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Serrated flow is an essential characteristic of the plastic deformation of metallic glasses. Under restricted
loading conditions, the formation and expansion of shear bands act as the serrated flow of stress-strain
curves in metallic glasses. In this work, serrated flows in Fe5oNi3oP13C7 glassy samples with different
plasticity were studied. The distribution histogram shows a monotonically decreasing trend during the
initial deformation stage (i.e., the plastic deformation in the range of 0—8%), whereas in the following
deformation stage (i.e., a plastic deformation of 8—14%), the stress drop frequency distribution presents
both a monotonically decreasing distribution and a peak shape similar to chaotic dynamics. It is shown
that the spatial evolution behavior of shear bands in Fe5oNi3gP13C; metallic glasses evolved from self-
organized critical to chaotic dynamics in the form of serrated flow, which reveals the origin of
discrete plasticity of Fe-based bulk metallic glasses. This study has potential applications for under-
standing the plastic deformation mechanism.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As a new type of metallic material, Fe-based bulk metallic
glasses (BMGs) fabricated by rapid solidification of a metal alloy
process [1,2] normally exhibit high strength [3,4], excellent corro-
sion resistance [5], and great magnetic properties [6—8]. Therefore,
it is believed that Fe-based BMGs will play an important role in
aerospace, national defense military, electrical and electronic
products, and other areas relating to functional and structural
materials [9]. Unfortunately, Fe-based BMGs usually fracture cata-
strophically even during the elastic deformation stage at room
temperature [10], which hinders their widespread applications.
Thus, it would be very important to understand the plastic defor-
mation mechanism and the plasticity enhancements for Fe-based
BMGs [11—14]. Normally, plastic deformation of crystal materials
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under loading is mainly reduced by so-called dislocations [15,16].
On the contrary, there are no grains or grain boundaries in MGs;
thus, plastic deformation under loading conditions cannot be well
explained using dislocation theory [17]. It is known that the
deformation of MGs under loading at room temperature is mainly
induced by the formation and expansion of shear bands [18]. As a
result, the instability of a shear band could form a crack extension
leading to the catastrophic fracture of BMGs. Progress researching
the shear band has been made in the past few decades [19—21].
However, it is still unclear what the formation mechanism and
spatial evolution behavior of shear bands are, which has limited the
non-repeatable plastic deformation especially for Fe-based BMGs.
The evolutionary characteristics of a shear band and/or serrated
flow still remains unidentified. Recently, Fe—Ni—P—C BMGs with
large compressive plasticity at room temperature were synthesized
by combining a fluxing treatment and the J-quenching technique
[22]. This exploration may pave the way to a systematic under-
standing of the evolutionary characteristics of shear bands and/or
serrated flows in Fe-based BMGs.

In this work, the spatial evolutionary behavior of shear bands in
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Fig. 1. (a) Stress-strain curves of FesoNizoP;3C7 glassy samples at strain rate 5 x 10~# s~. (b) The specimen shape and geometric dimension. (c) The SEM image of the FesoNizoP13C7
surface prior to failure. (d) The vein patterns on the shear fracture surface.
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Fig. 2. Comparison of the serrated flows of FesoNi3oP;3C; metallic glasses at different strain ranges (a) 6—8% and (b) 16—18%.

Fes5oNi3gP13C7 glassy samples with different plasticity was studied the evolutionary characteristics of serrated flows and their plastic
from the viewpoint of dynamic methods. The relationship between deformation was also established. This work has implications for
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Fig. 3. (a) Stress-time curves for FesoNi3oP13C7 metallic glass. (b) Absolute derivative of

the stress versus time from (a), which shows the elastic reloading time t. and the stress
drop duration time tp,.
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Fig. 4. Distribution of the stress-drops amplitude as a function of the strain for
FesoNi3oP13C7 metallic glass. Red straight lines crossing the diamonds represent the
respective linear fits in two regions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

understanding the precise plastic deformation mechanism of Fe-
based BMGs.

2. Experimental

Fes5oNi3oP13C7 BMGs with a diameter of 1.0 mm were prepared
by combining fluxing treatment and the J-quenching technique
[23]. The nature of glassy samples was ascertained by D8 Advance

X-ray diffraction (XRD) with Cu Ka radiation, NETZSCH DSC-404
differential scanning calorimetry (DSC) with a heating rate of
0.67 K/s, high-resolution transmission electron microscopy
(HRTEM) and energy dispersive X-ray spectroscopy (EDS) using a
Tecnai F20 microscope. The specimens for the compression test
were cut from the cast rods, and each end was polished parallel to
each other. The mechanical behavior of more than 20 cast samples
with a diameter of 1.0 mm and an aspect ratio of 2:1 was examined
under uniaxial compression using an Instron testing machine at
room temperature with a strain rate of 5 x 1074 s~ The tests were
carried out in a constant-crosshead-displacement-rate controlled
manner. The lateral and fracture surface morphology results were
examined by scanning electron microscopy (SEM). In this work,
stress vibrations, which were generated by subtracting the linear
fitting part from the elastic deformation range, were not included
for values greater than 0.5 MPa. Additionally, the serrations with
Acg <0.5 MPa were not counted in our statistics.

3. Results and discussion

Fig. 1(a) shows a representative stress-strain curve of
Fes5oNi3opP13C7 glassy samples, and the insets are the statistical
distributions of the plastic strains for 20 samples. It can be seen that
the FesgNi3oP13C7 BMG exhibits extraordinary plasticity, as high as
22%, and different samples possess different plastic strain values.
For example, the compressive plastic strain is below 5% for one
sample, while they exceed 25% for the other two samples. The
specimen shapes and geometric dimensions are given in Fig. 1(b).
Fig. 1(c) and (d) show the SEM images of the Fe5gNi3gP13C7 surfaces
prior to failure and after compression tests, respectively. Localized
main shear bands appear in a near-elliptical morphology and end
up at the sample sides, which are characterized by a shear angle of
approximately 44° to the compressive axis (Fig. 1(c)). It is noted
that several remarkable cracks and scattered shear bands also
emerge around the existing primary shear band. These shear bands
are not straight but incline to interconnect or intersect with each
other. After the compression tests, the exposed sheared surfaces
were found to be composed of numerous vein-like patterns, which
are a fingerprint of plastic flow (Fig. 1(d)).

It is worth mentioning that the stress-strain curve of
Fe5gNi3pP13C; BMGs has numerous small, serrated distributions,
which are not the same as the traditional crystal materials. The
stress-strain curves of BMGs reflect the serrated flow behavior and
the shear bands have a close relationship with the macroscopic
plastic deformation capacity of BMGs. Therefore, by exploring the
serrated flow behavior, the spatial evolution behavior of shear
bands in FesgNi3gP13C; BMGs is worthy of detailed investigation
because the origin of discrete plasticity might be revealed. As an
example, Fig. 2 shows the enlarged serrated flow behavior in
Fig. 1(a) at strain range 6—8% and 16—18%, respectively. From
Fig. 2(a), we can see that different strain values correspond to
different serrated flow behavior. In fact, the serrated flow behavior
at 6—8% is more complex than the behavior at 16—18%, which has
unequal serrated distribution sizes. Moreover, the stress-strain
curve of FesoNi3gP13C; BMGs at 6—8% obviously presents the so-
called “work hardening” behavior. As is known, the “work hard-
ening” behavior is attributed to the unique structure correlated
with the atomic-scale inhomogeneity, leading to an inherent
capability of extensive shear band formation, interactions, and
multiplication of shear bands [24]. On the contrary, the serrated
flow behavior at 16—18% oscillates periodically, with no sign of
“work hardening” and only a little decrease in stress intensity, as
shown in Fig. 2(b). In this range, only a single dominant shear band
is believed to undertake the plastic deformation [25].

To understand the plastic deformation mechanism, Fig. 3 shows
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Fig. 5. (a) The statistical distribution of frequency calculated from the continuous strain-stress curves of plastic deformations from 0% to 8%. (b) The shear bands morphology of the
self-organized critical state. (c) The statistical distribution of frequency calculated from the continuous strain-stress curves of plastic deformations from 8% to 14%. (d) The shear
band morphology of the chaotic state. The insets represent the corresponding power spectrum S(w)~w.

a typical stress-time curve for FesoNi3oP13C; BMGs and the corre-
sponding absolute derivative of the stress over time. The serrated
stress generally consists of a rising and a declining section, as
shown in Fig. 3(a). It is believed that the rising section of the stress
represents the elastic reloading process, while the dropping section
stands for a real plastic deformation process, i.e., the formation and
expansion processes of the shear bands. We can also see that the
stress drop duration time t, is shorter than the elastic reloading
time t. from the derivative of the serrated curve, as shown in
Fig. 3(b). Meanwhile, it can be seen that the energy slowly accu-
mulates before the formation and extension of the shear bands.
However, once the formation is completed, the shear band will
expand rapidly, resulting in the rapid release of energy. At this point
in the process, the serrated formation is characterized by the stress
drop amplitude Ags. This drop reflects the slippage size of shear
bands and depends heavily on the plastic deformation of BMGs. The
distribution of Ags vs. strain for FesoNi3gP13C; BMGs is shown in
Fig. 4. It can be seen that Ags grows slowly with increasing strain,
with a small stress serrated behavior appearing in each stage. When
the strain reaches a critical value, approximately 8%, the intensive
distribution of Acs disappears and is then gradually divided into
two different processes, suggesting the evolvement of the serrated
stress from one state to another [26].

These two different processes related to the statistical distri-
bution of frequency and the corresponding shear band morphology

are shown in Fig. 5. In Fig. 5(a), the Ags presents a monotonic
downward trend when the plastic deformation increases from 0%
to 8%. The inset of Fig. 5(a) gives the corresponding power spec-
trum, S(w)~w~% where oo = 2.1, which obeys a power-law distri-
bution with no obvious peak on stress-time. This result reveals that
the serrated flow behavior is in the self-organized critical state
[19,27]. Fig. 5(b) shows the shear band morphology on the surface
of Fe5oNi3oP13C7 BMGs in the self-organized critical state. It can be
seen that multiple shear bands are formed in the initial stage of the
plastic deformation, with the observed intersection and bifurcation
phenomenon that prevent their further propagations. This phe-
nomenon is also the reason that the “work hardening” of
Fe5oNi3oP13C7 BMGs exists in this stage. Complex interactions exist
among each of the shear bands, leading to a self-organized critical
state [17,19]. As is known, the self-organized critical state is a
relatively stable dynamic state that has the ability to resist inter-
ference. Thus, the system details will have no apparent effect on its
stability because the interference caused by additional conditions
will be dissipated by interactions among the internal unit. How-
ever, the strain, stress, temperature and free volume inevitably
change with the increased time in the deformation process.
Therefore, the interaction among these parameters will introduce
the evolution of the shear bands from a self-organized critical state
to chaotic state [27]. In Fig. 5(c), we can see that Ao presents not
only a monotonous downward trend but also the characteristic
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Fig. 6. TEM images of FesgNi3oP3C; sample.

peak shape distribution when the plastic deformation is above 8%.
The power spectrum shows obvious peaks with wide noise and the
self-similarity structure in the frequency space, indicating the
involvement of self-organized critical and chaotic dynamic char-
acteristics in this case [19,27]. As demonstrated in Fig. 5(d), the
sample at the chaotic state formed an obvious shear band along the
direction that possessed the largest shear stress. Then, the single
dominant shear band underwent plastic deformation. Originally,
the soft liquid-like layer proceeded in a viscous manner by sliding
along the shear plane with elastic energy dissipation, which led to
the shear band softening. Once sufficient energy had been dissi-
pated the internal structure of the liquid-like layer began to
recover. The solid-like matrix was then reconstructed and the shear
band was fully arrested [28—30]. The dynamic softening introduced
an increase in the velocity of shear band sliding. With the increased

offset values, the velocity of shear bands also increased, including
the temperature in the shear band [31]. When the temperature rose
with the energy release due to friction, the thickness of the low
viscosity region increased. At a certain critical point, the sample
broke down. Such a stochastic process depends on the internal
structure and defects in the individual sample. The stochastic for-
mation of a major shear band with large critical offset results in an
overcritical rise in temperature and ultimately leads to a cata-
strophic fracture of the sample [32]. Because the chaotic state is
normally unstable, the deformation is actually so sensitive to the
initial system that even minor variations of the initial condition
may cause huge differences with regards to the final state of the
system.

It is known that most of the flow units in BMGs are at an
equilibrium state that involves thermal motion behavior when no
load is applied. When the BMGs enter the primary stage of plastic
deformation, flow units grow constantly, which induce the atomic
rearrangement by partial movement of flow units and subse-
quently the formation of the shear bands. With a constant loading,
the probability of overcoming the energy barrier of flow units is
increased by thermal activation. As a result, the intersection and
self-hindrance triggers the self-organized critical state of shear
bands. Moreover, the surrounding atoms are perturbed by the
movement of each flow unit, and the shear bands will gradually
shift from a self-organized critical state to a chaotic state under
continuous loading. Due to the heterogeneity in BMGs [33], it is
possible that the huge fluctuations of shear bands could be formed
through various nonlinear mechanisms. Because shear bands
determine the plastic deformation of BMGs, uncertain character-
istics of the plastic strain are then observed from a macroscopic
viewpoint. The HRTEM images of FesgNi3gP13C; samples were
shown in Fig. 6. No crystalline phase was observed. Moreover, the
inserted SAED patterns exhibited a single diffraction halo, with no
sharp diffraction rings observed. It was thus confirmed that each
sample possessed a complete glassy structure. Fig. 6(c) shows the
bright field TEM image of FesgNi3gP13C7 samples, including the
isolated bright area and the continuous dark area. Among them, the
size of the bright area is between 2 and 5 um, and the width of the
dark area is approximately 0.25—1 um. The strong contrast dem-
onstrates that thickness in the bright area is larger than that of the
dark area. In the bright area, voids were observed, revealing the fact
that the thinning rate in the bright area is higher than the one in the
dark area during the ion thinning process. This might be attributed
to the strength difference in these two areas. Using EDS of TEM, the
element distributions for bright and dark regions were provided in
Table 1. From Table 1, different compositions were observed for the
bright area and the dark area outside of the slight deviations from
the nominal composition. It is confirmed that even BMGs pos-
sessing the same components would cause tiny differences on the
structure and element distributions due to the existence of a chaos
state, resulting in the uncertainty of plastic strain values for the
same BMGs under identical test conditions.

Table 1
Energy dispersive X-ray spectra for bright regions and dark regions.
Area Element Weight % Atomic % Uncert. % Detector correction k-Factor
Bright regions C 1.03 4.44 0.08 0.26 3.940
P 7.54 12.59 0.12 0.90 1.068
Fe 55.29 51.15 035 0.99 1.403
Ni 36.12 31.80 0.29 0.99 1.511
Dark regions C 0.12 0.57 0.03 0.26 3.940
P 6.54 11.34 0.10 0.90 1.068
Fe 57.53 55.33 0.32 0.99 1.403
Ni 35.79 32.74 0.26 0.99 1.511
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4. Conclusions

In this paper, the serrated flow behaviors of FesgNi3gP13C7 BMGs
were investigated using dynamic methods. It was found that
distinct serrated shapes of Fe-based BMGs on stress-strain curves
exist during different loading stages. At the initial loading stage, the
serrated shapes presented more complicated characteristics
compared to before fracturing. When the plastic deformation was
below 8%, Acgs presented a monotonous downward trend. In the
deformation process, shear bands exist in a self-organized critical
state with the serrated behavior showing a power-law distribution
within a certain range. In addition to the monotonic downward
trend, when the plastic deformation was above 8%, Ao presented a
peak shape distribution indicating a chaotic behavior. The system in
the chaotic state is sensitive to the initial conditions, which means
that minor differences in the initial conditions may cause vastly
different results for the final state of the system. The appearance of
the dynamic state may be one of the important reasons for the
plastic nature of Fe-based BMGs having a random uncertainty.
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