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Inserting a Teflon tape between a relaxed sample of a Zr5oCu4pAl; o metallic glass and a loading platen resulted in
the emergence of a plastic strain of 1.5%—-2% under compression. We determined the origin of plasticity from the
evolution of the local internal strain/stress state (i.e., the local mechanical state) during compression. A real-time
observation of the strain state by a digital image correlation (DIC) analysis revealed a large longitudinal-to-
lateral strain ratio (-exx/eyy) near the contact area, suggesting that the Teflon tape enabled expansion of this

region. A finite element method (FEM) analysis confirmed this hypothesis. The DIC analysis revealed the
appearance of multiple shear bands, which were initiated in regions that were identified as yielding areas under
the expansion contact condition in the FEM analysis. The induced inhomogeneous strain/stress distribution
retarded the immediate penetration of shear bands/cracks, which may have led to the emergence of global

plasticity.

Metallic glasses are promising for engineering applications because
of high strength, a low Young’s modulus, a large elastic limit [1,2] and
superior workability in the supercooled liquid state [3-6]. However,
application is severely limited by catastrophic fracture of these glasses at
the final stage of under mechanical stress. There are many reports on
plasticity enhancement for metallic glasses by reinforcing a glass matrix
with a crystalline phase [7-11], tailoring relaxation state [12-15],
heterogeneity [16-20], inducing residual stress [16,21-23], straining
during cooling [24]. In these cases, modifying the intrinsic properties of
the metallic glass facilitated the formation of multiple shear bands to
prevent abrupt fracture.

On the other hand, fracture in metallic glasses during a mechanical
test is also strongly affected by extrinsic factors, e.g., the sample size/
shape, friction and loading conditions (such as the applied strain rate)
[25-29]. Scudino et al. conducted a compression test on a Zrs; Tij3 g
Cu;j5NijgBess s metallic glass in which MoS; grease, Teflon tape or Cu
foil was inserted between the loading platen and sample as a lubricant to
vary the contact condition [26,28]. The stress—strain curve indicated
large plastic strains of ~3.5% and ~8% upon insertion of the Teflon tape
and Cu foil, respectively. The enhanced plastic deformation was attrib-
uted to reduced friction between the sample and loading platen. The
inserted Cu foil was considered to facilitate lateral spreading of the
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material near the sample ends, greatly increasing the plasticity. How-
ever, the detailed mechanism for plasticity induction by the lubricant
was not elucidated. Because plasticity enhancement was inferred by
indirect observation of sample fracture (i.e., after the compression test),
it remains to be determined how lubricant insertion affects fracture
behaviour (e.g., material flow, evolution of the local strain/stress and
initiation, multiplication and propagation of shear bands/cracks upon
loading).

Recently, Ryu et al. investigated the fracture behaviour of a
ZresCugoNisAlyp metallic glass and systematically analysed how the
plasticity was affected by several extrinsic factors, e.g., the aspect ratio
(1.8-4), contact condition (varied by inserting Teflon tape) and Pois-
son’s ratio [29]. A digital image correlation (DIC) analysis showed that
Teflon tape insertion produced a relatively uniform shear band distri-
bution throughout the sample. However, the resolution was insufficient
to capture the detailed fracture behavior of the sample, e.g., the major
shear plane was detected but not the precise crack initiation site.
Although serrated flow behaviour was quantitatively analysed, the shear
band/crack dynamics (e.g., multiplication and propagation) were
insufficiently probed.

In this study, we investigated the origin of plasticity in a relaxed
sample of a ZrsoCuygpAl; o metallic glass under compression using Teflon
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tape to vary the contact condition. We observed in-situ fracture behav-
iour using DIC at a higher spatial resolution than in Ref. [29]. We per-
formed a finite element method (FEM) analysis to determine the
evolution of the induced internal stress and its effect on the observed
global/local strain. Shear band/crack dynamics were investigated by
comparing the DIC and FEM results to elucidate the mechanism of
induced plasticity.

A ZrsoCuygpAlyp metallic glass rod (4 mm in diameter and 8.2 mm
long) was prepared by cutting a tilt cast sample. The sample was relaxed
by annealing at 740-750 K (T4+40-50 K) for 2 min followed by cooling
at 5 K/min (ULVAC-RIKO, MILA-3000).

Compression tests were conducted (Instron, 5982) using an initial
strain rate gg=5x 10’4/5, without (Case 1) and with (Case 2) Teflon tape
inserted between the loading platen (WC-Co plates) and sample.

A DIC analysis was conducted (LAVISION, DaVis10.2 Strain Master
2DTH) to determine the global and local strains in the sample during the
test. In preparation for the analysis, the rod was first ground down to
almost half its volume into a semi-cylinder (Fig. 1(a)). A powder was
sprayed on the flat sample plane to create a speckle pattern. A camera
was used to track the displacement of the speckle pattern to determine
the strain at different positions. To generate the stress—strain (c—¢)
curve, the stress was calculated by dividing the applied load by the
equivalent-circle diameter and the strain was determined from the
global axial strain (|eyy|) obtained from the DIC analysis. A FEM analysis
(ANSYS, Multiphysics 19.2) was conducted (assuming the sample was in
the elastic regime) to predict the internal stress state under compression
for three contact conditions: i) constrained, ii) free and iii) expansion.
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Fig. 1. (a) The stress-strain curve of a relaxed sample of a ZrsoCu4pAljg
metallic glass with (Case 1) and without (Case 2) Teflon tape inserted between
the loading platen and sample. The sample had a semi-cylindrical shape. Side-
views of the fractured samples for (b) Case 1 and (c) Case 2.
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Each condition was set by changing the Young’s modulus and Poisson’s
ratio of the loading platen and sample, whose values are summarized in
Table 1. Contact conditions were as follows; prohibit in-plane motion
but allow vertical motion for upper side, prohibit both vertical and in-
plane motion for bottom side.

Fig. 1(a) shows the stress—strain curves of the relaxed sample for
Cases 1 and 2. At the final compression stage for Case 1, catastrophic
fracture at 6.=1814 MPa (g,=0.019) indicated the absence of plasticity.
The stress—strain curve for Case 2 gradually became nonlinear above
6~1500 MPa (¢~0.017), and final fracture occurred at c=1883 MPa
(e,=0.03449). More importantly, a plastic strain of approximately 1.5%—
2% appeared in the sample, which is similar to those in Refs. [28,29].
Fig. 1(b) and (c) shows side views of the fractured samples, where no
distinct shear band appeared for Case 1 and multiple shear bands clearly
appeared for Case 2 (indicated by arrows) inducing plasticity.

Scudino et al. [28] reported that the insertion of a soft metal (Cu)
reduces friction and exerts pressure near the ends of a glassy sample,
facilitating local lateral spreading of the material. These authors argued
that an inserted Teflon tape could not exert a large pressure near the
sample ends. Consequently, we performed a compression test with
inserted Teflon tape to investigate whether material could laterally flow
from the center to the ends of the sample near the contact area. We used
the DIC analysis to determine the lateral-to-longitudinal strain ratio
(—&xx/eyy). Fig. 2(a) shows —eyy/eyy for Cases 1 (upper left) and 2 (lower
left) before fracture (the global strain |eyy| is 0.01783 and 0.01558,
respectively). Fig. 2(b) and (c) shows line scans of —ey/eyy. The ratios
near the center of the sample average approximately 0.367 and 0.373 for
(i) and (iv), respectively, which are relatively close to the Poisson’s ratio
of the annealed ZrsoCug4oAl;o metallic glass (Vstrain gage=0.36) [30]. The
ratio near the contact area was lower for Case 1 than Case 2 (e.g., ~0.3
at the center of (ii) and ~0.6 at the center of (iii)). The tape enabled the
laterally constrained contact area to expand, strongly affecting flow in
this region. Fig. 2(a) (upper and lower right) shows the ratio calculated
using FEM for the constrained and expansion contact conditions at a
global strain of €=0.023, respectively. The ratio for the constrained
condition is lower near the contact area (below 0.31) than for the whole
sample (~0.35). The ratio was higher for the expansion condition
(0.370-0.531). Different absolute values but similar trends are obtained
for —exx/eyy using DIC and FEM, suggesting the contact area was con-
strained for Case 1 and expanded for Case 2. Our experimental evidence
of material flow during compression even with inserted Teflon tape
contradicts Scuidino’s prediction [28].

Fig. 3 shows that different calculated internal stress states under
compression for each contact condition. The yielding area is shown in
red (assuming a yield strength of 1900 MPa). For the free condition,
yielding occurred and immediately spread throughout the sample
(e=2.1437-2.1547). For the expansion condition, a yielding area
appeared at the beginning of the test (e~2.1327, not shown) and
penetrated the whole sample at the final stage of compression
(e=2.2863).

Fig. 4(a) shows the DIC analysis for Case 1. No shear band/crack
appears up to final fracture. Fig. 4(b) shows the fracture surface after the
test has no discernible shear band. This sudden fracture without an
additional shear band is similar to the FEM result for the free condition
(Fig. 3, “Free”). However, the measured —ey/eyy (Fig. 2) indicated a

Table 1

Each setting parameter (Young’s modulus and Poisson’s ratio) of loading platen
and sample for describing three contact conditions: i) constrained, ii) free and
iii) expansion.

i) Constrained ii) Free iii) Expansion

Loading platen  Young’s modulus 550 GPa 90 GPa 5 GPa
Poisson’s ratio 0.22 0.36 0.499

Sample Young’s modulus 90 GPa 90 GPa 90 GPa
Poisson’s ratio 0.36 0.36 0.36
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Fig. 2. (a) (Left) The lateral-to-longitudinal strain ratio (—exx/€yy) of the sample analysed by digital image correlation (DIC) for (upper) Case 1 (no Teflon tape used)
and (lower) Case 2 (Teflon tape inserted). (Right) The results of a finite element method (FEM) for —e,,/€yy assuming constrained (upper) and expansion (lower)
conditions for the contact area. Line scan data for —e,/eyy for (b) Case 1 and (c) Case 2. The (i)—(iv) curves correspond to the positions marked in (a).

constrained contact area. We explain this discrepancy later.

Fig. 4(c) shows the DIC analysis for Case 2. A shear band/crack first
appeared at approximately |eyy|=0.01641 (Image I), and multiple shear
bands appeared with increasing strain (Images II-IV). Fig. 4(d) shows
the fractured sample after the test. Multiple shear bands are clearly
observed (unlike for Case 1, Fig. 4(b)). Notably, the experimental region
with the shear band/crack (Fig. 4(c), Image III) is almost identical to the
FEM yielding area for the expansion condition (Fig. 3, “Expansion”).
This result supports our hypothesis of an expanded contact area for Case
2 and indicates that a shear band/crack is likely to initiate in a high
stress region.

Fig. 4(e) and (f) shows the temporal evolution of the axial strain in
the sample (global: @, @; local: (@-® and ®-0). For Case 1, the dif-
ference between the global and local axial strains was extremely small
(®-®). Enlarging the figure revealed a slightly larger axial strain for ®,
indicating a weakly heterogeneous strain/stress distribution. The area
® appeared very similar to that with the largest stress in the FEM result
(Fig. 3, “Constrained” at e=2.0777). Our analysis of Fig. 4(a) indicated a
free contact condition under normal compression, whereas —eyx/gyy

determined by DIC and FEM (Fig. 2(a)) indicated a constrained condi-
tion. For Case 2, the large deviation between the curves for -0 and @
indicated a large difference between the global and local axial strains.
The curves for ©® and @ lay above the curve for @, suggesting perpet-
ually larger local strains than the global strain. The arrow in Fig. 4(f)
indicates a large increase in the local axial strain (|eyy|=0.01855 to
0.0239 for © and |eyy|=0.01954 to 0.02434 for @) compared with the
global axial strain (|eyy|=0.01453), suggesting that the crack was initi-
ated near this point. The axial local strains became similar (|e,y|=0.0239
for © and 0.02434 for @) at a global axial strain of |eyy|=0.01590 (Fig. 4
(f), dotted line I). Thus, the initial crack penetrated ® and @ simulta-
neously. The strain in @ (|eyy|=0.04967) considerably exceeded that in
© (|e,y|=0.02686) at a global axial strain |ey,|=0.01729 (dotted line II).
The inset in Fig. 4(f) (an enlargement of Image II in Fig. 4(c)) shows that
two different cracks crossed in @, where accumulation of the two strains
increased the total strain in the area. In @, where the cracks did not
penetrate until the final fracture, the axial strain first almost tracked the
global strain (@) but its rate of increase decreased approximately after a
global axial strain of |eyy|=0.01729 (dotted line II). The strain in @
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Fig. 3. The calculated evolution of the internal stress state of the sample under compression for different contact conditions: Constrained, Free and Expansion. The
horizontal axis shows the total strain under compression, and the colours indicate levels of the equivalent stress in the sample. The area where yielding occurred is

shown in red, assuming a sample yield strength of 1900 MPa.

reached at approximately |eyy|~0.02, when global fracture occurred.
Comparing the evolution of the axial strain in each area under
different contact conditions shows that a distinct shear band/crack did
not appear for Case 1 even at |e;y|=0.01875 (Fig. 4(a), iii) but had
already appeared at |eyy|=0.01590 for Case 2 (Fig. 4(c), I). This
behaviour could be anticipated from the stress—strain curve (Fig. 1(a)), i.
e., yielding occurred at a lower strain (¢x0.017) for Case 2 than Case 1
(e=0.019). However, it would be premature to conclude that the shear
band/crack initiated at an earlier strain stage for Case 2 because the
small scale of the shear bands (e.g. below several tens of micrometers)
could not be resolved by DIC. To investigate this issue in detail, serrated
flow during compression was analysed for each case. Fig. 4(g) shows an
almost constant increment in the stress (Ac=2-3 MPa) with the axial
strain (Ae~2.6x10>) for Case 1 but increasing deviation in the stress
from the average value (Ac~2.5 MPa) with the axial strain for Case 2.
This large deviation was ascribed to a serrated flow induced by local
shear band/crack formation during compression. The large number of
serration events observed for Case 2 were in accordance with the mul-
tiple shear bands/cracks observed during the compression test (Image IV
in Fig. 4(c)). This deviation did not occur in the stress—strain curve for
Case 1 because shear bands/cracks events were almost absent. For Case
2, the deviation began at a considerably lower strain (|syy| ~0.01138) in
the experiments (see the arrow in the inset of Fig. 4(g)) than that pre-
dicted by DIC (|syy|z0.01453) (see the arrow in Fig. 4(f)). This result
implies that narrow (i.e., premature) shear bands that were difficult to
visualize by DIC has already started to appear in the sample for Case 2 at

|eyy|~0.01138.

We consequently formulate prediction scenarios for fracture behav-
iour. Under normal compression (Fig. 5(a)), despite the small observed
difference between the local strains (Fig. 4(e), @ and ®), the sample
deformed almost uniformly at the early stage (e=0-g;). Further
compression resulted in local fracture in the area with the highest strain/
stress (shown in orange square, e=¢3). The almost uniform internal
strain/stress state enabled the yield strain/stress to be reached in
another region almost simultaneously (shown in grey square), leading to
immediate global fracture (e=ey’). The very short strain interval be-
tween the first appearance of local fracture and global fracture
(Ae=ey’—¢5) led to unstable shear band/crack propagation, resulting in a
nearly single shear band and brittle fracture. For Case 2 (Fig. 5(b)),
material flow from the center to the ends of the sample in the contact
region induced a heterogeneous stress field and a variable local strain
throughout the sample. A shear band/crack first appeared in the area
with the highest local strain/stress (e=¢e;, shown in light blue square).
The yield strain/stress had not been reached in the surrounding material
and local fracture had not occurred in most of the rest of the sample
(shown in green square), locally constraining the shear band/crack.
Under compression, yielding gradually spread to the entire sample,
enabling the shear band/crack to propagate until global fracture even-
tually occurred. The strain interval between the first appearance of local
fracture and global fracture (Ae=es—€;) was longer than under normal
compression (Ae=ep’—¢€5). For Case 2, local fracture occurred at e=¢;
before that in Case 1 (at e=¢g, where €2>¢1) but final global fracture was
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Fig. 4. Case 1 (no Teflon tape used): (a) The results of a digital image correlation (DIC) analysis of the sample during a compression test. (b) Fracture observation of
the sample after the compression test. Case 2 (Teflon tape inserted): (c) DIC analysis result of the sample during a compression test. (d) Fracture observation of the

sample after the compression test.

Measured axial strain (|8yy|) versus time for (e) global (M) and local (@-®) areas in Case 1 and (f) global (@) and local (®-@) areas in Case 2. The numbers
correspond to the positions shown in (a) and (c). (g) The evolution of the stress increment (Ac) with the axial strain (Aex2.6x 107) for Cases 1 and 2.

strongly retarded (es>ée3’). During the interval Ae=e3-€;, new shear
bands/cracks continuously formed throughout the sample and inter-
sected/interfered with each other during propagation, delaying final
global fracture. This mechanism could plausibly prevent abrupt fracture
and explain the emergence of plasticity for Case 2.

In the present study, we discussed the fracture behavior in a rela-
tively macroscale rather than microscale. Currently, we predicted that
the presence of inhomogeneous strain/stress fields under compression
creates a distribution of yield region locally within the sample and
initiated crack tip is surrounded by the area where yielding has yet
occurred, resulting in inhibiting a single shear band propagation.
However, we are planning to clarify the underlying mechanism on a tiny
scale by addressing the microscale test (e.g. in-situ mechanical test in a
SEM) as previously conducted by Glushko et al. [31].

As discussed above, we have demonstrated that the strain/stress
state in the sample under compression strongly governed the shear
band/crack dynamics. Thus, the strain/stress distribution is an impor-
tant factor for fracture in metallic glasses, as suggested in several recent
reports [25,32-34]. Sohn et al. previously proposed that plastic me-
chanical behavior (i.e. ductile or brittle) of metallic glasses can be
explained by the comparison between Voys, the minimum stress

gradient over which growth of stable shear band can take place, and the
applied stress field Voapp [34]. Our present result supports their
framework that stress (or strain) gradient is one of the key indicators to
determine the plastic properties.

As already mentioned before, previous study revealed that
improvement of plasticity occurred when Teflon tape was inserted in a
Zres5CugoNisAly g metallic glass, whose alloy originally shows plasticity
even in unlubricated condition [29]. However, to discuss whether it
works for a more brittle sample, we investigated a Zr5oCusgAl; o metallic
glass as-cast sample, which does not show the plasticity in a normal
compression condition. It was confirmed that plasticity newly appeared
in the sample with Teflon tape (not shown here). Though we confirmed
in the present study that even its relaxed sample showed appearance of
plasticity (see Fig. 1), further research is required to investigate whether
more brittle samples can show the same phenomenon for illustrating the
broader effectiveness of the strategy.

One of the important conclusions from the framework what Sohn
et al. suggested [34] and our current findings is that metallic glasses can
be used in many engineering applications as long as strain/stress gra-
dients are presented. Such gradients can be a consequence of the ge-
ometry of the sample and the presented strain/stress field. If we could
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Fig. 5. Predicted fracture behaviour of the sample for (a) Case 1 (no Teflon tape used) and (b) Case 2 (Teflon tape inserted). The horizontal axis shows the global
strain. Here, the local stress is assumed to be zero when the shear band penetrates. For Case 1, the local stress/strains were almost uniform, resulting in a short strain
interval (Ae=e5’—¢€,) between the first appearance of local fracture and global fracture. For Case 2, the expansion condition resulted in an inhomogeneous local
strain/stress distribution, which induced gradual local fracture throughout the sample. The resulting strain interval (Ae=e3—€;) was sufficiently long to prevent the

occurrence of abrupt fracture in the sample.

design products while accurately understanding the states, it is expected
that engineering applications of metallic glasses can be largely widened.
Furthermore, if we can strategically tailor such presented strain/stress
fields [e.g. by intentionally introducing gradient of mechanical proper-
ties (Young’s modulus etc.) within the sample with the aim of creating a
non-uniform local strain/stress distribution under applied stress], it is
expected that not only compression but also other mechanical modes (e.
g. tension or bending) to exhibit the improvement/appearance of plas-
ticity. It will lead to the development of mechanically reliable and sus-
tainable metallic glasses in the future.

In this study, the origin of plasticity in a relaxed ZrsoCugoAl; o sample
with inserted Teflon tape was identified by comparison against the
sample behaviour under normal compression. Both experimental DIC
and FEM analyses showed that the contact area between the loading
platen and sample was constrained under normal compression and
expanded laterally upon Teflon tape insertion. The expansion condition
induced a complex inhomogeneous strain/stress distribution throughout
the sample. Compared with normal compression, a shear band/crack
initiated at a lower strain but penetrated the rest of the sample at a later
stage of compression, during which multiple shear bands/cracks
appeared. The expansion condition prevented immediate yielding and
delayed final fracture in the sample, resulting in the emergence of
plasticity.
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