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Shear bands in metallic glasses are not necessarily hot
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We have used the fusible tin coating method to detect shear band heating in amorphous
Zrs57TisCuyoNigAljy loaded under quasi-static uniaxial compression. High-rate load
data allowed a precise determination of the duration of shearing events and final
fracture. When loading was halted prior to fracture we saw no evidence of melted tin
despite the presence of shear offsets up to 6 um on some shear bands. Samples loaded
to fracture showed evidence of tin melting near the fracture surface. We attribute
the difference to the duration of the events, which is much longer for shear banding
(milliseconds) than for fracture (microseconds). © 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4895605]

From the earliest investigations of metallic glasses the observation of apparently molten patterns
on metallic glass fracture surfaces suggested that high temperatures (exceeding the glass transition
temperature) could be achieved during fracture,' a view corroborated by measurement of the temper-
ature of particles ejected during fracture of a Zr-based glass.> Whether similarly high temperatures
can be achieved in a shear band during plastic deformation at moderate rates without fracture is a
more difficult question to answer due to the spatial and temporal scales involved.** The key spa-
tial dimension is the thickness of the shear band; evidence from electron microscopy™>® suggests a
thickness on the order of 10-20 nm, so thin that heat conduction away from the band would preclude
significant temperature increases.? It is not clear whether such measurements are directly applicable
to the case of shear bands formed in bulk specimens, however. If the shear band thickness in a bulk
specimen was on the order of 10 um then temperature increases of several hundred kelvins would
be possible,” and there is some evidence to suggest that fully developed shear bands in bulk speci-
mens can be this thick.®° Direct infrared thermographic observations during plastic deformation of
Zr-based glasses'®!! show modest temperature increases (<20 K), but the limited spatial resolution
of this technique (~10 um) means that deducing the actual temperature inside the operating shear
band requires an assumption about the true shear band thickness.

Lewandowski and Greer'? developed a clever “fusible coating” method with spatial and temporal
resolutions (~100 nm and ~30 ps, respectively) sufficient to estimate the heat evolved during shear
band operation. By coating metallic glass specimens with a thin layer of tin and observing melting
near shear bands on the surface, they directly demonstrated temperature rises of at least 200 K
(sufficient to reach the melting point of Sn, 505 K) over distances of ~1 um. From the width of the
melted region and an estimate of the duration of the shear banding event, they arrived at an upper-
bound estimate of the temperature of the shear band of several thousand kelvins. Later, Georgarakis
and co-workers'? explored the effect of the time scale assumption and calculated a range of possible
maximum temperatures from 3400-8600 K for fast shear times (~10 ns) to an insignificant rise for
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FIG. 1. Scanning electron micrographs of deposited tin lines on a metallic glass specimen, prior to compression testing.
Outlines in (a) and (b) indicate areas shown in (b) and (c), respectively.

slow shear times (100 ms). Later work from Zhang and co-workers'# and Miracle and co-workers'?
further considered the effect of the magnitude of slip offset and concluded that above a critical value
(dependent on the sample size but ~1 xm) significant heating can occur. In both cases'® !> it was
assumed that the shear time must be short to be consistent with the observed melting of the tin
coating, discounting the possibility that shearing could occur over longer times.

On the other hand, Ketov and Louzguine-Luzgin'® noted that in the original Lewandowski
and Greer experiments the samples where melted tin was observed had been subjected to fracture
(although the shear bands examined were well away from the fracture surface). The significance of
this is that fracture occurs over much shorter time scales than shear band operation during quasi-
static loading.!” This rapid unloading creates opportunities for pre-existing shear bands to operate
in reverse' at high rate and for new shear bands to form due to elastic waves propagating through
the sample.'® Furthermore, a much larger amount of elastic strain energy can be dissipated during
fracture than during a shear banding event. These considerations suggest that significant heating of
shear bands may only be associated with fracture, and that during ordinary plastic deformation (at
least at low-to-moderate strain rates) the heating may be modest.

To investigate these issues in more detail we have performed fusible coating experiments on
metallic glass specimens loaded in uniaxial compression, with two new features relative to the
prior work. First, we lithographically patterned the tin coating of our specimens into narrow lines
to allow a direct determination of the shear offset on each shear band. Second, we use high-rate
data acquisition to directly measure the duration of individual shear banding events. Some of our
specimens were loaded to fracture while for others the loading was halted prior to fracture.

We prepared rectangular prism bulk metallic glass specimens of Zrs;TisCuygNigAl;g (composi-
tions in atomic percent) with dimensions 10.0 mm x 5.0 mm x 4.5 mm using techniques described
in detail elsewhere.!” We polished two adjacent sides to a mirror finish and, using a negative tone
photolithography process and sputtering, produced tin lines (15 um wide with 5 um spacing) par-
allel to the loading direction on these two sides (Figure 1). The thickness of the tin coating was
50 nm as determined by profilometry. We performed compression tests at a constant displacement
rate corresponding to a nominal strain rate of 107*s~! using a high stiffness, low-bending testing
machine described in detail elsewhere.!”-?° Load data were acquired using a 150 kN Instron load
cell and a Kistler piezoelectric load cell at 100 kHz. Bending was minimized by use of a subpress,
and the stiffness of the machine ensured minimal energy transfer from the system to the samples.

Shear band operation is manifested as stress drops (“serrations”) in the stress-time or stress-
strain data from a compression test. Figure 2 shows the largest serration we observed from among
six samples for which loading was halted prior to fracture. The duration of this shearing event is
~6ms, of the same order as the time scale of shear banding events observed previously.!”-?! For
thirteen stress drops for this sample the durations of the shear events ranged from 2.3 ms to 6 ms
(with an average of 4.6 ms) while the stress drops ranged from 0.39 MPa to 3.02 MPa (with an
average of 1.17 MPa). Although we cannot uniquely associate a given stress drop with a specific
shear band observed on the sample surface, it seems reasonable to assume that the largest stress drops
are associated with the largest slip offsets. Note that this assumes that each shear band observed on
the specimen is due to a single slip event.



096110-3 Slaughter et al. APL Mater. 2, 096110 (2014)

At=20
1675 Iq— At=6ms |<—HS>
w (a) T 1600 (b)
S 1674 S 1400
Py » 1200
1%} (%2}
o 1673 2 1000
k7 17}
800 —
(=2 jo2}
qg) 1672 — % 600 —
£ 1671 2 400
2 2 200
W 1670 W o
I I I I I I I 1 I I I I I I I 1
4 2 0 2 4 6 8 10 -10 -5 0 5 10 15 20 25
Time after onset of load drop (ms) Time after onset of fracture (us)

FIG. 2. Stress versus time data showing (a) a stress drop related to a shearing event in a non-fractured sample and (b) the
fracture event in a fractured sample.

To calculate the temperature increase associated with a shearing event we assume that all of
the elastic strain energy in the specimen released during the stress drop is converted into plastic
work which heats the shear band. The change in elastic strain energy density Ak of a specimen that
experiences a stress drop of Ao at a flow stress o is

Ah ~ (%) Ao, (1)

where E is Young’s modulus.'? Because high-speed cinematography shows that most of the slip
occurs simultaneously across the entire band and not as a single concentrated front'” we treat the
shear band as a planar heat source. With V as the volume of the specimen, A the area of the shear
band, and At the duration of the shear event, the average thermal flux out of the shear band is
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where [ is the length of the specimen and the factor of +/2 comes in because the shear band plane is
inclined at approximately 45° to the loading axis. Finally, the temperature rise A7(x, f) can be found
using a simple one-dimensional solution of the diffusion equation:>?

q dat —x2 X
AT(x,t) = A — — ) — xerf — |, 3
(x,1) 2,0 - exp (40” > xerfc ( 4at> 3)

where ¢, is the constant pressure heat capacity, « is the thermal diffusivity,  is the time elapsed
since the onset of shear, and x is the distance from the shear band (assumed to have an infinitesimal
thickness).

To calculate the temperature rise with this model in addition to material parameters such as the
modulus, heat capacity, and thermal diffusivity we need to know the flow stress o, the magnitude of
the stress drop Ao, and the duration of the slip event Az. From our load-time data we can determine
all of these. Using data from the largest stress drop in our data (shown in Fig. 2(a)), the calculated
maximum temperature increase at the center of the shear band (i.e., at x = 0) is shown as the bottom
curve in Fig. 3. Although we know the duration of the shear event to be ~6 ms from the stress
drop data, we plot the temperature for a wide range of shearing times to highlight the effect of the
duration on the temperature increase. Clearly, large temperature increases are only possible with
shear times on the order of microseconds or shorter. But both our results and similar prior work'”-?!
show that the characteristic time for a shear banding event is on the order of milliseconds, which
results in a negligibly small temperature rise (AT < 1 K). Observation of the non-fractured samples
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FIG. 3. Calculations of maximum temperature rise versus time at the center of a shear band. The lower curve represents
a shear band event with a measured event duration (6 ms) and a hypothetical duration of 1 ns. The upper curve represents
a fracture event with an experimentally measured fracture time (=20 us). (Both curves calculated using thermophysical
properties for Zr4; Tij4NijgNij2 5Bess s from Ref. 15.)
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Melted tin

FIG. 4. Scanning electron micrographs of tin lines after testing. Samples that did not fracture showed no melted tin (a) and
(b). Only for samples that fractured is any evidence of melting observed (c).

(Figures 4(a) and 4(b)) corroborates these calculations. No melted tin was observed in any of our
samples that did not fracture, even those for shear bands with offsets as large as ~6 um.

We do observe melted tin in some cases, but only on those samples that fractured. As shown in
Figure 2(b) the duration of fracture events is on the order of a few tens of microseconds (or less; see
also Refs. 17 and 21). Because the stress drop is also much larger, in principle a larger amount of
plastic work is converted to heat in a shorter time during fracture than during shear banding. Using
the same model as above the predicted maximum temperature rise for this fracture event is shown
in Figure 3 (upper curve). Using stress drop duration for fracture of 20 us (Fig. 2(b)) the predicted
maximum temperature increase is A7 >~ 4060 K. This should be viewed only as an approximation
because it is not necessarily true that all of the elastic strain energy released during fracture goes into
melting the fracture surface; on the other hand, an unknown amount of strain energy from the load
frame may be dissipated during fracture. Furthermore, the duration of the fracture event from Fig.
2(b) is an upper-bound estimate because video evidence suggests that fracture is complete before
the load cell reading drops to zero.!” Nevertheless, the calculation suggests that large temperature
rises should be expected during fracture, and indeed in our specimens that fractured we do observe
evidence that the tin coating melted (Fig. 4(c)).

Our observations are consistent with several other reports that conclude that heating in shear
bands during plastic deformation can be modest,'” '® but we note that heating is affected by several
extrinsic factors such as the strain rate and the stiffness of the testing machine. Several groups
have examined the effect of machine stiffness on the stability of inhomogeneous flow in metallic
glasses, with the common observation that stable (serrated) flow is favored for small samples and
stiff machines.>*»?* Cheng and co-workers?® developed a simple kinematic model that takes into
account the rate at which the sample unloads during a shear band event (which is related to stiffness
of the sample and testing machine) and the rate at which the flow stress in the shear band drops
due to increasing temperature. They predicted a transition from cold shear bands with self-limiting
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stick-slip behavior to runaway shear bands with significant heating. They quantified this in terms
of a parameter A = L(1 4+ S) where L is the sample length and S = «kg/k\ is the ratio of the
sample and machine stiffnesses.”* A critical value A.; determined by experiment separates sample
size/machine stiffness combinations with self-limiting (“cold” shear band) behavior (A < Ay) from
those with runaway (“hot”) behavior (A > Aqj). For our experiments «y =~ 3.0 X 108 Nm~! and
ks = E(A/L) ~2.2 x 108 Nm~! (where E is Young’s modulus, and A and L are the cross-sectional
area and length of the specimens, respectively) so L(1 4+ S) >~ 17 mm, somewhat larger than the
Acit = 12mm determined by Cheng and co-workers for a metallic glass of similar composition
(Zr64.13Cu15.75Nij0.12Al o) from data in Ref. 24. This, together with the fact that we observe only
a few serrations in each test (as compared to the large numbers observed in stable serrated flow in
Refs. 24 and 23), suggests that significant heating might be expected under our experimental
conditions.

Our observations clearly indicate that softening in shear bands under quasistatic loading is not
driven by an increase in temperature due to plastic work, as indeed Lewandowski and Greer also
concluded.'> We suggest that observations of shear bands using the fusible coating method can be
confounded by fracture of the specimens, even if the shear bands examined are well away from the
fracture surface. During fracture new shear bands may form and there is an opportunity for existing
shear bands to operate in reverse (when the imposed deformation is suddenly released) at strain rates
much higher than the original quasistatic loading, allowing significant heating to occur.

We gratefully acknowledge support from the National Science Foundation for this work: S.K.S.,
FK., E.D., and T.C.H. from NSF Grant No. DMR-1107838; and X.G. and W.J.W. from NSF Grant
No. DMR-1042734.
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