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We report that bulk metallic glasses (BMGs) with large plasticity can be obtained in
conventional brittle BMGs by a shrink-fit metal sleeve. The mechanical performance
especially the plasticity in the Zr,, ,Ti,5 3Cu,, sNi;,Be,, s BMG with a shrink-fit
copper sleeve is much enhanced. The approach results in the formation of the highly
dense and frequent interacting and arresting events of shear bands and is the origin of
the observed large global plasticity. The results present another simple step toward

toughening the inherently brittle BMGs.

. INTRODUCTION

The bulk metallic glasses (BMGs) have unique prop-
erties such as ultrahigh strength, lower Young’s modu-
lus, high elastic strain limit, excellent abradability, and
corrosion resistance, which lead to outstanding applica-
tion potentials in place of traditional crystalline met-
als.'™ However, the plasticity of BMGs at room tem-
perature is usually disappointingly low due to the lack of
dislocation systems and grain structure.*'° Upon yield-
ing, the plastic deformation of the BMGs is highly lo-
calized into shear bands. These shear bands can rapidly
propagate across the sample after their initiation and ini-
tiate cracking and lead to macroscopic catastrophic frac-
ture. The limited global plasticity, less than 1%, restricts
the use of BMGs as engineering materials.*'°

Cumulative efforts to improve the plastic deformabil-
ity of BMGs have been shown to be effective in control-
ling the plastic instability.''* A variety of BMG com-
posites have been made by introducing the second
crystalline phase or by in situ formation of crystalline
phase through partial crystallization in the glassy ma-
trix.'?~'> The ultimate aim of this approach is to restrict
the rapid propagation of the shear bands by interaction
with the ductile crystalline phases.''™>® Recently, a few
approaches have been proposed to successfully prepare
the BMGs with large compressive plasticity,'®>* such as
to achieve a critical value of Poisson’s ratio®>** or to
introduce atomic-scale inhomogenities'® or a phase-
separated glassy structure.®* However, the approaches
are only focused on exploring new alloy systems and are
not effective to the present numerous BMG systems. So,
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it would be beneficial to develop simple and feasible
methods that could enhance the plasticity of the BMGs
including the known BMG systems. On the other hand,
unlike the crystalline materials, the mechanisms of the
plastic deformation are well understood by motion of
dislocations; the reason causing the plasticity in BMGs is
unclear, and the relevant elucidations remain controver-
sial.

The brittle materials, such as silicate glasses, are found
to be sensitive to the surface structure and residual stress,
which directly affect the ultimate plasticity and frac-
ture.”> Conventional silicate glasses have even greater
problems with lack of ductility. Yet the strength of the
silicate glasses can be increased by tempering to induce
compressive residual stress at their surface. Therefore,
they are widely used as structural materials (e.g., car
windscreens, building glass windows) by using sur-
face residual stresses to enhance their properties. Given
the great current interest in improving the plasticity of
BMGs, it is surprising that no attention has been
paid to the analogous exploitation for these materials.
Work**?” on residual stress in metallic glassy ribbons
took place 15 to 20 years ago.

In this work, we report a feasible way using a shrink-fit
metal sleeve to enhance the plasticity of the BMG. The
idea is demonstrated for a Zr,, ,Ti,5 sCu;, sNi o Beys 5
BMG (Vitl), and its compressive strain is markedly el-
evated by the shrink-fit metal sleeve. The reasons for the
enhanced plasticity in the BMGs are discussed.

Il. EXPERIMENTAL

Vitl was fabricated by arc melting the pure elements
in a vacuum and then suck casting into a Cu mold cooled
by water. For the confined samples, a Cu sleeve with a
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thickness of 0.5 mm and an external diameter 4 mm was
first fixed in the Cu mold, and then the melted master
alloy was sucked into the Cu sleeve. Three types of Cu-
sleeve-wrapped Vitl samples are prepared: sample A is a
wrapped specimen, sample B is a loosely wrapped speci-
men, and sample C is a wrapped specimen whose sleeve
is removed before the compressive test. The structure of
the cylindrical alloys (cross-sectional surface and lateral
surface) was characterized by x-ray diffraction (XRD)
using a MAC MO03 XHF diffractometer (Japan) with Cu
. Tadiation. The cylindrical specimens of 3 mm in
diameter and 6 to 8 mm in length were cut from the
as-cast rods and tested under a uniaxial compressive de-
formation mode at room temperature using an Instron
5500R 1186 machine (UK) with a loading strain rate of 5
x 10~ s™'. The specimen and the fracture surfaces after
failure were investigated by scanning electron micros-
copy (SEM) using a Philips XL 30 SEM (Holland).

lll. RESULTS AND DISCUSSION

The excellent glass-forming ability of the alloy facili-
tates easy manufacture of a glassy rod with a shrink-fit
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FIG. 1. (a) Vitl and the Cu-wrapped Vitl. (b) XRD patterns of the

Cu-wrapped Vitl; the inset is the SEM picture of the wrapped Vitl.
The sharp crystalline XRD peaks are from the Cu sleeve.
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FIG. 2. Engineering stress—strain curves under compression for Vitl,
the wrapped Vitl rod A, and the loosely wrapped Vitl rod B at a
strain rate of 5 x 107 s7'. Inset I: the stress—strain curve after 5%
plastic strain of the wrapped Vitl (the origin of the coordinate is 5%

of plastic strain). Inset II: calculated true stress—strain curve of the
wrapped Vitl.

sleeve (the sleeve can be Cu, steel, Al and Ti alloys, etc.)
by casting BMG-forming melt into the mold with the
fixed sleeve. Figure 1(a) shows the Vitl without and with
a Cu sleeve. Figure 1(b) shows the XRD patterns of the
core and the lateral surface of the wrapped Vitl rod. The
XRD as well as the thermal analysis carried out in a
differential scanning calorimeter (not shown here) con-
firms the fully glassy structure of the sample. The SEM
image in the inset of Fig. 1(b) shows that the Cu sleeve
wraps the Vitl perfectly, and no visible gaps at their
interface are observed.

Figure 2 shows the uniaxial compressive stress—strain
curve of Vitl and the wrapped Vitl rods, and the data are
summarized in Table I. The wrapped Vitl (curve A)
exhibits an elastic strain limit of 1.8% at a yield stress o,
of ~1710 MPa, and the calculated elastic modulus E is
96.5 GPa, which are comparable to those of Vitl with-
out Cu sleeve (the o, the elastic strain limit, and E are
1750 MPa, 1.8%, and 97.2 GPa, respectively, which are
similar to that previously reported®?). A significant

TABLE I. The room-temperature compressive test results for Vitl and
three types of Cu-sleeve-wrapped Vitl samples.

E gy [ €

Specimen (GPa) (MPa) (MPa) (%)
Vitl 97.2 1750 1891 2.3
A 96.5 1710 2080 10.1
B 97.7 1690 1851 3.8
C 96.8 1715 1835 3.1

A, wrapped specimen; B, loosely wrapped specimen; C, wrapped specimen
(sleeve removed before compression test).

E, Young’s modulus; ay, yield stress; 0,,,, Maximum compression stress;
€, fracture strain.
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plasticity of the wrapped Vitl is exhibited in Fig. 2 after
yielding, and the stress increases directly from yielding
to 5% plastic strain and then displays a wavy behavior
until the plastic strain reaches 8% where the fracture
happened (see inset I of Fig. 2). The maximum com-
pressive stress o,,,,, of the wrapped Vitl is measured at
2080 MPa. Such a high plasticity has never been ob-
served for Vitl at room temperature, which shows a glo-
bal plasticity of only ~0.5%.'* The confined Vitl can
even resist a definite loading after fracture because the
Cu sleeve still wraps the fractured sample, and the
sample is further fragmentized and leads to a large ser-
rated stress—strain curve after 8% strain. Therefore, the
method makes the glass show some “fail-safe” behavior
even though it is inherently brittle. The true stress—strain
curve of the confined Vitl is presented in inset II of Fig.
2. The flow stress gradually increases from yielding
strength 1700 MPa to the maximum strength of 1950
MPa and then decreases slowly till fracture. The “work
hardenability” in the glass is caused by the presence of
the Cu sleeve. When the sleeve is removed from the
wrapped Vitl (specimen C), the Vitl does not show any
considerable plastic as listed in Table I. The lateral con-
finement does not affect the high elasticity of the alloy as
shown in Fig. 2, which implies that the confinement
mainly affects the plastic flow of the specimens. There-
fore, the above results indicate that the method has mark-
edly improved the plasticity and strength of the BMG.
Such behavior could be exploited in many technological
applications where BMGs or even other brittle materials
are used, allowing these materials to be used in a more
reliable way.

To understand the effect of the confinement, the lateral
and the fracture surfaces of the fractured Vitl are inves-
tigated by SEM. The fracture surface shows the typical
veinlike pattern, as shown in Fig. 3(a). Figures 3(b) and
3(c) show the images of lateral surfaces of Vitl and the
confined Vitl after fracture (the Cu sleeve was removed
after compressive test), respectively. The lateral surface
of Vitl is very smooth, while the surface of the confined
Vitl is much rougher due to the rough inner surface of
the Cu sleeve. The Cu sleeve has been treated by sanding
and hydrofluoric acid corroding before casting, and the
treatment makes its inner surface clean and rough, which
leads to the convex surface of the sample and the mutual
embedded interface of the two materials. The shear bands
are visible on the surface of the two specimens [see Figs.
3(b) and 3(c)]. It can be clearly distinguished that the
visible shear bands on the confined Vitl surface are
much denser than that of Vitl. Figure 4(a) shows the
highly dense multiple shear bands near the ultimate frac-
ture surface in the confined Vitl. The intershear band
spacing is around 200 nm and the shear bands displaying
wavy-passing patterns appear at various angles from the
loading stress axis. This is clear in contrast with the

(a)

(b)

FIG. 3. (a) SEM picture of the fracture surface of the confined Vitl;
(b) the lateral surface picture of fractured Vitl; and (c) the lateral
surface of the confined Vitl after shear fracture.

typical images of unconfined Vitl, which fails cata-
strophically by the propagation of a single shear band
under identical loading. A large number of multiple shear
bands along the primary shear band dissipate the loading
energy and delay the fracture. Figures 4(b)—4(d) present
the typical subtle distribution of the shear bands in the
surface of the confined Vitl. The surface picture reveals
that the direction of the shear bands is distorted along the
wavy lateral surface, and the shear bands are highly
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(b}

(d}

FIG. 4. SEM pictures show the shear bands on the confined Vitl after shear fracture. (a) Near the fracture surface. (b) The subtle distribution of
the shear bands, and the intersection of the shear bands are indicated by arrows. (c) The shear band is arrested by a convex point of the surface.

(e) The shear band is branched by a convex point.

intersected and branched, and display wavy-passing pat-
terns [Fig. 4(b)]. The intershear band spacing is esti-
mated to be ~2 pm, which is much denser than that of
Vitl without confinement (~200 pm). The interactions of
the shear bands in the confined Vitl are more frequent.
Figures 4(c) and 4(d) show the arrested and branched
shear bands by the convex point of the surface. The shear
bands are homogeneously distributed, and their inter-
acting events take place all over the surface, which indi-
cate that there is no significant localization of the shear
bands. The highly dense and the frequent branching,
interacting and intersecting shear bands induced by the
confinement, which dissipate more loading energy, are
attributed to the significant improvement of plasticity of
the confined BMG.'¢2!%

The key factors for the confining method are large
differences in thermal expansion coefficient, Poisson’s
ratio, and elastic limit, and the mutual embedded inter-
face between the BMG and the sleeve. Copper has a
much larger coefficient of thermal expansion (CTE)
2.1 x 107> K™' compared with that of Vitl'* (8.5 x
107 K™"). The smaller CTE of Vitl is predicted to lead
to less contraction compared with that of the Cu sleeve
during cooling from the processing temperature. The
mismatch of CTE between Cu and Vitl causes the large
thermal contraction of the sleeve and bulging of Vitl
during cooling process, which makes the sleeve wrap
Vitl tightly and a high surface compression.”” On the
other hand, copper is a typical metal with excellent
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plasticity but a small elastic limit (<0.2%), which is
much lower than that of Vitl (~2%). Thus, when com-
pressing the wrapped Vitl to its yielding limit, the Cu
sleeve has been work hardened to above 200 MPa. Fur-
thermore, due to the Poisson’s ratio effect, both Vitl and
the Cu sleeve expand in the radial direction before failure
under uniaxial compression. Since the Poisson’s ratio of
Cu (0.34) is lower than that of Vitl (0.367), the Cu sleeve
will expand less than Vitl in the radial direction and
also cause an increment in the confining pressure.*®
Therefore, the above factors result in the significant lat-
eral confinement that supplies a compressive stress. The
improved ductility comes from the fact that the ductile
Cu effectively suppresses the runaway failure along a
single shear band.

We note that the interface between the sample and the
sleeve is crucial for the successful confinement. Curve B
in Fig. 2 shows that for the loosely wrapped Vitl sample
with some gaps in the interface there is no obvious effect
on the plastic improvement. The mutual embedded, inti-
mate Vitl/sleeve interface can increase the contacting
area between the sample and the sleeve and enhance the
confining effect. The embedded interface can also induce
more interactions of shear bands (branching, intersecting,
and arresting). So, the confining method through intro-
ducing the confined stress and interface effect ultimately
promotes the generation and the interaction of the shear
bands throughout the bulk glass leading to excellent glo-
bal plasticity.
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IV. CONCLUSIONS

We find that the mechanical performance especially

the plasticity in the Zr,, ,Ti,5 3Cu;, sNi;,Be,, s BMG
with a shrink-fit copper sleeve is much enhanced by a
shrink-fit metal sleeve. The approach results in the for-
mation of the highly dense and frequent interacting and
arresting events of shear bands that are the origin of the
observed large global plasticity. The result presents an-
other simple step toward toughening the inherently brittle
BMGs and is applicable to broad brittle metallic glass
alloys.
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