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Temperature Rise Associated with Adiabatic Shear Band: Causality Clarified
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One of the most important issues related to adiabatic shear failure is the correlation among temperature
elevation, adiabatic shear band (ASB) formation and the loss of load capacity of the material. Our
experimental results show direct evidence that ASB forms several microseconds after stress collapse and
temperature rise reaches its maximum about 30 us after ASB formation. This observation indicates that
temperature rise cannot be the cause of ASB. Rather, it might be the result of adiabatic shear localization.
As such, the traditional well-accepted thermal-softening mechanism of ASB needs to be reconsidered.
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Adiabatic shear band (ASB), first observed by Tresca in
1878, is considered one of the most important failure
mechanisms of materials under impact loading [1]. ASB is
usually described as having a very large shear strain
(10°-10?) that occurs in a narrow (10°-10? ym) nearly
planar region of the material within an extremely short
amount of time (10°~10? us), accompanied by severe local
temperature rises (as high as 10° K) [2]. In fact, early
studies of ASB since its discovery by Tresca did not gain
much progress until 1944 when Zener and Hollomon
interpreted ASL as a physical process of thermal-plastic
instability [3]. They, and many other scholars following
them, believed that ASB initiation is the result of com-
petition between thermal softening and strain or strain-rate
hardening [4—12]. Based on this assumption, temperature-
induced material attenuation was always adopted as the
initial weakening in most physical and mathematical
classical analyses of ASL. What is more, experimental
evidences such as recrystallization within ASBs also point
to temperature rise during ASB [13-20]. This naturally led
to the thesis that temperature rise is fundamentally the
cause of ASB. Such a thesis constitutes the foundation of
most efforts related to ASB and has been commonly
accepted by the mainstream researchers in the community.
However, according to the best knowledge of the present
authors, this important notion has not been subject to
direct experimental examinations. Mechanistic models
based on this notion often lead to unrealistic predictions
that cannot be experimentally validated. For example, the
well-known model of critical shear strain for ASB initiation
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by Culver [12] is y. = [(npcy)/a], where p is the density,
cy the specific heat, n the strain hardening exponent, and
a = [(0r)/(0T)] the thermal softening rate, respectively.
This equation indicates that y. should vanish if n = 0.
However, recent experimental observations indicate that y,.
is very large or even no ASB comes into being for some
ultrafine-grained or nanostructured metals [21-23] whose n
is zero or even negative under compressive loading.

In fact, many researchers tried to clarify the role of
thermal softening in the process of ASL by determining the
temperature rise itself. One indirect but popular method is
estimating the temperature rise via work-heat conversion
[24-28]. Its accuracy, however, relies on the choice of the
conversion coefficient (or the Taylor-Quinney factor) which
in itself is an issue of great controversy [29,30]. The direct
in situ experimental measurements of temperature rise in
relation to shear band evolution are rather difficult due to
the transient and local nature of ASB. The first attempt to
measure the temperature of a propagating shear band was
made by Costin ef al. [31] who measured the average
temperature of a spot containing a shear band by a high-
speed single-element infrared (IR) InSb (indium antimo-
nide) detector. After that, Duffy and co-workers [32-35],
Ranc et al. [36], and Rittel et al. [19,37,38] performed a
series of tests on the ASL behavior of metals, including
temperature rise within ASB. Although their results vary
greatly, the temperature elevation is confirmed and found to
be from a few hundred to above 1000 K. However, all
this experimental evidence seems to have shown that
temperature rise and ASB formation occur simultaneously
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(or almost simultaneously), but they did not provide clear
evidence of their causal relationship.

In this Letter, we try to clarify the causality of temper-
ature rise and ASB using a Kolsky bar [or split Hopkinson
pressure bar (SHPB)] synchronized with a high-speed
photographic system and an IR temperature measurement
system. The roles of impact loading, deformation, and
temperature pertinent to the ASL process could be intui-
tively identified by comparing the sequence of important
observations such as stress drop, strain localization, tem-
perature rise, ASB initiation, and so on. Recent advance-
ment of high-speed photography enables us to acquire high
resolution deformation fields around ASB.

Shear tests were conducted using an SHPB apparatus
that has been articulated and now widely used for dynamic
compression. The working principles and technical details
of SHPB can be found elsewhere [39]. Shear-compression
specimen (SCS) which is similar to what is used by Rittel
et al. [19,40] is adopted. Grid lines were carved on the
surface of the specimen’s gauge section to display the
deformation clearly. The test material in this work is
commercial titanium with grade II purity. The composition
of the material is (all in wt %) 0.08 Fe, 0.01 C, 0.009 N,
0.008 H, 0.1 O, and balance Ti.

The temperature measurement system includes an opti-
cal system with 1:1 magnification and an eight-channel IR
detector. The detector is made of InSb that responds to
radiation in the 1 to 5.5 ym wavelength range correspond-
ing to temperature from 60°C to 1200°C, which is
adequate for measuring shear band temperatures. The
response time for the detector is less than 1 us, fast enough
for SHPB tests. Each of the elements in the detector array is
a 0.15 x0.15 mm square. The separation between two
adjacent elements is 50 ym. The deformation process of the
specimen is recorded by a high-speed camera with the
highest framing rate of 5 x 10° frames/ sec. The flash,
camera, and IR system are all triggered by the incident
pulse of the stress wave. The time sequence for each device
can be easily derived by calculating the time period during
which the loading pulse travels from the incident strain
gauge to the specimen. Calibration of the IR system is of
vital importance to the reliability and accuracy of temper-
ature measurement. A relationship between temperature
and voltage needs to be established before the actual test. In
the present work, each of the eight elements are individu-
ally calibrated.

Thirty dynamic tests with IR temperature measurements
were conducted in this work, among which eight tests were
equipped with synchronized high-speed photography. The
shear stress and temperature evolution with respect to time
are presented in Fig. 1. The deformation of the shear-
compression specimen could be divided into three stages,
i.e., (i) uniform deformation, (ii) nonuniform deformation,
and (iii) shear localization. The characteristics of deforma-
tion at these different stages are given in Fig. 2. Severe
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FIG. 1. Deformation history of a shear-compression specimen,

showing the time, shear stress, and temperature. Numbers in the
boxed legend indicate the eight detectors (or locations) where
temperatures are measured. The three stages (I, II, and IIT) are
marked by vertical dotted lines. The arrows a — [ correspond
to the times at which the high-speed photographing system
captures snapshots of the specimen. Four representative snap-
shots of the specimen are shown in Fig. 2 that correspond to the
times of a, f, h, and [ in Fig. 1. T-Cal, the dashed line, is the
calculated temperature based on the conversion of mechanical
work to heat (taking 1.0 as the Taylor-Quinney factor). The
dashed green and red lines denote the appearances of ASB and
crack, respectively.

h 67.5us

FIG. 2. Four representative high-speed photographic snapshots
to show the deformation of a shear-compression specimen under
dynamic loading. The letter at the upper left corner of each snapshot
correpsonds to the time of Fig. 1. (a) Before any plastic deforma-
tion; (f) Uniform deformation at the peak stress or immediately
before softening; (h) Adiabatic shear band—deformation is now
highly localized, contrasting (f); (I) presents a crack as a conse-
quence of the ASB.
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FIG. 3. Summary of the measured and calculated (f = 1.0)

temperature rise at the maximum shear stress for the shear-
compression tests.

shear localization is identified by examining the disconti-
nuity of the strips or the grid lines. It should be pointed out
that no visible discontinuity of the strips (or ASB) was
observed at the maximum stress, which indicates that ASB
should initiate after the peak stress.

Temperature rise before shear localization—The
temperature rise was measured before and after intense
shear localization, as shown in Fig. 1. Similar to previous
studies [41], there is hardly any detectable temperature rise
at the initial stage of plastic deformation and apparent
temperature rise is only observed after the maximum shear
stress. We summarized in Fig. 3 the temperature rise at the
maximum shear stress, i.e., before ASB initiation. All of the
temperature rises are in the range of 50°C-90°C with
acceptable errors. Since this temperature rise is measured
before ASB formation, it is relatively uniform at the site of
measurement and could be used to derive the Taylor-
Quinney factor g [42]:

ar =e, (1)

pPCy

where f is the Taylor-Quiney factor and Wp the specific
plastic work.

Our results indicate that the Taylor-Quinney factor is
between 0.25 and 0.55, and is dependent on the loading
rate. This experimental value is far below the traditionally
used empirical value of 0.9-1.0. The same tendency was
also found by Zhang et al. [30], where they derived f values
to be from 0.3 at strain rate of 1100/sec to 0.96 at
4200/ sec for 7075 aluminum alloy.

Temperature within ASB.—Because the size of one pixel
for the IR detector corresponds to 150 x 150 um, it is
larger than the width of the ASB in the titanium specimen
used here (about 8 ym). Since the magnification of the
optical system is 1:1, the ASB takes up only part of the
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FIG. 4. Time sequence of the occurrence of typical events in the
dynamic shear failure process. It shows that peak shear stress
comes first, followed by ASB initiation, and the maximum
temperature rise comes last. These results greatly clarified the
causality of these important events during dynamic loading of the
shear-compression specimen.

pixel, which deviates from the calibration condition. ASB
may also overlap with more than one pixel. Based on
thermal equilibrium, the reading of temperature of the ith
pixel could be written as [33]:

AT} = ATy + AT (2)

where A;, Aj;, and A, correspond to the ith, “hot” and
“cold” regions of the pixel, respectively. T;, Tj;, and T; are
the overall temperature, the temperature of the hot region
(ASB), and the temperature of the cold region, respectively.
Based on the measured data of different pixels, the local
temperature of ASB is derived to be about 350 °C-650 °C.

Roles of ASB, temperature, and load bearing capacity in
the deformation process.—The correlation between ASB
initiation, temperature rise, and stress collapse in the
deformation of a viscoplastic solid has long been an issue
of debate. Thermal softening was believed to be the
dominant mechanism that triggers ASB; however, initiation
of ASB at the maximum stress was the basic assumption of
most popular analytical criterions derived by Culver [12],
Bai [43], and others as reviewed and summarized by Walley
[44]. In other words, the causality has remained unclarified
primarily because these processes are temporally very close
to each other.

In this Letter, the relative time of ASB initiation, maximum
stress, and maximum temperature are recorded by synchro-
nizing high-speed photography, SHPB acquisition system,
and IR temperature measurement. A summary of their time
sequences is provided in Fig. 4. Combining the experimental
results of Figs. 1, 2, and 4, it is clear that ASB initiates after
the maximum shear stress. This experimental evidence
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indicates that the predicted critical shear strain from the
above-mentioned criterions might be an underestimate. This
observation also suggests that ASB may not be the predomi-
nant reason for stress collapse. On the contrary, it might be
the stress drop that causes ASB initiation. As for the reason
for stress drop (or ASB initiation), there are two potential
candidates: thermal softening and microdamage induced by a
large strain. From the temperature measurement results, as
shown in Fig. 3, the temperature rise at the maximum stress is
about 50°C —90°C, corresponding to a stress drop of
30-54 MPa for titanium [23,45]. This thermal softening is
global, uniformly distributed over the deformation zone, and
is relatively small compared to the overall flow stress.
Moreover, the local strain rate begins to increase with the
localization process and the strengthening due to strain rate
hardening is in the range of 50-60 MPa [23,45]. These
considerations suggest that thermal softening alone may not
be enough to trigger the sudden stress drop or ASB initiation.
Dodd and Atkins [46] found that the softening effect of
microvoids in the shear localization process was significant.
Xu et al. [47] also believed that the sharp drop in the load-
carrying capacity was associated with the growth and
coalescence of microcracks rather than the occurrence of
the shear localization. Microcracks have also been observed
in this work during ASB formation by interrupted dynamic
tests. Therefore, microdamage induced by the large plastic
strain could be another origin of softening. Recently, geo-
metric variation and microstructure inhomogeneity were
introduced by Guo et al. [48] and Rittel and co-workers
[49,50] into their numerical models, where grain rotation and
dynamic recrystallization were claimed to be the softening
mechanisms, respectively. Nevertheless, the localization
process would accelerate the growth of the microcracks,
speeding up the temperature rise as well as exacerbating the
geometric softening.

The maximum temperature rise was detected about 30 us
after ASB initiation. As such, it is believed that the
accelerated temperature rises as detected by the IR sensors
are a consequence of the formation and propagation of
ASB. By analyzing the high-speed photographic snapshots,
this research found that it needs only less than 10 us for the
shear band to propagate through the entire specimen,
indicating that the completion of ASB is not necessarily
connected to the maximum temperature. Further localized
deformation promotes the development of ASB, which in
turn leads to further local rises in temperature. In fact,
from the experimental results of Duffy et al. [34,35], Ranc
et al. [36], and Rittel et al. [41], the delay of temperature
rises with respect to stress collapse was observed in
materials such as magnesium alloys, titanium alloys,
and steels. These tests incorporated direct observation of
ASB formation, which makes their causality relationship
more explicit. If these events are ranked chronologically, it
should be stress peak, ASB initiation, ASB propagation or
temperature rise, and maximum temperature or macrocrack

formation. The observed fact that temperature rise happens
quite after ASB initiation suggests that it should not be the
trigger for ASB formation. Therefore, the analytical and
numerical analyses found in the literature based on thermal
perturbation or thermal softening lose their foundation.
Although this conclusion is drawn based on a crystalline
material, it should be relevant to amorphous metals where
the causality of shear banding has also been an issue of
debate. Each of the two major hypotheses, i.e., thermal
softening and free volume softening, has its own argu-
ments. Some researchers [51] proposed based on numerical
modeling that the onset of shear band was mainly induced
by free volume and the temperature increase was its
consequence, a notion in line with our experimental
observations. As such, we believe that softening from
microstructural variation should be equally true for both
amorphous and crystalline metals.

To summarize, adiabatic shear localization is tradition-
ally considered to be a thermal-mechanical process, where
thermal perturbation or softening is always adopted as the
trigger for ASB initiation. Our experimental results
unequivocally revealed the opposite. That is, temperature
rise occurs after ASB formation, indicating that it should be
the consequence of ASB rather than its cause. Therefore,
the analytical and numerical analyses based on thermal
perturbation or thermal softening should be reconsidered.
This discovery should lay the foundation for further
physical, mechanistic, and mathematic considerations of
ASB, a very important phenomenon of instability of many
condensed matter systems.
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