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Scanning electron microscopy observations of shear steps on Zr-based bulk metallic glasses show
direct evidence of shear band melting due to heat generated by elastic energy release. The estimated
range of attained temperatures and the observed morphologies are consistent with shear steps
forming at a subsonic speed limited by a required redistribution of local microscopic stresses. The
calculations indicate that a 0.2 �m layer melts in the vicinity of a shear band forming a 1 �m shear
step. The plastic part of the stress strain curve is serrated but a majority of shear events are not
associated to serrations. © 2008 American Institute of Physics. �DOI: 10.1063/1.2956666�

Metallic glasses1 exhibit a perfectly elastic strain range
�el of about 2% which, depending on their elastic moduli,
may require applied stresses as high as 5 GPa or more2 and
allows them to store record amounts of elastic energy as
springs, pressure gauges, microgears, and impact rebound
enhancement parts in sports equipment.

In the absence of dislocations and crystallographic slip,
plastic deformation in metallic glasses occurs heteroge-
neously in shear bands that are thin layers of material ini-
tially only �10 nm thick3 at approximately 45° to the stress
axis.

With �el�2%, the total stored elastic energy per unit
volume Hmax prior to plastic yielding is

Hmax � � 1
2�� ° �el = � 1

2�E�el
2 , �1�

where �° is the maximum applied elastic stress and E is the
Young modulus.

For the commonly used Zr-based metallic glasses E
�1011 Pa, leading to maximum stored elastic energies of
Hmax�20 J /cm3. With volume specific heat cp�3 J /K cm3,
when such elastic energy is homogeneously relaxed, as upon
removal of applied stress in hydrostatic pressure geometries,
its total conversion to heat does not lead to large temperature
increases, with �Tmax�Hmax /cp�7 K. However, if this
elastic energy were to be converted to heat by heterogeneous
deformation within very thin shear bands, simple calcula-
tions show that temperatures would reach thousands of de-
grees and fracture surfaces of metallic glasses indeed bear
vein patterns and dropletlike features indicative of melting.4,5

Lewandowski and Greer6 reported temperature increases
�T of the order of 1000 K in the thermal diffusion zone near
shear bands in bulk metallic glasses �BMGs� using a “fus-
ible” coating method. Others also reported very high tem-
peratures attained in or near shear bands for specimens tested
in compression and in tension.7 Nanocrystals8–12 have been

detected in or around shear bands, the nanocrystal formation
and growth being other indications of heating due to shear.

In this work we present direct experimental evidence of
melting due to shear using a field emission gun �FEG�-
equiped scanning electron microscope �SEM�.

Shear steps formed during compression at strain rates
10−4 s−1 were examined on deformed cylindrical BMG
specimens of composition Zr62Cu15.5Ni12.5Al10 previously re-
ferred to as S3 �Ref. 13� and Zr62Cu15.5Ni12.5Al10 with 1 at %
Y addition using SEM. The reported unlimited plastic de-
formability in compression13 of Zr62Cu15.5Ni12.5Al10 BMGs
was not observed. Each of many such samples tested in com-
pression breaking after a few percent plastic deformation but
this extent of deformation is appropriate for examination of
individual shear bands.

Figure 1 shows a shear step on the surface of a
Zr62Cu15.5Ni12.5Al10 BMG. It is a rather featureless step hav-
ing formed meniscus with the upper part of the specimen
indicating that the entire width of the step of about 5 �m
melted at some point but this type of feature is rather rare on
shear steps.

Figure 2 shows a shear step on a BMG cylinder
Zr62Cu15.5Ni12.5Al10 with 1 at % Y addition. The waves on

a�Author to whom correspondence should be addressed. Electronic mail:
yavari@minatec.inpg.fr.

FIG. 1. A rather featureless shear step having formed meniscus with the
upper part of the BMG specimen.
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the step surface indicate liquid stages in its history �white
arrows�. Interestingly, lines are visible on the surface �black
arrows� and the wavy shapes do not cross these lines. The
significance of these lines is not known but they seem to
indicate that the shear step was formed in several stages.
Ample evidence of welding and meniscus forming at the
bottom of steps was observed as seen in the example of Fig.
3 �Zr62Cu15.5Ni12.5Al10 plus 1 at % Y� where U-shaped me-
niscus are seen at the step base, indicating viscous behavior
and high temperatures. The meniscus has 1–2 �m radius of
curvature, two orders of magnitude larger than the presumed
thickness of the shear band itself, often3 about 10–50 nm.

While melting �Fig. 1�, successively melted zones �Fig.
2�, tearing and welding and meniscus formation �Fig. 3� are
observed on shear steps, step size varies around the specimen
and different features may be observed on the same step at
different locations.

At room temperature, the plastic region of stress-strain
curves of Zr-based metallic glasses are not monotonous and
show small load or stress drops �� referred to as “serra-
tions” as in the Portevin–Le Chatelier effect due to
dislocation-solute atmosphere interactions in crystalline
materials.14 However, metallic glasses do not deform by dis-
location glide and the origin of these serrations is as yet
unknown.

In the present tests, serrations correspond to stress drops
�� of the order of 1% of the applied �yield� stress �° �see
Fig. 4�. The elastic strain must also drop by ��el as per
Hook’s law ��� /�° �= ���el /�el

° � such that the stress drop
would correspond to an elastic energy release of

�Hmax � � 1
2�E�el

°2 − � 1
2�E��el

° − ��el�2 � E�el
° ��el

− � 1
2�E��el

2 � E�el
° ��el � E�el

°2���/� ° � , �2�

where � 1
2

�E��el
2 �E�el

° ��el has been neglected and
�Hmax /Hmax�2 ��� /�° � or about 2%. With a specimen
length L of 4 mm, ��el�1% �el

° �2�10−4 corresponds to a
shear step of the order of 1 �m in size. In the calculations
that follow, we will use three different approximations for
the time 	shear associated with a shear event that results in a
step or increment of step 1 �m in size whether associated
with a serration or not.

Assuming that the shear band operates as a zero-
thickness planar heat source of constant flux qs, the tempera-
ture at a distance xth from the shear band after time t=	shear
of operation can be found from the one-dimensional
profile.15

T�x,t� = T0 +
qs

2cp · 

��4
t

�
e−x2/4
t − x erfc� x

�4
t
		 ,

�3�

where T0 is the initial temperature, cp is the volumetric spe-
cific heat, 
�2·10cm2 /s is the thermal diffusivity, and
erfc=1−erf is the complementary error function.

The assumption of the constant heat flux qs is debatable
as it is not known how a shear band starts then stops oper-
ating and how the extent of elastic energy release depends on
the temperatures attained during the deformation. Neverthe-
less, we will consider three limiting cases using Eq. �3� for
three different characteristic times 	shear for the elastic energy
release corresponding to three values of the heat flux qs
��Hmax·L /	shear where L is the specimen length of 4 mm:

�1� 	shear=	1=	step �dstep� for the formation of a shear step of
size dstep at the speed of sound vs.

�2� 	shear�	2=	sound �xsound� for the elastic propagation of a
stress-redistribution wave in front of the shear band to a
distance xsound �see below�.

�3� 	shear�	3=	serr of one serration stress drop time16–18 of
the order of 0.1 s.

For all three cases we consider the elastic energy of Eq.
�2�, corresponding to the formation of 1 �m size step:
�Hmax�E ·�el

°2·���° /���0.02Hmax and which is about
0.4 J /cm3.

In the first case, with heating due to elastic energy re-
lease �Hmax occurring during shear producing a step dstep

FIG. 2. Waves �white arrows� on a shear step on BMG surface indicating
liquid stages in its history. The waves do not cross lines �black arrows� on
the surface indicating that the step formed in several stages.

FIG. 3. Arrows show U-shaped meniscus locations at the step bottom indi-
cating viscous behavior and high temperatures at the end of the shear event.

FIG. 4. Serrations on a stress-strain curve of a Zr-based BMG.
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�1 �m at the speed of sound vs�4.5�105 cm /s, �Hmax
would be released quasiadiabatically during the time 	shear
�dstep /vs�2.2�10−10 s or 0.2 ns.

For the second case, let us consider more closely the
formation of a shear step dstep in uniaxial compression at the
speed of sound vs. As dstep forms at approximately 45° angle
to the specimen length L, the sample length decreases by
dstep / �2. If dstep were to come out at the speed of sound vs,
the specimen length near the shear band at distances xsound
simultaneously reachable by the consequent acoustic relax-
ation wave �xsound�dstep� would come under colossal elastic
tension �el�−1 / �2 opposite to and far larger in magnitude
than the compressive applied elastic strain. The correspond-
ing local tensile stress field would make it impossible for the
step to continue. As the shear step dstep forms, a stress-
redistribution layer xsound is required in the vicinity of the
shear band such that it remains under a nonzero applied
stress. For this to occur, stress redistribution is required in a
layer xsound�dstep /�el

° �2. Since this stress redistribution must
be established by a traveling transversal sound wave at ve-
locity vs, it requires a time 	shear�dstep /�el �2·vs�10−8 s for
dstep�1 �m.

Instrumented uniaxial compression testing with a strain
guage placed on the sample acquiring data points at
200–1000 Hz can trace the kinetics of the stress drops or
serrations and reveal that a stress drop occurs over a
time16–18 of the order of 	serr�0.1 s. Thus for the third case
we take 	shear�	3�	serr�0.1 s.

Figure 5 plots the resulting temperature rise versus dis-
tance xth away from the center plane of the band �or the heat
source� after the three different characteristic shear times
	shear for the formation of a micron-size shear step.

As expected, the assumption of a shear step forming at
the speed of sound �	shear�	1�0.2 ns� leads to unrealisti-
cally high values of temperature.

When the step is required to form under realistic positive
stress condition �	shear�	2�10 ns�, peak temperature rise in
a band 10 nm wide is seen to be between 1900 and 2000 K
and a thermal diffusion layer 2xth of approximately 0.2 �m
is heated to T�1300 K which melts all Zr-based BMGs. All
together, a 2xth about 0.3 �m thick reaches 1000 K and a
0.4 �m thick layer reaches the glass transition near 750 K.
These thermal diffusion layers are of the same order of mag-
nitude as those needed to explain the microscopic morpholo-

gies on shear steps of the size used in the calculation �1 �m�.
When the step is assumed to form at the slow speed of

the stress serration drop �	shear�	3�0.1 s�, the shear band
does not heat up significantly. This is in contradiction with
clear evidence for melting and meniscus forming on shear
steps as presented in the SEM pictures and indicates that
serration stress drop times are not the same as those of shear
step formation. Indeed, if we sum the total strain ��serr
associated with all individual stress drops �on the average
��serr= ��� /�° � �el

° �2�10−4/serration� in Fig. 4 occurring
during an interval ��plastic of the macroscopic stress-strain
curve, we find that ��serr���plastic such that a majority of
the plastic deformation and the shear steps that result from it
are not associated to the serrations. In addition, serrations
disappear at low temperatures and/or high strain rates19 while
shear bands and shear step formation continue to be the
mechanism of deformation.

In conclusion, SEM observations of shear steps on de-
formed BMGs show direct evidence of melting as expected
from elastic energy release in form of heat during shear de-
formation. Shear steps appeared mostly to have formed in
successive increments. The estimated range of attained tem-
peratures and the observed morphologies are consistent with
shear steps forming at subsonic speed as required by a local
redistribution of microscopic stresses and the maintenance of
a nonzero positive local applied stess field at the operating
shear band. Stress serrations or load drops observed on
stress-strain curves, depending on the temperature and strain
rate, are not associated with individual shear events.
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FIG. 5. �Color online� Calculated temperature rise vs distance xth away from
the shear band during formation of a micron-size shear step. When the step
is required to form under positive local stress conditions �	shear�	2

�10 ns�, a thermal diffusion layer 2xth of approximately 0.2 �m is found to
heat to T�1300 K which melts all Zr-based metallic glasses.
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