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Abstract: The negative strain rate sensitivity (SRS) of metallic glasses is frequently observed. How-
ever, the physical essence involved is still not well understood. In the present work, small-angle X-ray
scattering (SAXS) and high-resolution transmission electron microscopy (HRTEM) reveal the strong
structure heterogeneity at nanometer and tens of nanometer scales, respectively, in bulk metallic glass
(BMG) Zr64.13Cu15.75Ni10.12Al10 subjected to fully confined compression processing. A transition of
SRS of stress, from 0.012 in the as-cast specimen to −0.005 in compression processed specimen, was
observed through nanoindentation. A qualitative formulation clarifies the critical role of internal
stress induced by structural heterogeneity in this transition. It reveals the physical origin of this
negative SRS frequently reported in structurally heterogeneous BMG alloys and its composites.

Keywords: structural heterogeneity; bulk metallic glass; strain rate sensitivity

1. Introduction

The strain rate has a significant effect on the flow stress during the deformation of
bulk metallic glasses (BMGs), especially the serrated flow behavior [1–3]. As we all know,
a high positive value of strain rate sensitivity (SRS) for conventional crystalline metals
represents more homogeneous deformation. However, most of the monolithic BMGs have
positive SRS [4–9], a few exhibit negative values [10–12]. It is noteworthy that most of
the BMGs exhibiting negative SRS show significant structural heterogeneity. For instance,
there is a significant negative SRS in BMGs containing extensive dendrite distribution [13].
Moreover, similar negative SRS has been reported in other MGs containing a composite
structure [14–16]. In addition, it has been reported that Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105)
BMG subjected to pre-compression deformation [17] introduced a large number of shear
bands, which indicated its structural inhomogeneity increased greatly, so that its SRS
changed from positive in the as-cast state to negative after deformation as shown by its
strain rate-displacement curve. Thus, this structure heterogeneity will have a significant
effect on the mechanical behavior of BMGs. However, how the SRS is affected by the
internal structure heterogeneity of the BMGs remains unclear, which requires further
investigation.

In this paper, fully confined compression processing was conducted to introduce dense
multiple shear bands in monolithic Zr64.13Cu15.75Ni10.12Al10 BMG alloy with excellent com-
pression plasticity [18]. These shear bands will serve as interfaces that separate the adjacent
and un-sheared amorphous regions, forming a shear band-matrix (loose-dense) hetero-
geneous structure [19,20] with no phase separation. Nanoindentation of the specimens
presented a transition of SRS from a positive value of 0.012 in the as−cast state to a negative
value of −0.005 after compression processing. The physical mechanism responsible for this
SRS transition from positive to negative is explored. A qualitative formulation clarifies the
key role of internal stress induced by structural heterogeneity in this transition.
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2. Materials and Methods

Alloy ingots with a nominal composition Zr64.13Cu15.75Ni10.12Al10 were prepared by
arc melting from pure elements (purity > 99.9%) in a Ti-gettered argon atmosphere. The
ingot was remelted several times for chemical homogeneity and subsequently cast into a
water-cooled suction casting machine with a copper mold with a cylindrical cavity of 3 mm
diameter. The as-cast BMG rod with a diameter of 3 mm, was cut to a height of ~4.7 mm
so that a specimen with an aspect ratio ≥1.5 was obtained for compression deformation
processing. The compression processing was conducted under full confinement, similar to
geometric confinement [21], which produces an equivalent hydrostatic pressure of ~2 GPa
in the specimen. This pressure is selected just above the strength of this alloy. The full
confinement was maintained during the whole compression deformation process until a
compression reduction of ~64%. Then, 5 mm long and 3 mm wide sheet specimens of both
as-cast and compressed were obtained using wire cutting and were ground and polished
to 30 µm thick for small-angle x-ray scattering (SAXS), using an Anton Parr SAXSpace
instrument with a Mo target (wavelength k = 0.0711 nm) to obtain structural information
of the specimens. Both as-cast and compressed specimens with a diameter of 3 mm and a
thickness of 60 µm were subjected to two-jet electropolishing under nitrogen cooling in a
solution of perchloric acid and alcohol (1:9). Then Titan G2 60-300 high-resolution electron
microscopy (HRTEM) was used to observe the specimens’ microstructural features.

Longitudinal sections of the specimens obtained by wire cutting in the cast state and
~64% compression reduction, respectively, were subjected to nanoindentation experiments
on the surface of polished longitudinal sections before and after constrained compression
using an ultra-microscopic dynamic hardness tester DUH-211 with a Berkovich diamond
indenter. The indentation experiments were conducted at room temperature with a maxi-
mum loading force of 200 mN and a dwell time of 5 s. The loading rates were 20 mN/s;
10 mN/s; 2 mN/s; and 1 mN/s, corresponding to strain rates of 0.05 s−1; 0.025 s−1;
0.005 s−1; and 0.0025 s−1, respectively, and each strain rate was subjected to at least five
indentation tests to ensure the accuracy of strain rate sensitivity (m).

3. Results

Figure 1 shows the nanoindentation loading displacement curves for the as-cast
and compressed specimens. It can be observed that the apparent serrated flow in the
nanoindentation process is suppressed with the strain rate increases, and when a certain
critical rate is reached, the serrated flow is completely suppressed and will be unobservable,
which is manifested in the loading displacement curve as a shift from a wavy to a smooth
curve, especially the compressed samples. This change agrees with the observations
reported for various BMGs [22,23] and this is because at a high strain rate, a single shear
band is difficult to adapt to rapid deformation, and only multiple shear bands can be
activated at the same time, which also leads to the decrease of the width of each serrated
flow and disappears at a certain critical strain rate [22]. As shown in Figure 1a, at a low
strain rate, the nanoindentation loading displacement curve of the compressed specimen
is shifted considerably compared with the as-cast specimen. Meanwhile, in the local
amplification of the curve, the as-cast specimen exhibits a wave-like serrated flow, while the
compressed specimen’s serrated behavior is divided into multiple fine serrated flows with
much less serration width. A previous study [2] showed that fine and discrete serrations
could diminish shear localization and allow more uniform deformation. In this study,
compression introduced a large number of shear bands. This heterogeneous structure
formed by compression can coordinate the deformation of BMGs in the nanoindentation.
When the strain rate is low, as in Figure 1b, the as-cast specimen still exhibits serrated
behavior while the compressed specimen curve is smooth, indicating that the deformation
in the nanoindentation activated a large number of existing shear bands of the compressed
specimen to achieve uniform deformation [23].
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Figure 1. Load-penetration curves of as-cast versus compressed BMGs at equivalent strain rates
(a) 0.0025 s−1, (b) 0.005 s−1, (c) 0.025 s−1, and (d) 0.05 s−1.

Figure 2 shows the hardness of as-cast and compressed specimens obtained by nanoin-
dentation at different strain rates. The hardness of the as-cast specimen is significantly
lower than the compressed specimen at low strain rates. With the increase of strain rate, the
hardness of the as-cast specimen increases, and the hardness of the compressed specimen
decreases; and at the highest strain rate in this investigation, the hardness of the as-cast
specimen is higher than the compressed specimen. The regression of the hardness-strain
rate data yields an SRS value of 0.012 ± 0.002 for the as-cast specimen, and −0.005 ± 0.002
for the compressed specimen. The value of SRS of the as-cast sample is similar to those of a
previous study [24], but it becomes negative for the compressed specimen. This anomalous
result is clearly arising from the structural change during fully confined compression before
nanoindentation.

Figure 3 shows the HRTEM results of both as-cast and compressed specimens. No
crystallization was observed in either specimen, as evidenced by the insert diffraction
patterns. Bright and dark contrast can be observed in the structure, with the bright part
predicting a sparser region of atoms. In Figure 3a, the intrinsic local structural inhomo-
geneity [25] of the as-cast specimen can be seen, although its overall microstructure is
homogeneous; and Figure 3b displays its inherent disordered state. After compression,
structural inhomogeneity at a scale of tens of nanometers manifested, as can be seen in
Figure 3c. Even with further magnification, this high degree of inhomogeneity can still
be observed relative to the as-cast specimen, as shown in Figure 3d, where dash lines are
added to delineate the boundaries between relatively bright and dark regions, further
indicating a dramatic increase in its structural inhomogeneity after fully confined com-
pression deformation. The size of the nanoindentations is 7–8 µm, so the inhomogeneous
structure of the compressed specimen will hinder its shear bands propagation during
the nanoindentation tests, and thus promote the generation of branching shear bands, as
shown by Figure 1a by the smaller serrations of the compressed specimen at the minimum
strain rate on the nanoindentation loading displacement curve compared to the as-cast
specimen.
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Figure 2. Strain rate dependence of hardness from nanoindentations of as-cast and compressed
specimens. The slope of the fitted relations (dashed lines) demonstrates the strain rate sensitivity (m).

Figure 3. HRTEM structure before (a,b) and after (c,d) fully confined compression deformation.

Figure 4 shows the SAXS scattering intensity for both as-cast and compressed specimens
at the low Q position. Q value variation is related to the scattering angle: Q = 4πSinθ/λ. Here,
θ is half of the scattering angle between the incident and scattered beam. λ is the X-ray
wavelength. It is clear from the figure that the scattering intensity increases obviously
after compression deformation, which indicates enhanced structural inhomogeneity at
nanoscale after compression.
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Figure 4. SAXS intensity of the as cast and compressed specimens.

4. Discussion

Negative SRS is observed in monolithic Zr64.13Cu15.75Ni10.12Al10 BMG after the fully
confined compression deformation processing in the present study, as shown in Figure 2,
together with the heterogeneous structure manifested by SAXS and HRTEM observation,
at scales from nano to tens of nanometers, as shown in Figures 3 and 4. This negative SRS
is not an isolated incident observation. It has been first reported in Pd80Si20 filaments [26],
and frequently observed related to heterogeneous structures [27–29] or even composite
structures of MGs [12–15]. However, no clear mechanism is proposed to give a persuasive
elucidation of the phenomenon, which arises in the following discussions, and finally, a
qualitative formula approach is presented to provide the insight links between negative
SRS, the feature of BMG structure, and the heterogeneity of the structure.

The negative SRS observed in the Vit105 BMG [30] have been annotated by analogous
to the phenomenon of Portevin–Le Châtelier (PLC) deformation bands observed in some
crystalline alloys, where dynamic strain aging takes place through the interaction of
solute atoms and forest dislocations. However, a detailed investigation indicates that
dynamic strain aging-induced solute strengthening of both mobile and forest dislocations
is necessitated for the negative SRS that leads to PLC behavior, and solute strengthening of
only the mobile dislocation is not enough [31]. It is the solute atom strengthening of the
forest dislocations generated during the concurrent deformation process that dominates
the negative SRS and PLC behavior. This same mechanism seemed to be difficult since no
defects analogous to the forest dislocations in the crystalline alloy is evidenced in monolithic
BMG. On the other side, negative SRS is more frequently observed in heterogeneously
structured BMG and BMG composites than in uniform, monolithic BMG, which could not
be distinguished with the dynamic strain aging mechanism. Thus, alternation other than
the dynamic strain aging mechanism is considered.

Observing the deformation behavior of the monolithic BMG in the present investiga-
tion, from the viewpoint of flow stress vs. functioning flow defect density (e.g., extending
shear band front), one important difference could be recognized in comparison to the crys-
talline alloys displaying negative strain hardening sensitivity. While the crystalline alloys
working in the high defect density region, where strain (defect) hardening dominates, on
the deformation mechanism map constructed in the stress-defect density space [32], the
monolithic BMG in the present investigation could be analogous to working in the low
defect density region, where strain (defect) softening dominates. One obvious argument to



Metals 2021, 11, 339 6 of 9

support this analogy is that deformation by shear bands in BMG is a nucleation-controlled
process [33], and BMGs are usually work softening, and the higher the density of active
shear bands, the lower its overall flow stress [34]. This is both phenomenologically and
physically the same as that observed in nanocrystalline [35,36] and single crystalline [37]
materials. With this basic feature of the monolithic BMG, the negative SRS could be
qualitatively formulated.

By analoging the plastic deformation mediated by the “flow defect” of shear band
in BMG to the plastic behavior in crystalline materials mediated by the “flow defect” of
slip dislocation, the plastic strain rate in BMG could also be expressed by the Orowan
equation [38]:

.
ε = αρV (1)

where, ρ is the density of flow defects; V is the average velocity of flow defects under the
action of the stress; and α is a parameter related to the geometry of the flow defects and is
independent of flow defects density and velocity.

Considering the definition of strain rate sensitivity m:

m =
∂lnσ

∂ln
.
ε

(2)

1
m

=
∂ln

.
ε

∂lnσ
=

∂lnρ

∂lnσ
+

∂lnV
∂lnσ

(3)

For materials working in the region of low flow defects density on the deformation
mechanism map constructed in the stress-defect density space [32], strain (flow defect)
softening dominates the deformation, and analogous to the dislocation-mediated plasticity,
the relationship between flow stress σ and flow defect density ρ could be expressed by
equation [39]:

σ =
β

ρn (4)

where, n > 0 is the defect density dependence exponent of stress and usually takes the
value of 1/2~1; β is a coefficient that relates to shear modulus, orientation factor of the flow
defects, and the size of the material.

It is clear from Equation (4) that:

∂lnρ

∂lnσ
= − 1

n
(5)

It is a negative item that lays the foundation for a reduced SRS.
Based on the stick-slip shear dynamics and the atomic scale cooperative shearing

model of shear transformation zones (STZ), the shear band sliding velocity, V, can be
expressed as [40]:

V = V0 exp

[
−

4RξG0Tγ2
CΩ

kBT

(
1 − σ

σ0

)3/2
+

1
χ

]
(6)

where, V0 is the external loading velocity; kB is the Boltzmann constant; T is the temper-
ature; G0T is the shear modulus at different temperatures; γC is the critical yield shear
strain (γC ≈ 0.027); Ω is the volume of the STZ, R ≈ 1/4, ξ~2–4; and σ and σ0 are the
yield strengths at temperatures T and 0 K, respectively. χ is the effective temperature
characterizing the state of the configuration disorder and the density or the total number
of STZs.

∂lnV
∂lnσ

=
6RξG0Tγ2

CΩ
kBT

σ

σ0

(
1 − σ

σ0

)1/2
(7)
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Combine Equations (3), (5) and (7), we obtain:

1
m

=
∂ln

.
ε

∂lnσ
=

∂lnρ

∂lnσ
+

∂lnV
∂lnσ

= − 1
n
+

6RξG0Tγ2
CΩ

kBT
σ

σ0

(
1 − σ

σ0

)1/2
(8)

In the case of heterogeneous structure, internal stress develops in the BMG matrix,
which resists in the sliding of shear band in BMG, and plays a critical role for the transition
of SRS from positive to negative. Take the resolved component of such resistance in the
direction of the shear band sliding as σi. The effect of external applied stress σ would
be muffled off by an amount of σi. Thus, a locally effective stress σl= σ − σi, which is
the actual resultant stress applied on the shear band front, should be used to replace the
external applied stress σ in Equation (8), thus:

1
m

=
∂ln

.
ε

∂lnσ
=

∂lnρ

∂lnσ
+

∂lnV
∂lnσ

= − 1
n
+

6RξG0Tγ2
CΩ

kBT
σ − σi

σ0

(
1 − σ − σi

σ0

)1/2
(9)

In Equation (9), the first item on the right, − 1
n which is definitely a negative item

according to the physical definition of n, is the defect density dependence exponent of
stress. However, this is not the determinative item for the transition of SRS from positive
in the as-cast monolithic BMG to negative in the heterogeneously structured BMG or BMG
composites. In the second item to the right of the Equation (9), internal stress σi arises
from the strongly heterogeneous structure that resulted by fully confined compression
deformation processing, as observed in the present investigation, or the heterogeneity of
composite constituents [13–16]. It is the effect of the internal stress σi finally that reduces the
resultant value of the right items in Equation (9) and transforms from positive to negative,
thus resulting in the negative SRS.

5. Conclusions

As-cast and compression processed BMG Zr64.13Cu15.75Ni10.12Al10 specimens are in-
vestigated in the present work, and the structure and property evolution are characterized
by HRTEM, SAXS, and nanoindentation. The following conclusions can be drawn from the
research:

(1) SAXS and HRTEM reveal the strong structure heterogeneity at nanometer and tens
of nanometer scales, respectively, in the Vit105 alloy compression processed to a
reduction of ~64%. Compared to the as-cast alloy, these distinctive heterogeneity
features stand for the significant potential of modifying BMG structure through proper
deformation processing.

(2) A transition of SRS of stress, from 0.012 in the as-cast specimen to −0.005 in the
compression-processed specimen, was observed through nanoindentation, accompa-
nied by the gradual vanish of serration phenomenon in the compression processed
samples at the increasing strain rate.

(3) Qualitative mathematical formulation, based on the physics of shear band nucleation-
controlled plasticity of BMG, describes the inherent link between the observed nega-
tive SRS and the internal stress existing in the materials. It reveals the physical origin
of this negative SRS frequently reported in structural heterogeneous BMG alloys and
its composites.
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40. Bian, X.; Şopu, D.; Wang, G.; Sun, B.; Bednarčik, J.; Gammer, C.; Zhai, Q.; Eckert, J. Signature of local stress states in the

deformation behavior of metallic glasses. NPG Asia Mater. 2020. [CrossRef]

http://doi.org/10.1016/j.actamat.2008.04.027
http://doi.org/10.5962/bhl.title.35895
http://doi.org/10.1073/pnas.1321518111
http://doi.org/10.1103/PhysRevLett.96.105503
http://doi.org/10.1016/S0965-9773(97)00135-9
http://doi.org/10.1038/35328
http://doi.org/10.2172/378865
http://doi.org/10.1088/0959-5309/52/1/303
http://doi.org/10.1038/ncomms6926
http://www.ncbi.nlm.nih.gov/pubmed/25562488
http://doi.org/10.1038/s41427-020-00241-4

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

