are
significantly different. For comparison, two typical
fractography morphologies induced by compress-
ive and tensile fracture are shown in Fig. 5(a) and
(b) again. First, all the above observations in Fig.
3(b)<e) and Fig. 5(a) demonstrate that the com-
pressive fracture surfaces only exhibit a vein-like
structure with a rather uniform arrangement. This
indicates that the compressive fracture should
occur in a pure shear mode, along the direction
indicated by the arrow in Fig. 5(a). However, for
the tensile fracture surface, there are two types of
features, i.e. some cores and the veins (Fig. 5(b)).
It is apparent that the veins should originate from
the cores and propagate radially towards outside.
Therefore, the tensile fracture should not occur in
a pure shear mode, i.e. is different from that under

Fig. 5. Comparison of typical fracture features of ZrsgCuxpAl-
10NigTiz metallic glassy specimens induced by (a) compressive
loading and (b) tensile loading.

compression. This suggests that the fracture pro-
cesses of metallic glass are strongly affected by the
loading modes. The main reason for this can be
atributed to the effect of the normal stress.
According to the observations above, the com-
pressive fracture processes of the metallic glass can
be illustrated as in Fig. 6(a) and (b). Under com-
pressive loading, the normal stress o5 dways
exerts on the fracture plane in a compressive mode.
Consequently, the fracture process of metallic glass
should be mainly controlled by the shear stress
75, asillustrated in Fig. 6(b). The uniform arrange-
ment of the veins on the fracture surface provides
adirect evidence for this assumption. However, the
tensile fracture processes of metallic glass should
be different from the compressive fracture because
the cores always appear on the whole fracture sur-
face. Fig. 7(a) demonstrates the initial stage of
nucleation of the cores induced by the normal ten-
sion stress, o,. Once these cores are formed, they
will propagate rapidly towards the outside mainly
driven by the shear stress 7} and connect to each
other, as illustrated in Fig. 7(b). Finally, the rapid
propagation of the cores results in a catastrophic
fracture, and forms a combined feature of the cores
and the veins, as illustrated in Fig. 7(c). This is
well consistent with the observations in Fig.

4(b)—e).
vV ov ¥

r & %

(a) (b)

Fig. 6. Illustration of the fracture processes of a metallic glass
under compressive deformation. (a) Shear fracture process; (b)
vein-like structure.
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Fig. 7. Illustration of the fracture processes of a metallic glass
under tensile deformation. () Nucleation of cores; (b) propa-
gation of cores; (c) cores and vein-like structure.

Based on these observations and assumptions,
we propose a possible fracture criterion for the
metallic glassy specimens under compressive and
tensile load, asillustrated in Fig. 8. Since metallic
glass is a homogenous material, we may assume
that there is critical stress 1, as illustrated in Fig.
8(a). 7, can be regarded as the critical shear frac-
ture stress on any plane under the condition with-
out normal stress. However, as listed in Tables 1
and 2, the fracture angles (6 and 6;) always devi-
ate from 45°. This indicates that the normal stress
must play an important role in the fracture pro-

Gc Or
IAAAREE’ ol e e O o
To Tc Tr
Tob TC" TT‘
i o e i ol \EABERR
Oc Oy
(@) (b) ()

Fig. 8. [lllustration of critica fracture stresses of metallic
glass. (a) Critical shear fracture stress, 7,, without normal stress;
(b) critical shear fracture stress, 7., under the condition with
normal compressive stress oc; (c) critical shear fracture stress,
71, under the condition with normal tension stress o.

cesses of metallic glasses. Since the fracture stress
of metallic glasses is very high (about 1.5-2.0
GPa), the effect of the normal stress applied on the
fracture plane should be quite remarkable and can
change the critical shear fracture condition of met-
alic glasses. Donovan [9] and Liu et al. [20] also
attributed the deviation of the fracture angle from
45° to the effect of normal stress. In the following,
two cases will be considered: (1) when a metallic
glass is subjected to a normal compressive stress,
Oc, On aplane, asillustrated in Fig. 8(b), the criti-
cal shear fracture stress, 7, on this plane can be
expressed as

Tc = To + UcOc, (D)

where . is a constant for the metallic glass. (2)
When ametallic glass is subjected to a normal ten-
sion stress, o, on a plane, as illustrated in Fig.
8(c), the critical shear fracture stress, 74, on this
plane can be expressed as

Tr = To—MU1OT, )

where u; is another constant. According to the
shear fracture criterion given above, the critica
shear fracture conditions for a glassy specimen can
be easily obtained. For compressive testing, this
yields

T6=To + UcO6, 3
where o5 and 75 are the normal and shear stresses
on the shear plane at compressive fracture, respect-

ively. Asillustrated in Fig. 9(a), o5 and 75 can be
calculated from the following equations:

o5 = o€ sin%(6) (49)
SQ‘GQ ‘84
o
c‘!‘;- (a) ct}é (b)

Fig. 9. [Illustration of (a) compressive and (b) tensile fracture
of the metallic glassy specimen.
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75 = of sin(6) cos(6). (4b)
For tensile testing, we can derive
T6=To— 100, ©)

where o} and 7} are the normal and shear stresses
on the shear plane at tensile fracture, respectively.
As illustrated in Fig. 9(b), they can be expressed
as follows:

oy = of sin?(0) (6a)
5 = o sin(6) cos(6) (6b)

The variation of 6§ and 75 with the shear angle
0 isillustrated in Fig. 10. By substituting o§ and
75 into Eq. (3), one gets

e To

F=sin(6)[cos(6)— 1 Sin()]

The dependence of ¢} and 7§ on the shear angle
0 is dso illustrated in Fig. 10. Substituting o} and
75 into eq. (5), the critical tensile fracture stress
ot can be expressed as

()

To
Zsin(6)[cos(0) + tir SNO)]’ ®)

According to Fig. 10 and Egs. (7) and (8), it is
apparent that the fracture stresses (of and of)

ot

—_
U=

)

=
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l—'ba GF
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7] /ec e]‘ 0
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Angle between shear plane and stress axis
Fig. 10. Illustration of the variation of the normal and shear

stresses, fracture stresses on the fracture plane of a specimen
under tensile and compressive loading.

strongly depend on the shear angle 6. There is a
minimum value of the two fracture stresses at dif-
ferent shear angle 8. On the other hand, metallic
glasses should preferentially fracture along afavor-
able shear plane at the minimum applied stresses
(o€ and of). Therefore, the minimum applied frac-
ture stresses (of and of) must correspond to the
measured fracture angles (6 and 61), as marked in
Fig. 10. Since 1, and uc are constants, the critical
compressive fracture stress, o€, will approach the
minimum value at 6 = 6. according to the follow-
ing eguation:

d(1/cC .
T = e loos(200—4ic Sn(2600] = 0. (9

For tensile fracture, the critica tensile fracture
stress, of, will aso approach the minimum value
a 6 = 6 according to

d(1/atf '
(1600 - zio[cos(zeT) + pir Sin(20-)] = 0. (10)

In Egs. (9) and (10), 6. = 43° and 6, = 54°,
therefore, the two constants ue and p; of the
present metallic glass can be calculated as follows:

20¢
le = (‘;9:5;3) — ctg86° = 0.07, (11)
_ €0s(26+) _ o
L= (sin(ZGT)> = —ctglog® = 0.324.  (12)

From Egs. (9) and (10), it can be concluded that
the two fracture angles (6. and 6+) strongly depend
on the two constants ( uc and ). In particular,
uc( = 0.07) is obviously smaler than u.(=

0.324), indicating that the normal tension stress
o} should play a more remarkable role in the frac-
ture process of metallic glass than the normal com-
pressive stress o5. The deviation of the fracture
angle from 45° has been widely observed (see
Tables 1 and 2) and can be considered as a natural
phenomenon [14-24]. However, the deviation of
the tensile fracture angle, 6+, from 45° is more pro-
nounced than that under compressive fracture,
which can be regarded as a direct evidence for the
assumptions above. Another evidence is the
appearance of the cores on the tensile fracture sur-
faces, as observed in Figs. 4 and 5. The cores on
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the tensile fracture surfaces were never mentioned
in detail before and are first discussed in the
present work. These cores are believed to be
induced by the normal tension stress and can be
considered as the origin of tensile fracture. There-
fore, the formation of the cores sheds light on the
importance of the normal tension stress for the
fracture process of metallic glasses.

Meanwhile, from the tensile stress—strain curves
of the metallic glass, it is noted that the fracture
just occurs at the onset of yielding and there is
no plasticity. However, after yielding, the metalic
glass can display certain plasticity under com-
pression. The difference in the stress—strain curves
between tensile and compressive loading was aso
widely observed for other metalic glasses
[9,16,17,23-28], and will be attributed to the effect
of the loading mode or the normal stress too. From
the tensile stress—strain curves, it is apparent that
yielding, formation of the mgor shear band, and
fracture of the metallic glass occur simultaneously,
indicating that the yield stress, 6y, corresponds to
the fracture stress, of, under tensile deformation.
However, under compression, the deformation and
fracture processes can be divided into three stages:
(1) yielding and formation of shear bands; (2)
propagation of formed shear bands and formation
of new shear bands; this stage corresponds to the
plastic deformation of metallic glass; (3) local
cracking along the shear bands and final fracture
along the major shear band. From the stress—strain
curves in Fig. 2(a), it is known that the compress-
ive yield stress 6$( = 1.45 GPa) is dlightly lower
than the compressive fracture stress of( =

1.69 GPa). This means that there may be some
strain hardening during the plastic deformation of
the metallic glass under compression. This strain
hardening process should correspond to the propa
gation of shear bands and the formation of new
shear bands, as shown in Fig. 3(f).

If the fracture angles, 6. and 6+, under the two
different loading modes are considered, the yield
shear stresses 7¢ and 73 on the compressive and
tensile fracture planes of the metallic glass can be
calculated from the following equations:

75 = 0% sin(@c) cos(0c) = 0.73 (GPa), (13)
v = ol sin(6+) cos(6;) = 0.75 (GPa). (14

The results above indicate that the yield shear
stresses 75 and 73 on the fracture plane of metallic
glass are nearly the same even though the norma
yield stresses (6§ and o) have a large difference
for the two loading modes. This, in turn, demon-
strates that the critical yield shear stresses of met-
alic glass are identical under compression and ten-
sion. However, due to the difference in the
deformation modes, the normal tension stress will
promote the fracture of metallic glass, which
results in the simultaneous occurrence of yield and
tensile fracture. In contrast, the normal compress-
ive stress can restrain the activation of shear bands
and the fracture of the metallic glass, as a result,
occurs by the propagation of shear bands and the
formation of new shear bands [30]. This process,
in turn, increases the stress necessary for activating
shear bands and the fracture stress of the metallic
glass. Therefore, it can be concluded that the dif-
ference in the deformation and fracture processes
of metallic glasses can be mainly attributed to the
difference in the loading modes.

Furthermore, under tensile loading, it is noted
that the normal stress, o}, increases rapidly with
increasing shear angle 0, as illustrated in Fig. 10,
whereas the shear stress, 7}, decreases sowly for
0=45°. This gives a critical tensile fracture con-
dition for a fracture angle larger than 45° when
taking both normal and shear stresses into account.
This explains why metallic glasses do not fracture
along the maximum shear plane, but along a shear
angle larger than 45°. From the proposed fracture
criterion, the fracture of metallic glasses often
occurs along a favorable shear angle 6:=45°,
which results in the decrease in the fracture
stresses of than that along the maximum shear
stress plane. This indicates that the normal tension
stress, ¢}, can promote the shear fracture of met-
dlic glasses, and the larger tensile fracture angle,
6+, corresponds to a higher normal tension stress,
oy, on the fracture plane. Therefore, the large devi-
ation of the fracture angle, 6+, from 45° can be
understood. However, under compressive loading,
the fracture process is mainly controlled by the
shear stress on the fracture plane. A smaller 6. will
reduce the shear stress on the fracture plane, which
explains why the compressive fracture angle, 6,
does not show a significant deviation from 45°.
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Following the fracture criterion given above, the
effect of different deformation modes and the
applied stress on the fracture processes of metallic
glasses can be illustrated as in Fig. 11(a). In this
figure, the critical shear fracture stress, 7, is
regarded identical since the two specimens have
the same composition. For the metallic glassy
specimen subjected to a tensile load, with increas-
ing tensile stress oy, the resolved shear stress
75( = 6+ sin(6+) cos(6)) applied on the fracture
plane increases along line 1. In contrast, the critical
shear fracture stress 7{( = to—ur05) Wwill drop
aong line 2 according to Eg. (5). When the two
stresses (75 and ;) reach the same value, the
applied tensile stress corresponds to the tensile
fracture strength of, as marked in the figure. For
a metallic glassy specimen subjected to a com-

Tensile stress

Compressive stress

Fig. 11. Variation of the compressive of and tensile fracture
stress of, normal stress, o,, and shear stresses, 7, on the frac-
ture angle 6 under tensile and compressive loading.

pressive load, with increasing compressive stress,
oc, the resolved shear stress 15( =
oc Sin(6¢) cos(6c)) applied on the fracture plane
should increase along line 3. The critical shear
fracture stress to( = 7o + Ucog) aso increases
slowly aong line 4. In this case, the two stresses
(5§ and 1) will meet at the compressive fracture
strength o€, as marked in the figure. Therefore, the
stress state and the fracture processes of metallic
glass are quite different for the different defor-
mation modes.

If 7§ and 17 represent the critical shear fracture
stresses of the compressive and tensile specimens,
they can be calculated using Egs. (7) and (8). Since
the fracture stresses og( = 1.69 GPa) and of (1.58
GPa) in Egs. (7) and (8) are known, substituting
0 = 6 = 54° and 6 = 6 = 43°, one gets

6 = of Sn(0c)[cos(8c) + e sin(6c)] (15)
= 0.8 (GPa),

175 = of sin(6r)[cos(6r) + wr sin(6r)] (16)
= 1.1 (GPa).

From the above results, we find that the critical
shear fracture stress 7§ (1.1 GPa) of the tensile
specimen is dlightly higher than the critical stress
75 (0.8 GPa) of the compressive specimen. Since
the compositions of the two metallic glasses are
identical, the critical shear fracture stresses, 75 and
7¢ should also be the same. However, as shown in
Fig. 1, it can be seen that the XRD patterns of the
metallic glass rod and plate are somewhat different.
This might reflect some difference in the structures
of the two metallic glasses because the cooling
conditions of the two kinds of specimens are some-
what different during casting. Besides, the shapes
of the two kinds of specimens are aso different,
i.e. 3 mm in diameter for compressive specimens
and 6 mm x 3 mm x 1.5 mm for tensile speci-
mens. Therefore, the difference in the structure and
shape of the compressive and tensile specimens
might affect the critical shear fracture stresses 7§
and t¥ of the metallic glass and the calculated
results from Egs. (15) and (16) are also acceptable.
In this case, for the two kinds of specimens, the
effect of the applied stresses on the fracture pro-
cesses can be illustrated asin Fig. 11(b). The criti-
cal shear fracture stress, 75 of the compressive
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specimen is smaller than the critical shear fracture
stresses, 1§ of the tensile specimen. However, this
change should not affect the general understanding
of the fracture criterions of metallic glasses under
compressive and tensile loading.

5. Conclusions

1. Asin most metalic glasses, ZrsqCu,AloNigTis
BMG displays a different deformation and frac-
ture behavior under compressive and tensile
loading. Under compression, the metallic glass
displays some plasticity before fracture. The
fracture angle, 6, between the stress axis and
the fracture plane is 43°. Under tensile loading,
however, the metallic glass aways displays
brittle fracture without yielding. The tensile
fracture angle 6( = 54°) between the stress
axis and the fracture plane is obviously larger
than 45°. Therefore, both 6. and 6 deviate
from the maximum shear stress plane (45°),
indicating that the fracture behavior of the met-
dlic glass under compressive and tensile load
does not follow the von Mises criterion.

2. Fracture surface observations reveal the differ-
ence in the fracture mechanisms induced com-
pressive and tensile load. Under compression,
the fracture surface only consists of a quite uni-
form vein-like structure. However, a combined
fracture feature of veins and some cores is
observed on the tensile fracture surfaces. The
difference in the fracture mechanisms of the
metallic glass is attributed to the effect of the
normal stress on the fracture process. It is con-
sidered that the radiating cores on the fracture
surface are produced by the norma tension
stress in the initial stage of fracture, the veins
are mainly created by the shear stress during
rapid shear propagation. However, the com-
pressive fracture of metallic glass should be
mainly controlled by the shear stress. Due to the
different effect of the normal stress on the frac-
ture processes under compressive and tensile
load, the deviation of 6 and 6+ from 45° shows
a large difference.
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