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Abstract: Shear bands play a key role in the plastic deformation of metallic glasses (MGs). Even though there are ex-

tensive studies on the initiation and propagation of shear bands, the interactions among them have not been systemat-

ically studied yet. The interactions between the primary shear bands (PSBs) and secondary shear bands (SSBs) in a

ductile Zr-based MG were studied. The residual stress near PSBs can deflect the propagation direction and reduce the

propagation velocity of SSBs, which contributes to the plasticity and toughness of the MG. It was demonstrated that

the probability and strength of the interactions between PSBs and SSBs would become stronger for MGs with larger

Young's modulus and smaller shear modulus, i. e. , larger Poisson’s ratio. These results are valuable in understand-

ing the plastic deformation of MGs and may be helpful in designing new MGs with desirable mechanical properties.
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Bulk metallic glasses (BMGs) have promising
applications as the structural materials due to their
superior mechanical properties, e. g. , excellent elas-
ticity, high strength and high hardness. However,
the limited ductility has always been an inherent ob-
stacle for their applications, and extensive efforts
have been devoted to developing the ductile BMGs'J,
It has been widely recognized that their plastic de-
formations at temperatures far below the glass tran-
sition temperature usually occur via the formation of
shear bands (SBs). The nucleation®, propaga-
tion"" ' and interaction"®'* are three key processes
for the SB operation. The nucleation of SBs derives
from the activation and percolation of the flow units,
also called as shear transformation zones'**!. The
activation of flow units is a thermally activated phe-
nomenon, whose activation energy is quite close to
that of the secondary relaxations in BMGs*, The
propagation speed of SBs can be as high as the sound

[20,21]

velocity , which is much faster than the slip ve-

locity of the sample on the two sides of a SB™*. The
propagation of SBs is a stress-controlled behavior.
For an as-cast BMG sample, the SB propagation is
usually about 45° to the uniaxial compression direc-

[22] . When introducing stress with directions dif-

tion
ferent from that of the natural SB propagation, they
will change their propagation directions, along the
new maximum shear stress orientation. Various
methods have been tried to introduce the residual
stress to change the propagation direction of SBs,
and have proved to be effective in improving the ap-
parent plasticity of BMGs!!#-142%]  Eyen though
there are many researches on the initiation and prop-
agation of SBs, few is known about how they inter-

act with each other and contribute to the plasticity
12]

during deformation"

In this study, the interactions of SBs in a duc-
tile Zr-based BMG with a 17% compressive plasticity
were investigated. During the plastic deformation,
plenty of SBs were formed, which correspond to the
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serrations (stress drops) in the stress-strain curve.
The ones formed with large stress drops can be de-
fined as primary shear bands (PSBs), while the ones
causing only small stress drops can be defined as
secondary shear bands (SSBs). It was shown that SSBs
usually initiated from a PSB and that their sliding di-
rections usually got deflected when propagating in
the vicinity of a PSB. A qualitative model was pro-
posed to demonstrate the interactions among the
SBs and their relations with the properties of BMGs.

1 Experimental

The master alloy with nominal composition of
Zrs, CuisNips Al Tis (at. %) was prepared by melt-
ing high purity elements (>>99. 9 mass%) using the
arc melting furnace under the protection of Ar at-
mosphere. Then, the master alloy was remelted in a
quartz tube using an induction furnace and subse-
quently injected into a copper mold to form the BMG
rods with 2 mm in diameter. The amorphous nature
of the rods was confirmed by X-ray diffraction and
differential scanning calorimetry (data not shown
here). Samples in the dimension of $2 mm X4 mm
were used for quasi-static compression tests with a
strain rate of 10 ' s ', The surface morphologies of
the sample and SB distributions were studied using
the scanning electron microscope (SEM).

2 Results and Discussion

2.1 Serration behaviors of the BMG

Fig. 1 shows the nominal compressive stress-
strain curve of the BMG. After 2.1% elastic de-
formation, the sample exhibits 17% plasticity be-
fore fracture. The plastic strain curve at two de-
formation stages is magnified and shown in the in-
sets. During the steady plastic deformation, multiple

stress drops (see the left inset in Fig. 1) exist, which
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Fig. 1 Compressive stress-strain curve of BMG at

strain rate of 107* s™!
are attributed to the formation of multiple new
SBs'™. In this steady serration, the maximum stress
drop (approximately 0.03 GPa) is about 1.6% of
the yield stress (R, =1.9 GPa). When approaching
the fracture, the stress drops increase to as high as
3. 4% of the yield stress, which are not stable and
attributed to the stick-slip sliding movement of PS-
Bs26-271

Then, the stress drops during the plastic de-
formation are studied statistically, as shown in
Fig. 2. The stress drop versus the corresponding fre-
quency count is plotted in Fig. 2(a), which can be
well fitted by a power law relation, y=0.0149x " "*.
This demonstrates that the plastic deformation in
this alloy is a self-organized critical (SOC) state,
which is quite consistent with the previously repor-
ted results in other ductile BMGs™%!, The emer-
gence of the SOC state also indicates that the effect
of shear band interaction on the dynamic behaviors
during the deformation of MGs must be consid-
ered”. The normalized cumulative count versus

stress drop is shown in Fig. 2(b). It can be seen that
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Fig. 2 Double logarithmic plot of statistical analysis of stress drop distribution at serration plastic deformation

range (a) and cumulative count of stress drops during serration plastic deformation (b)
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the small stress drops caused by the SSBs contribute
much more, compared to the large stress drops by
PSBs. Given that the maximum stress drop during
the steady plastic deformation is about 0.03 GPa
(see the left inset in Fig. 1), the amount of small
stress drops that are lower than 0. 006 GPa (1/5 of
the maximum drop) is about 60% of the total drops.
Thus, the formation of SSBs is very important for
the plastic deformation, and it is worthy to study
their propagation behaviors and interactions with the

PSBs.

2.2 Interactions between PSBs and SSBs

During the uniaxial compression, the propaga-
tion direction of a SB is determined by the maximum
shear stress plane, which is usually about 45° to the
compression direction. The propagation of a PSB,
which is accompanied by the release of large shear

strain energy, usually follows the 45° behavior.
However, the SSBs can change their directions when
propagating close to the PSBs, due to the residual
stress around the PSBs. As shown in Fig. 3(a), the
SSBs initiate at PSB-1 and propagate to PSB-2, and
clear deflection can be observed for a group of SSBs
when they propagate approaching the pre-existed
PSBs. A schematic image illustrating the interaction
between the SSBs and PSBs is shown in Fig. 3(b).
The darkness represents the intensity of residual
stress or strain. The residual stress of the PSB has a
wider distribution compared to the SSBs. When the
SSBs propagate close to the PSB, the directions of
SSBs deflect due to the overlapping of the PSB resid-
ual stress and external stress. The SSBs may propa-
gate through the PSB or halt at it, because the driv-
ing energy of SSBs will be dissipated during the de-

flection.

Deflection

Fig. 3 SEM image of deformed sample surface composed of two PSBs and many SSBs (a) and schematic

image for propagation trace of SSBs under external stress and pre-existed PSB residual stress (b)

2.3 Formation of SSBs

Fig. 4(a) exhibits part of the SB interactions af-
ter the deformation, and Fig. 4(b) gives the magni-
fied image near position “3” in Fig. 4 (a), showing
the SSBs activated by the SB interactions. The black
lines mark the sliding distances at different positions
of the shear banding, recognized by the interruption
and movement of the pre-existed SBs in Fig. 4 (a),
and by the shear banding steps in Fig. 4(b), respec-
tively. The sliding distances of the shear banding are
plotted versus the position of measuring sites (using
“d” to represent), as shown in Figs. 4(c) and 4(d).
The data can be fitted very well by linear equations
with the slopes of 0.138 and 0.052, respectively.

From Fig. 4(a), it can be observed that even along a
PSB, the displacements at different positions are not
the same, gradually decreasing from the top right to
the bottom left. This is probably caused by the fric-
tion within SBs and the pinning effects from the SB
interactions or material defects™2:2%:3%7,

Based on the results shown in Figs. 4(a) and 4(c),
it is proposed that the main deformation along the
primary shear banding direction is compression, in-
stead of the solely shearing. According to the phe-
nomena displayed in Figs. 4(a) to 4(d), a sketch map
is drawn to demonstrate the SB interactions and the
formation of SSBs in the MG, as given in Figs. 4(e) —
4(g). The PSB-1, PSB-2 and PSB-3 are all primary
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Fig. 4 SEM images of SB interactions after deformation (a, b), slip distances of different points marked in (a) versus
their relative positions along the PSB (¢) , slip distances of the SSBs shown in (b) versus their distances (d) to the
PSB (d), and sketch map illustrating the interactions of SBs near point 3 in (a) (e, f, @

shear bands, propagating through different orienta-
tions, and the thinest lines represent the secondary
shear bands. The primary shear band, PSB-1, forms
at the early stage of plastic deformation. With the
further deformation, other shear banding events oc-
cur, e. g. » the PSB-2 and PSB-3 (with different slid-
ing planes and orientations from PSB-1), which in-
terrupt the continuous shear plane of PSB-1 and

yield the intersecting steps, near the positions “2”

and “3”. But the intersecting steps would become
the barrier, impeding the further sliding of PSB-1.
As the deformation continues, the strain energy
stored in the alloy between two intersecting steps in-
creases, which drives the formation and propagation
of SSBs. As stated above, the main deformation along
the primary shear banding direction is considered as
compression. Then, the elastic strain energy density
(Wg) in the alloy before the SSB formation is pro-
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portional to Ee*, while Wy is resulting from the
compression along the shearing direction of PSB-1,
E is the elastic modulus of the alloy, and e is the
compression strain along PSB-1. Since the formation
and propagation of SSBs are driven by the elastic

[o-18:31.32] © W then determines the for-

strain energy
mation probability and propagation distance of SSBs.
Both the formation probability and propagation dis-
tance increase with rising the Wy. Besides, the plas-
tic shear of a material is closely related with the
shear modulus G, more easily shearing with lower
GH,

transformation zone, from which the SBs nucleate,

Besides, the activation energy of the shear

is proportional to G'*!. Based on these discussions,
it can be concluded that a larger Young’'s modulus
(larger driving energy) and lower shear modulus
(lower resistance to SB formation), i.e., a larger
Poisson's ratio, is favorable for obtaining more SSBs
and thus improved plasticity in MGs. This is con-
sistent with previous studies®*. Although the ex-
planation stated above is derived from the results
along the PSB in Figs.4(a) and 4(b), just a tiny
part of the SBs in the whole sample, it is believed to
be suitable for most of the SB interactions and SSB
formations, because the intersections of SBs will
certainly produce the intersecting steps, which be-
come the obstacles preventing the further sliding of
pre-formed SBs and then promote the formation of

new ones.
3 Conclusion

The interactions of SBs in a ductile Zr-based
BMG are studied in this work. It is found that the
propagation direction of SSBs can be deflected by the
residual stress close to the pre-formed PSBs. Such a
propagation deflection can consume the elastic ener-
gy and inhibit the further propagation., which leads
to the formation of more SBs and an increase in plas-
ticity. The interactions of SBs in the MG and the
formation of SSBs are demonstrated. And from the
viewpoint of SB interactions, a correlation between
the plasticity and elastic moduli of MGs is found,
which agrees well with previous studies. The present
results can provide new insights in understanding
the plastic deformation of MGs.
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