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Abstract

mechanical properties.

The work hardening behavior of bulk metallic glasses has not been previously ascribed to their intrinsic structure but
rather to the introduction of other components that act as hardening elements. Here, we present clear evidence of a
2D gradient rejuvenation state that can induce tailored hardening of a monolithic bulk metallic glass. We show that
the local free volume content related to the rejuvenation state controls the shear band angle and the maximum
effective shear stress. Hence, shear band propagation is prohibited, and the formation of a complete shear plane
transecting the whole specimen is blocked. The generation of plastic strain is accompanied by an increase in the
critical shear stress, resulting in sustainable apparent hardening. In this way, we present a bulk metallic glass that has a
tailored hardening mechanism and establish an experimental link between a gradient rejuvenation state and

Introduction

Work softening behavior can lead to catastrophic failure
through localized stresses at the site of deformation.
Although bulk metallic glasses (BMGs) have attracted
much attention owing to their high strength and wide
elastic limit'™, a major disadvantage in terms of their
mechanical properties is intrinsic work softening®°.
Therefore, studies to realize work hardening in BMGs
have been actively conducted by introducing other com-
ponents with work hardening elements, such as an aus-
tenite secondary phase, transformable heterogeneities,
and geometric imperfections’™'°.

Apparent work hardening of a monolithic BMG is
achieved only under specific conditions'*'". Generally,
incomplete shear bands can be readily observed at surface
flaws or in soft regions even when the applied stress is
lower than the yield strength of the material'*'*~°, The
plastic strain of these materials apparently increases in
response to the initiation and progressive propagation of
shear bands. Moreover, the strength of these materials
increases as the deformation proceeds, which is
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considered to be apparent hardening”*'°. Shear bands are
sequentially activated from sites with low critical shear
stress to those with high critical shear stress. Hence,
subsequent shear banding requires a higher applied stress
than previous shear banding®*'. When a complete shear
plane transects the specimen upon macroscopic yielding,
plastic deformation proceeds through shear sliding, and
no further apparent hardening occurs'®. Because the local
critical shear stress over the entire area of the complete
shear plane is less than the shear stress already applied,
simultaneous sliding occurs in the complete shear plane.
Thus, plastic deformation can be continuously generated
without activating shear banding at new sites with higher
critical shear stress**~*2,

The apparent hardening mechanism of monolithic
BMGs was not believed to substantially contribute to
plastic deformation after macroscopic yielding. However,
we posit that if a complete shear band is not formed, an
alternative hardening mechanism of BMGs might occur
even after macroscopic yielding where shear banding is
continuously activated at new sites with higher critical
shear stress. Here, we present experimental evidence for
the tailored hardening behavior of monolithic BMGs
throughout the overall plastic deformation stage.
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Asymmetric cryogenic heat treatment of a BMG gen-
erates 2D gradient rejuvenation, i.e., a gradient of the
free volume content in a specific direction of the sample.
A notable difference in the local free volume changes the
angle of the shear band initiation and propagation,
thereby completely preventing the formation of a com-
plete shear plane.

Materials and methods
Alloy fabrication

Ingots of ZrgoCuzpAly (at.%) alloy were prepared by
arc-plasma remelting elements with high purity (higher
than 99.9 wt.%). The materials were remelted at least 5
times under a Ti-gettered Ar atmosphere to ensure che-
mical homogeneity. Cylindrical samples with a diameter
of 4 mm were fabricated by casting in a Cu mold.

Heat treatment

Each BMG sample was covered by two Cu jigs on the
sample stage. Under high vacuum (P~2x 10~> Pa), the
sample was heated to approximately 1.047, at a heating
rate of 0.4 K/s by the heater on the upper Cu jig and held
isothermally for 2 min. Then, the sample stage moved to
contact the liquid N, (LNj,)-cooled Cu mesh. The lower
Cu jig contacted the Cu mesh to cool the BMG sample.
The upper and lower Cu jigs were spaced 90 um apart.
The temperatures at the top and bottom of the BMG
sample were measured with a thermocouple. The den-
sities of the top and bottom parts of the heat-treated
specimens with a mass greater than 1.0 g were measured
by the Archimedes principle, for which the accuracy was
+0.005 g/cm®. The BMG sample was then relaxed by
annealing for 2 min at 700 K at heating and cooling rates
of 0.4 K/s. Although thermal cycling potentially effects the
mechanical properties and atomic structure of a mate-
rial?, in the case of high-temperature heat treatment, it is
difficult to perform repeated tests because of the risk of
crystallization.

Differential scanning calorimetry (DSC) measurements

The specific heat (C,), glass transition temperature (T}),
and onset crystallization temperature (7,) of each sample
were measured on a differential scanning calorimeter
(PerkinElmer Pyris Diamond DSC) at a heating rate of
20 K/min.

Scanning electron microscopy (SEM) imaging

The fracture and side surfaces of the compressed sam-
ples were observed with a scanning electron microscope
(JEOL JSM-7100F).

Compression testing
The mechanical behavior of each sample during com-
pression was investigated with the use of an Instron 5982
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testing machine at a constant strain rate of 2 x 10~ */s; each
specimen used for these tests had a diameter of 4 mm and
an aspect ratio of approximately 1:2. For SEM observations,
the compressive deformation was interrupted after 2.5%
plastic strain. Five as-cast samples and five heat-treated
samples were tested to ensure reproducibility.

Nanoindentation test

Nanoindentation measurements were performed at a
peak load of 100 mN, where the loading and unloading
rate was 10 mN/s. For the 2D nanohardness maps of the
cross section of the heat-treated BMG samples, indenta-
tion tests were repeated 16 times to obtain average values
for 121 different positions. The 121 positions were evenly
distributed with a distance of approximately 330 pum
between adjacent points. For 1D line scanning, a total of
300 indentations were taken from the slow-cooled part to
the fast-cooled part. The & and 6, values were interpolated
according to the nanohardness change based on the shear
band angles of the slow-cooled and fast-cooled ends of the
compressed sample.

Results and discussion
2D gradient rejuvenation in a monolithic BMG

The free volume content of a metallic glass is highly
dependent on the cooling rate when cooling at tempera-
tures above Tg24’30. To introduce a 2D gradient rejuve-
nation (gradient of free volume content) into a single
BMG sample, a novel heat treatment apparatus was
developed to achieve different cooling rates at the top and
bottom parts of the specimen during cooling. Figure la
shows a detailed description of the heat treatment appa-
ratus used to introduce a 2D gradient rejuvenation into
the cylindrical BMG samples. Each cylindrical BMG
sample was covered with two Cu jigs. The vertical
movement of the Cu jigs was controlled by a motor, and
the jigs were located at the top side during heating and at
the bottom side during cooling. The upper jig was heated
through a physical connection with the heater and sup-
plied heat to the BMG sample and the lower jig. Upon
cooling, the lower jig contacted an LN,-cooled Cu mesh
located below the jig to cool the BMG sample and the
upper jig. The upper and lower jigs were not in direct
contact with each other; they were separated by 90 um.
Because the heat treatment was performed under a high
vacuum atmosphere, both Cu jigs were insulated from
each other, and thermal conduction was achieved only
through the BMG sample, as shown in Fig. 1b. The bot-
tom part of the BMG sample was quenched by the lower
Cu jig during cooling; however, the top part was cooled at
a relatively slow cooling rate because the upper Cu jig
continuously supplied residual heat. The thermal history
of a ZrgoCuzpAljg cylindrical BMG sample with a dia-
meter of 4 mm was measured by thermocouples attached
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Fig. 1 Detailed description of the heat treatment of the BMG sample. a Schematic illustration of the heat treatment apparatus used in this work.

b Diagram of the heat flow in the BMG sample and the sample stage during cooling. ¢ Temperature-time curves of the heater and top and bottom
parts of the BMG sample.
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Fig. 2 Structure of 2D gradient rejuvenation (gradient of free volume concentration) in a heat-treated Zrg,CusoAl;o BMG sample. a Specific
heat curves of the as-cast, relaxed, slow-cooled, and fast-cooled parts of the heat-treated sample. b 2D nanohardness map of the cross section of a
heat-treated BMG sample. The color contour represents the average values of 16 measurements taken at each of the 121 positions (shown in the
inset), wherein each point was evenly distributed at distances of approximately 330 um from adjacent points. ¢ Hardness-distance curve from the
slow-cooled part to the fast-cooled part of the heat-treated sample. The gray triangles represent the raw data, whereas the solid line represents
the data after smoothing.

to the top and bottom parts, as shown in Fig. 1c. Cooling  The difference in the average value of the density was
was performed after isothermal holding for 2min at approximately 0.39%, which directly showed that the
approximately 1.047,. The initial cooling rates of the top  contents of the free volume at the top and bottom of the
and bottom parts of the sample were 1.8 K/s and 6.3 K/s, heat-treated specimen were different.
respectively. A 2D indentation map was constructed to investigate
To measure the thermal properties of the specimens the difference in free volume content in the heat-treated
after the heat treatment, the top part (approximately =~ BMG specimen. Figure 2b is a color contour map that
200-800 um from the top) and the bottom part shows the average value of the hardness measured at
(approximately 200—800 um from the bottom) were ana- 121 different positions (shown inset) on the cross sec-
lyzed by DSC. Figure 2a shows the results of specific heat  tion of the 4 mm cylindrical sample. The high hardness
measurements of the as-cast BMG and the top and bot- of the top part was maintained up to a distance of
tom parts of the heat-treated sample. The specific heat of 600 pum, after which it started to decrease sharply. From
the top part of the heat-treated sample was higher than a distance of 2000 um to the bottom part, the hardness
that of the bottom part, which suggests the formation of a  exhibited little change. To measure the hardness gra-
glassy structure with a relatively small free volume con-  dient more specifically, 1D line scanning was per-
tent. The densities of the top and bottom parts of the formed, which comprised 300 indentations from the
sample were 6.496 g/cm® and 6.471 g/cm?, respectively.  slow-cooled top part to the fast-cooled bottom part.
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Figure 2c shows the raw hardness data (gray triangles)
and the smoothed hardness (solid line). The high
hardness of the top part was maintained up to a distance
of 600 pm, after which it started to decrease sharply.
From a distance of 2000 um to the bottom part, the
hardness tended to decrease slowly. The hardness value
and specific heat reflect the difference in the local free
volume content depending on the rejuvenation state.
Due to the asymmetric cooling rate, residual stress may
have been applied, which is reflected in the mechanical
properties. The effect can be investigated by comparing
it with a stress-free sample. In this regard, the hardness
values of the as-cast and relaxed samples were mea-
sured to be 3997 + 61 Pa and 4380 + 84 Pa, respectively,
which were comparable to the hardness of the slow-
cooled and fast-cooled parts shown in Fig. 2c. There-
fore, there may be an effect from residual stresses, but
their influence was considered not dominant. Notably, a
gradient of the free volume content was formed from
the top to the bottom. In particular, a transition section
in which the free volume content rapidly changed was
formed in the section at distances from the surface in
the range of 600—-2000 um.

Mechanical properties of BMGs with 2D gradient
rejuvenation

The compression test results of the as-cast and heat-
treated ZrgoCuzgAl;o BMG samples are shown in Fig. 3a.
According to five measurements from each specimen, the
average and standard deviation of the plastic strains of the
as-cast and heat-treated samples were 2.52 + 0.63% and
7.21 +2.19%, respectively. The plastic strain was greatly
increased by the introduction of 2D gradient rejuvenation.
Notably, sustainable apparent hardening behavior (hard-
ening rate, do/de ~ 2650 MPa) was observed in the plastic
deformation zone of the engineering stress-strain curve of
the heat-treated sample, as shown in Fig. 3b. Figure S1
also shows the true stress-strain curves, which were
obtained by converting the engineering stress-strain
values. Recent studies have suggested that the work
hardening behavior of a BMG occurs by the formation of
heterogeneities, such as short-range ordering, secondary
crystalline phases capable of martensitic phase transfor-
mation, or notches and surface impressions”®'''3, In
those cases, the hardening rate was relatively high just
after yielding. As the plastic strain increased, hardening
elements were consumed, and the work hardening rate
tended to decrease sharply.

Shear band morphology

The deformation mechanism of a BMG can be inves-
tigated by observing the initiation and propagation pat-
tern of the shear band. Notably, it has been reported that
prohibition of shear band initiation and propagation is
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necessary to increase plasticity and that apparent
hardening phenomenon is accompanied by a shear band
exhibited by the locally confined stress state”®'?. As
shown in Fig. 4, images of a fracture surface and side
view of a fractured sample clearly show the difference of
the local rejuvenation state, i.e., the difference in the
local free volume content in the BMG sample. Figure 4a
shows an overall view of a fractured sample. The top and
bottom of the fracture surface were clearly separated
from the roughness and shapes in the image. The slow-
cooled top part exhibited typical viscous river-like pat-
terns along the shear direction with a very narrow spa-
cing (Fig. 4b). The fast-cooled bottom part exhibited a
vein pattern observed in typical as-cast BMGs with a
relatively wide spacing (Fig. 4d)*>*. In the image in
Fig. 4c, narrow river-like and wide vein-like patterns
appeared on both sides with a gap of a few hundred
micrometers between them, indicating that the region
corresponded to the interface between two different
fracture surfaces. Very few shear bands were observed on
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the upper side, and many primary and secondary shear
bands were found on the lower side (Fig. 4e and g). An
image of the side surface at the interface of regions with
different free volume contents (Fig. 4f) showed that shear
bands in various directions interacted before the fracture
occurred. Additionally, the shear planes in various
directions overlapped, thereby forming an irregular
fracture surface.

The fracture angle of the top part (6; =40°) was
smaller than the angle of the bottom part (6, = 44.1°)
(Fig. 4a). According to previously reported experimental
results, the shear plane angle is in the range of 39.5°-44°
under compressive loading for BMGs of various compo-
sitions'”**, The shear band plane and fracture surface of
BMGs do not appear along the maximum shear stress
direction but rather occur along the angle at which the
corresponding effective shear stress is maximized. Here,
the normal stress is reflected by atomic friction. Accord-
ing to the Mohr—Coulomb criterion, the respective
equations of the effective shear stress r, and the critical
applied stress for shear band formation o, are given as

follows'”>*%:
T, =19 — a0, (1)
and
To
%~ 5ing (cos O — asin ) (2)

where 1y is a constant, o,, is the normal stress, 6 is the shear
band angle between the shear plane and loading axis, and «
is the normal stress coefficient. The normal stress coefficient
can be given implicitly by the following expression:

~ cos (26,)
* = Sin (26,) ®)

where 6. is the shear band angle at which o, has a
minimum value**~>°.

The greater the atomic friction is, the greater the effect
of normal stress, and the smaller the shear band angle
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during compressive deformation. The structural relaxa-
tion of metallic glass is associated with a reduction in free
volume content by relaxation, leading to an increase in the
atomic friction and the a value and a decrease in the shear
band angle**?*?730_ Therefore, the shear band angle in
the slow-cooled top part should be smaller than that
in the fast-cooled bottom part. In addition, the increase in
atomic friction makes the initiation and propagation of
the shear band more difficult. Figure 4e clearly shows
that a secondary shear band was hardly observed on the
side surface of the top part owing to increased atomistic
friction and a reduced free volume concentration.

The values of local & and 6, are determined depending
on the free volume. The o, is at a minimum when the
shear band propagates at 6. Shear bands have been
reported to propagate discretely in stages rather than
continuously'”. If 6, changes at a particular stage during
propagation, the shear band plane may form as a non-
uniform surface with a bent shape. To experimentally
verify our hypothesis, SEM images were taken of the side
surfaces of the samples after fracture and interrupted
compression. Figure 5a shows the side surface of a sample
interrupted at plastic strain of 2.5%. The left and right
sides of the image correspond to zones of low and high
free volume concentrations. The primary shear band,
which initiated at the upper left and propagated to the
right, was deflected twice during propagation to form a
bent shear plane, and further propagation was stopped. As
the shear band progressed from left to right, it was
deflected, creating a larger shear band angle, which indi-
cates that 0. was greater in regions with a high free
volume content than in those with a low free volume
content. Notably, branched shear bands were formed at
tangential angles to both shear bands at the point of
deflection. However, the shear band that initiated from
the lower right and propagated to the left stopped without
any obvious deflection. Hence, it is preferable for the
shear band to stop rather than deflect and propagate when
it progresses from a region of high to low free volume
content. Figure 5b shows a schematic diagram of the shear
band propagation and branching, which stopped when the
two different shear bands initiated from the low and high
free volume zones and propagated in opposite directions
in a BMG sample with a gradient free volume content.
The shear bands were interrupted during propagation
before forming a flat and complete shear plane transecting
the BMG sample. Upon further plastic deformation, other
new shear bands initiated at new locations. Multiple shear
bands intersected during propagation, which dissipated
the shear stress in the shear plane. Therefore, the for-
mation of a complete shear band became even more dif-
ficult, and the fracture was delayed. This effect promoted
the subsequent initiation of new shear bands, which
achieved a plastic deformation cycle (Fig. 5¢). As a result,
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Fig. 5 Observation of shear band initiation and propagation in
the heat-treated samples. a SEM image of the side surface of the
heat-treated ZrgoCuzoAl;o BMG sample interrupted at a plastic strain of
2.5%. b Schematic diagram of propagation, deflection, branching, and
stopping of shear bands initiated on the surfaces of the slow-cooled
and fast-cooled parts. ¢ Schematic diagram of the initiations of new
shear bands without forming a complete shear band during
deformation of a heat-treated BMG sample.

the plastic strain in the BMG sample was not caused by a
large shear step at a particular major shear plane but
rather by the generation of a large number of small
incomplete shear bands.

Tailored hardening mechanism of BMGs by 2D gradient
rejuvenation

Figure 6al-a3 shows schematic illustrations of the
propagation of shear bands initiated in the lower free
volume region and the subsequent tailored hardening
mechanism. When a shear band initiated at a hetero-
geneous site with a low critical shear stress by a surface
flaw, the initial shear band formed at 6., which maximized
the effective shear stress reflecting the effect of the normal



Ryu et al. NPG Asia Materials (2020) 12:52

Page 7 of 9

a2

P Initiation

New SBs
initiation

Stress
concentration

a3

New SBs
initiation

Work
hardening

Propagates at different
angle with the lowest
critical shear stress

Low FV
Small 6

High FV
Large 6

Stopped due to higher
critical shear stress.

Low FV
Small 6

High FV
Large 6

Branching &
stress release ™~

New SBs
initiation

Fig. 6 Tailored hardening mechanism of a BMG sample with a gradient free volume (FV) content. a1l Schematic diagram of propagation of
the shear band initiated from the slow-cooled surface. a2, a3 Schematic diagram of initiation of new shear bands and the subsequent hardening
mechanism. b1 Schematic diagram of blockage of the shear band initiated from the fast-cooled surface. b2, b3 Schematic diagram of initiation of
new shear bands, propagation of the shear band initiated from the fast-cooled surface, and the subsequent hardening mechanism.

Work

hardenin } v 7
—_— BN

Stopped due to
branching &
stress release ™

b3

New SBs
initiation

Propagates at -~
different angle
Work
hardening
—p

N\

stress according to a. Shear band propagation proceeded
discretely in stages'”. As it progressed towards the region
of high free volume content, a decreased and the influ-
ence of normal stress decreased, such that the shear band
angle deflected to a higher angle (Fig. 6al). In particular,
as also shown in Fig. 5a, deflection occurred at the
600—2000 um section of the BMG sample where the
values of a and 6, changed rapidly. When the shear band
plane was bent, the stress state became complex. The
shear stress was concentrated at the deflection point, such
that it was likely to branch the shear band at a tangential
angle before the deflection of the shear plane (Fig. 6a2).
The branching released the stress in the shear plane,
making subsequent propagation more difficult. As
deformation continued, apparent hardening occurred
because shear bands initiated at the new heterogeneous
sites in which the critical shear stress was higher than that
in the previous initiation site. As the deformation pro-
gressed and a higher stress was applied, the bent shear
band additionally propagated; however, in this case, the

shear plane tended to deflect again owing to the differ-
ences in & and 8, (Fig. 6a3). Accordingly, the bend angle of
the shear plane increased, and the shear stress was dis-
tributed through the branches, such that the shear stress
was not properly transferred to the shear band tip. Sub-
sequent hardening occurred through the other new shear
bands initiated at the sites with higher critical shear stress.

Figure 6bl-b3 shows schematic illustrations of the
propagation of shear bands initiated in the regions of
higher free volume content and the subsequent hardening
mechanism. When the shear band propagated from a
region of high free volume content to a region of low free
volume content, the propagation tended to be blocked
because the hardness a and the local critical shear stress
gradually increased (Fig. 6bl). As shown in Fig. 5a, the
shear band was likely to be blocked at a distance of
600-2000 um from the surface of the BMG sample owing
to the rapid change in a. Because shear band propagation
was possible only when the effective shear stress of the
shear band tip exceeded the local critical shear stress, a
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greater uniaxial stress should be applied for subsequent
propagation, resulting in apparent hardening under pro-
pagation. This allows other shear bands to be easily
initiated at new heterogeneous sites rather than via pro-
pagation (Fig. 6b2). Thereafter, when the effective shear
stress of the shear band tip exceeds the critical shear
stress, propagation can occur by deflection at a lower
angle in accordance with the a value. This makes the
subsequent propagation more difficult as the shear plane
is bent, and the shear stress is dispersed through shear
band branching (Fig. 6b3).

The shear band propagation was severely disturbed by
the 2D gradient rejuvenation state regardless of the
initiation position. Because no complete shear band was
formed, its initiation and propagation occurred sequen-
tially from the sites with low critical shear stress towards
those with high critical shear stress as plastic deformation
proceeded. Therefore, an increase in plastic strain
accompanied the increase in applied uniaxial stress, and
apparent hardening was achieved.

Fracture morphology and tailored hardening

Figure 7a, b shows that the fracture surface morphology
was very complex and irregular. Hence, fracturing did not
occur in a single complete shear plane, but rather multiple
shear planes in different directions were considered to be
involved in the fractured region. The fracture surface
consisted of major shear planes occupying most of the
corresponding area and minor shear planes intersecting
the major shear planes. Because the shear stress was
dispersed at the deflection point, the effective shear stress
applied to each part of the bent shear plane did not exceed
the local critical shear stress. Thus, subsequent plastic
deformation was generated only by activating shear
banding at new initiation sites with higher critical shear
stress, which led to considerable apparent hardening.
Therefore, more favorable conditions for such hardening
were achieved by the induction of a more irregular shear
plane. Figure 7c shows schematic diagrams of the inter-
action of multiple shear planes in different directions
during deformation. The major shear planes propagated
from regions of low and high free volume contents
intersected by the minor shear planes and indirectly
connected in a stepped morphology. As a result, the top
and bottom of the fracture surfaces were not only dif-
ferent in terms of angle but also did not form smooth a
complete shear plane together even at the stage of fracture
(Fig. 7d); hence, the hardening rate did not decrease even
when the specimen was deformed until fracture.

To summarize, we found that a highly tailored 2D
gradient of the free volume concentration in a monolithic
BMG, which was achieved by controlling the rejuvenation
state, induced sustainable and tailored hardening behavior
until fracture. The atomic friction, a, and 6, varied
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Fig. 7 Fracture morphology of a BMG sample with a gradient free
volume content. a, b SEM images of the fracture surface and side
surface of the ZrggCuszoAl;o BMG samples. ¢, d Schematic diagram of
major shear planes, which propagated to form a fracture surface, and
minor shear planes.

depending on the local free volume concentration,
resulting in bent shear planes. The formation of a com-
plete shear plane transecting the whole specimen was
completely blocked. Accordingly, the tailored hardening
mechanism of the BMG was maintained throughout the
overall plastic deformation. The results of this work
provide a new approach for rejuvenation. Specifically, the
control of free volume content through annealing, cryo-
genic treatments, or severe plastic deformation can be
used to induce tailored apparent hardening behavior in
BMGs. Important issues, such as the fracture conditions,
have yet to be investigated; however, this study experi-
mentally demonstrated the alternative hardening
mechanism in terms of the intrinsic characteristics of
monolithic BMGs without introducing other components
to act as hardening elements.

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific Research (A) from the
Ministry of Education, Sports, Culture, Science and Technology, Japan (No.
18H03829) and by the “Promoted Program for Interdisciplinary Research” of
the Frontier Research Institute for Interdisciplinary Sciences (FRIS), Tohoku
University.

Conflict of interest
The authors declare that they have no conflict of interest.



Ryu et al. NPG Asia Materials (2020) 12:52

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information is available for this paper at https://doi.org/
10.1038/541427-020-0233-8.

Received: 31 December 2019 Revised: 12 May 2020 Accepted: 16 May 2020.
Published online: 31 July 2020

References

1.
2.

3.

Schroers, J. Processing of bulk metallic glass. Adv. Mater. 22, 15661597 (2010).
Inoue, A. Stabilization of metallic supercooled liquid and bulk amorphous
alloys. Acta Mater. 48, 279-306 (2000).

Johnson, W. L. Bulk Glass-forming metallic alloys: science and technology. MRS
Bull: 24, 42-56 (1999).

Ketov, S. & Louzguine-Luzgin, D. Localized shear deformation and soft-
ening of bulk metallic glass: stress or temperature driven? Sci. Rep. 3, 2798
(2013).

Hofmann, D. C. et al. Designing metallic glass matrix composites with high
toughness and tensile ductility. Nature 451, 1085 (2008).

Szuecs, F, Kim, C. & Johnson, W. L. Mechanical properties of Zrse,TiT3gNbso-
CugoNisgBe,s ductile phase reinforced bulk metallic glass composite. Acta
Mater. 49, 1507-1513 (2001).

Qu, R, Zhang, Q. & Zhang, Z. Achieving macroscopic tensile plasticity of
monolithic bulk metallic glass by surface treatment. Scr. Mater. 68, 845-848
(2013).

Qu, R, Calin, M, Eckert, J. & Zhang, Z. Metallic glasses: notch-insensitive
materials. Scr. Mater. 66, 733736 (2012).

Qiao, J. et al. Tensile deformation micromechanisms for bulk metallic glass
matrix composites: From work-hardening to softening. Acta Mater. 59,
4126-4137 (2011).

Wu, Y, Xiao, Y, Chen, G, Liu, C. T. & Lu, Z Bulk metallic glass composites with
transformation-mediated work-hardening and ductility. Adv. Mater. 22,
2770-2773 (2010).

Sun, B. et al. Plasticity of ductile metallic glasses: a self-organized critical state.
Phys. Rev. Lett. 105, 035501 (2010).

Wang, G. et al. Self-organized intermittent plastic flow in bulk metallic glasses.
Acta Mater. 57, 6146-6155 (2009).

Das, J. et al. "Work-hardenable” ductile bulk metallic glass. Phys. Rev. Lett. 94,
205501 (2005).

Liu, Y, Liu, C, Gali, A, Inoue, A. & Chen, M. W. Evolution of shear bands and its
correlation with mechanical response of a ductile ZrssPd;oCuyNisAlg bulk
metallic glass. Intermetallics 18, 1455-1464 (2010).

Qu, R, Liu, Z, Wang, G. & Zhang, Z. Progressive shear band propagation in
metallic glasses under compression. Acta Mater. 91, 19-33 (2015).

Lee, J. et al. Deformation and evolution of shear bands under compressive
loading in bulk metallic glasses. Acta Mater. 54, 5271-5279 (2006).

Zhang, Z, Eckert, J. & Schultz, L. Difference in compressive and tensile fracture
mechanisms  of ZrsgCu,AlioNigTis bulk metallic glass. Acta Mater. 51,
1167-1179 (2003).

Zhou, H. et al. Non-localized deformation in metallic alloys with amorphous
structure. Acta Mater. 68, 32-41 (2014).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35,

36.

37.

38.

39.

40.

Page 9 of 9

Sun, B. A. et al. Serrated flow and stick-slip deformation dynamics in the
presence of shear-band interactions for a Zr-based metallic glass. Acta Mater.
60, 4160-4171 (2012).

Flores, K. M. & Dauskardt, R. H. Mode I fracture behavior of a Zr-based bulk
metallic glass. J. Mech. Phys. Solids 54, 2418-2435 (2006).

Guo, Y, Li, Y, Wu, X. & Wei, Q. A modified criterion for shear band formation in
bulk metallic glass under complex stress states. Mater. Sci Eng. A 527,
2613-2620 (2010).

Bruck, H, Christman, T, Rosakis, A. & Johnson, W. L. Quasi-static constitutive
behavior of Zry15Tii375NiiCui25Besns bulk amorphous alloys. Scr. Metall.
Mater. 30, 429-434 (1994).

Ketkaew, J. et al. The effect of thermal cycling on the fracture toughness of
metallic glasses. Acta Mater. 184, 100-108 (2020).

Saida, J, Yamada, R. & Wakeda, M. Recovery of less relaxed state in Zr-Al-Ni-Cu
bulk metallic glass annealed above glass transition temperature. Appl. Phys.
Lett. 103, 221910 (2013).

Tong, Y. et al. Structural rejuvenation in bulk metallic glasses. Acta Mater. 86,
240-246 (2015).

Wakeda, M, Saida, J, Li, J. & Ogata, S. Controlled rejuvenation of amorphous
metals with thermal processing. Sci. Rep. 5, 10545 (2015).

Saida, J, Yamada, R, Wakeda, M. & Ogata, S. Thermal rejuvenation in metallic
glasses. Sci. Tech. Adv. Mater. 18, 152-162 (2017).

Guo, W, Yamada, R. & Saida, J. Rejuvenation and plasticization of metallic glass
by deep cryogenic cycling treatment. Intermetallics 93, 141-147 (2018).

Pan, J. et al. Extreme rejuvenation and softening in a bulk metallic glass. Nat.
Commun. 9, 560 (2018).

Wakeda, M. & Saida, J. Heterogeneous structural changes correlated to local
atomic order in thermal rejuvenation process of Cu-Zr metallic glass. Sci. Tech.
Adv. Mater. 20, 632-642 (2019).

Joo, S. H, Kato, H, Gangwar, K, Lee, S. & Kim, H. S. Shear banding behavior and
fracture mechanisms of ZrssAloNisCuso bulk metallic glass in uniaxial com-
pression analyzed using a digital image correlation method. Intermetallics 32,
21-29 (2013).

Gu, X, Poon, S, Shiflet, G. & Lewandowski, J. Compressive plasticity and
toughness of a Ti-based bulk metallic glass. Acta Mater. 58, 17081720 (2010).
Guo, W, Yamada, R. & Saida, J. Unusual plasticization for structural relaxed bulk
metallic glass. Mater. Sci. Eng. A 699, 81-87 (2017).

Schuh, C. A & Lund, A. C. Atomistic basis for the plastic yield criterion of
metallic glass. Nat. Mater. 2, 449 (2003).

Vaidyanathan, R, Dao, M, Ravichandran, G. & Suresh, S. Study of mechanical
deformation in bulk metallic glass through instrumented indentation. Acta
Mater. 49, 3781-3789 (2001).

Baricco, M, Baser, T, Das, J. & Eckert, J. Correlation between Poisson ratio and
Mohr—Coulomb coefficient in metallic glasses. J. Alloy. Compd. 483, 125-131
(2009).

Caris, J. & Lewandowski, J. Pressure effects on metallic glasses. Acta Mater. 58,
1026-1036 (2010).

Hsueh, C-H, Bei, H, Liu, C. T, Becher, P. F. & George, E. P. Shear fracture of bulk
metallic glasses with controlled applied normal stresses. Scr. Mater. 59,
111-114 (2008).

Vargonen, M, Huang, L. & Shi, Y. Evaluating Mohr-Coulomb yield criterion for
plastic flow in model metallic glasses. J. Non-Cryst. Solids 358, 3488-3494
(2012).

Yu, G. et al. Effect of relaxation on pressure sensitivity index in a Zr-based
metallic glass. Mater. Sci. Eng. A 460, 58-62 (2007).


https://doi.org/10.1038/s41427-020-0233-8
https://doi.org/10.1038/s41427-020-0233-8

	Tailored hardening of ZrCuAl bulk metallic glass induced by 2D gradient rejuvenation
	Introduction
	Materials and methods
	Alloy fabrication
	Heat treatment
	Differential scanning calorimetry (DSC) measurements
	Scanning electron microscopy (SEM) imaging
	Compression testing
	Nanoindentation test

	Results and discussion
	2D gradient rejuvenation in a monolithic BMG
	Mechanical properties of BMGs with 2D gradient rejuvenation
	Shear band morphology
	Tailored hardening mechanism of BMGs by 2D gradient rejuvenation
	Fracture morphology and tailored hardening

	Acknowledgements




