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Adiabatic shear banding propagating at very large speed was observed during the unstable fracture of
TRIP-TWIP 8 -metastable Ti-12 wt% Mo alloy under quasi-static loading. The fusible coating method
was used with five different coatings to assess the predicted temperature variations. Two one-
dimensional models are compared based on parameters measured on fractured samples of Ti-12 wt%

Mo alloy. The importance of the thickness of the shear band as well as of the shearing time are high-
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lighted. A new two-dimensional model is then developed to represent the nucleation and propagation
of the shear band. Finally, an analytical one-dimensional model is proposed to estimate the temperature
rise occurring during adiabatic shear banding of other metallic alloys from easily accessible physical and

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Adiabatic shear banding (ASB) was recently identified during
the fracture of TRIP-TWIP p -metastable Ti-12 wt% Mo alloy under
quasi-static loading [1,2]. Adiabatic shear banding occurs when the
strains localize in a shear band with a very large associated strain
rate. It can be activated when softening mechanisms, including
thermal softening, significantly overcome the different work hard-
ening sources. Thermal softening occurs when the heat production
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rate is larger than the heat dissipation rate, i.e. usually during
dynamic loading. Hence, adiabatic shear banding was mainly stud-
ied during controlled dynamic testing [3], but it has also been
observed at quasi-static strain rate at very low temperatures [4],
or in materials with very low work hardening such as nanocrys-
talline materials or bulk metallic glasses [5,6]. The investigated
Ti-12 wt% Mo alloy, called Ti-12Mo hereafter, does not fit with
these criteria as it presents a very large work hardening [7] while
it was loaded at quasi-static strain rate at room temperature.

The activation of adiabatic shear banding was related to a very
large crack propagation speed in Ti-12Mo [2]. Because of its very
large ductility as well as its damage resistance [ 1], plastic deforma-
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tion strongly localizes in a shear band at the end of plastic deforma-
tion of flat tensile samples in which fracture eventually initiates [2].
While the maximum speed of a shear band generally increases lin-
early with the loading speed [8-11], simulations predict a saturation
of the shear band propagation speed for very large loading speeds
[12,13]. According to Bonnet-Lebouvier et al. [13], two stages can
be distinguished depending on the loading speed: a first stable stage
in which the shear band propagation speed is governed by the exter-
nal work; and a second unstable stage in which the shear band prop-
agation speed becomes independent on the external work and
sensitive to the inertial effects. The theoretical maximum speed of
a shear band in its unstable regime was estimated around 50-60%
of the elastic shear wave speed [12,14,15]. In the case of Ti-12Mo,
the crack propagation speed increases up to 1840 m s, i.e. approx-
imately 59% of the speed of a shear wave in this material, corre-
sponding to a shear band propagating in an unstable regime [2].

A significant temperature rise occurring during the fracture was
confirmed by the use of the fusible coating method with Sn and Cu
coatings [1,2]. Large temperature rise associated with adiabatic
shear banding during quasi-static loading is not restricted to Ti-
12Mo alloy. Makel et al. [8-10] observed the formation of adiabatic
shear banding as well as melted patterns on the fracture surfaces
during the strain localization in shear lips and unstable fracture
of several Ti alloys (Ti-6Al-4V, Ti-8Mn, Ti-10V-2Fe-3Al) and of a
4340 steel during quasi-static loading. Adiabatic shear banding
can be at the origin of many microstructural changes. Indeed, a
local dynamic recrystallization was observed in Ti-12Mo [1]. An
accurate estimation of the local temperature rise is therefore
needed to understand these local transformations.

Temperature rise during ASB propagation has been analyzed
either based on analytical solutions [11,12] or on mesh or meshless
finite element (FE) simulations [13-18]. FE simulations allow a
thermomechanical coupling at each step of the deformation, as
well as the estimation of the local stresses, strains, strain rates
and temperatures during the band propagation. However, such
models can be heavy to implement, time consuming and requiring
the complete evolution of the material flow stress with strain,
strain rate and temperature as input data, as well as sometimes a
critical strain/temperature at which the constitutive model has to
be changed to represent additional softening mechanisms caused
by damage and/or local transformation into a viscous fluid.

Different authors tried to measure experimentally the tempera-
ture rise occurring during adiabatic shear banding using an array of
high-speed infrared detectors, but the temporal resolution was
limited (~0.5 ps) and the spot size of these detectors (5.5-
100 um) was generally larger than the width of the shear bands
[19-25]. It is also worth noting that experimentally studied adia-
batic shear bands generally correspond to the “stable” phase of
ASB propagation, for which the shear band propagation speed is
controlled by the loading speed [25]. ASB propagation during frac-
ture of Ti-12Mo corresponds to the “unstable” phase of ASB prop-
agation [25], where the shear band propagation speed saturates at
a maximum value bounded by the speed of an elastic shear wave
[2]. As a consequence, the shearing time is very short (~0.2 ps).
Moreover, the thickness of the ASB formed in Ti-12Mo is very
small, in the range of 1-3 um [1]. Excellent temporal and spatial
resolutions are therefore needed to measure the temperature rise
occurring during the fracture of Ti-12Mo.

The use of the fusible coating method allows an indirect estima-
tion of the maximum temperature rise reached in and close to the
band, with excellent spatial and temporal resolutions. The fusible
coating method was proposed by Lewandowski and Greer [26] to
estimate the heat content and the maximum temperature reached
in a shear band during the fracture of a bulk metallic glass. It con-
sisted originally in a thin film of Sn coated on the surface of a bend-
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test specimen before loading. After fracture, the length over which
the coating melted was correlated to the heat content produced in
the shear band with a simple one-dimensional heat diffusion equa-
tion. This heat content was however overestimated by Lewan-
dowski and Greer [26] as the heat production was considered as
instantaneously produced in a plane. Battezatti et al. [27] consid-
ered the production of heat at a given rate in a shear band with a
given thickness and shearing time by finite element simulation.
However, they underestimated the shearing time by taking the
speed of an elastic shear wave as the shearing speed. It was argued
by Georgarakis et al. [28] and Miracle et al. [29] that the shearing
speed is bounded by the time of redistribution of elastic stresses
at the tip of the propagating shear band, corresponding to a shear-
ing speed of about 10% of the speed of an elastic shear wave. Geor-
garakis et al [28] and Slaughter et al. [30] highlighted the
importance of a short shearing time to allow sufficient tempera-
ture rise, but they did not take into account the thickness of the
shear band. Wang et al. [31] proposed an analytical model taking
into account both the thickness and shearing time, showing the
superior influence of the shearing time compared to the influence
of the thickness. Different estimates were given for the shearing
time in the literature, either measured by high speed imaging tech-
niques [21,23,32] or estimated from a fraction of the speed of a
transverse sound wave [15,16,19,25,26,29,33].

In these different models, ASB propagation is considered quasi-
instantaneous, homogeneous through the section of the specimen
and therefore translated as one-dimensional heat diffusion equa-
tion. However, ASB is a physical mechanism comprising a nucle-
ation and a propagation stage [19,34]|. Furthermore, the ASB
propagation speed is not constant during unstable fracture, partic-
ularly in the case of Ti-12Mo [2]. A two-dimensional heat diffusion
equation is thus mandatory to model the temperature rise during
ASB propagation. Miracle et al. [29] proposed a pseudo 2D-heat dif-
fusion equation by replacing the time dimension by a second space
dimension with the use of the shear band propagation speed in a
1D-film heat diffusion equation. They considered that the entire
heat content is released at the nucleation spot and then diffused
and traveled in the shear band with the crack propagation. How-
ever, the local temperatures cannot be considered to move at the
same speed as the ASB propagation so that this pseudo-2D heat dif-
fusion equation is physically incorrect.

In this work, the shearing time was estimated from the evolu-
tion of the fracture speed measured by high speed imaging [2].
The fusible coating method was used with five different coatings
to measure the maximum temperature rise reached at different
distances from the fracture surface. The experimental reconsti-
tuted curve of the maximum temperature rise reached with
respect to the distance to the center of the shear band was then
used to compare two one-dimensional models: (i) the model orig-
inally proposed by Lewandowski et al. [26] considering an instan-
taneous heat produced in a plane and (ii) the heat diffusion
equation with the heat produced homogeneously in a shear band
of finite thickness during a finite time, as proposed by Wang
et al. [31]. Furthermore, a new two-dimensional finite element
model was developed by extending the one proposed by Wang
et al. [31] to present the evolution of the temperature during the
complete ASB propagation. Eventually, a set of simple analytical
equations will be proposed to estimate the temperature rise that
would occur in other alloys during a hypothetical unstable fracture
based on easily accessible mechanical and physical properties.

2. Materials and methods

Ingot of Ti-12Mo alloy was processed from commercially pure
titanium and molybdenum by the self-consumable melting tech-
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nique. The chemical composition after casting, measured by Induc-
tively Coupled Plasma (ICP), gave Ti-11.8Mo-0.02Fe-0.01Cu-
0.01150 (in wt.%). A 10 mm-thick slice of the ingot was $ - solu-
tionised at 900 °C during 15 min, followed by water quenching.
It was then cold rolled down to 1.0 mm, corresponding to a reduc-
tion level of 90%. A recrystallization treatment was carried out at
900 °C for 15 min in high-purity Ar atmosphere, followed by water
quenching to retain the fully g microstructure at room tempera-
ture. It is worth noting that nano-sized athermal g, phase is also
present in the microstructure, as shown in previous work [7].
Uniaxial tension was carried out on specimens with a calibrated
gauge length of 26 mm, and a gauge section of 1.1 x 6.1 mm? at 1
mm min~'. They were previously polished down to 1 um diamond
paste and OPS. Prior to tensile testing, five different coatings were
deposited on the tensile specimen, with increasing melting temper-
ature: Sn (T = 232 °C), Zn (T = 419.5°C), Al (T, =660 °C), Cu
(T = 1085 "C) and Pd (T, = 1555 "C). The coatings were deposited
by PVD at a speed of 2 A s~ for Sn and 1 A s~ for the other coatings.
The area of the fracture surface was estimated as the product of
the smallest width and the smallest thickness in the most deformed
part of the tensile specimen. The thickness was averaged on 10
measurements through the width. The true tensile fracture stress
and strain were calculated from the area of the fracture surface,
as the mean (+ standard deviation) of the true tensile fracture stress

True stress [MPa]

1,000 : E

500 f N

0 . . . . .
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True strain [/]
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Fig. 1. True stress - true strain curve of the investigated Ti-12Mo alloy. The post-
necking curve is extrapolated up to the true fracture strain and stress, averaged on 5
measurements and drawn with their standard deviations.

Al (T, = 660°C)
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and strain of each coated tensile specimen. The angle formed by the
fracture surface was measured by White Light Interferometry.

The specific heat capacity was measured by differential scan-
ning calorimetry under Ar atmosphere, at a rate of 10 K min~" from
room temperature to 1273 K. The thermal diffusivity was mea-
sured by the laser flash technique, in agreement with the ASTM
E-1461 standard. The thermal diffusivity was averaged from three
measurements estimated at 300, 873, 1073, 1273, 1373, 1473,
1573 K, with a plateau of 50 min before the first heat shot and a
heat rate of 10 Kmin~' between each temperature. The evolution
of the density was measured by dilatometry under vacuum, at a
heating/cooling rate of 1 °C s~1, with a plateau of 60 s at the max-
imum temperature (1223 K).

It is worth noting that the determination of the thermophysical
properties of Ti-12Mo suffers from some uncertainties related to
the metastable state of the microstructure which is mechanically
tested, with respect to the more thermodynamically stable state
on which these physical properties were estimated. However, it
can be postulated that the measured values are representative of
the investigated alloy. The details of the evolution of the specific
heat capacity, thermal diffusivity and density of Ti-12Mo with
temperature are given in Supplementary Figs. 1, 2 and 3.

3. Results
3.1. Mechanical properties

Fig. 1 presents the true stress - true strain curve of Ti-12Mo. The
post-necking behavior is an extrapolated power-law fit between
the necking point and the true tensile fracture point. A true tensile
fracture stress of 1375+ 118 MPa was estimated from the last
recorded force and fracture area of the five coated tensile speci-
mens. Its large strain-hardening brings a large ductility in terms
of true uniform strain (0.3) but also in terms of true tensile fracture
strain (1.02 +£0.10).

3.2. Fusible coating method

Fig. 2 presents the morphology of the coatings in the as depos-
ited state before tensile testing as well as after tensile testing. The

Cu (T;,, = 1085°C)

Pd (T;,, = 1555°C)

Fig. 2. SEM micrographs of the coatings before (a-e) and after the tensile test (f-j) near the fracture surface, presented in increasing order of their melted temperatures T,,: Sn
(a-f), Zn (b-g), Al (c-h), Cu (d-i), Pd (e-j). 4 zones can be distinguished in the coating morphology after the tensile test: the coating (1) melted and resolidified continuously; (2)
melted and resolidified discontinuously; (3) partially melted; (4) did not melt. (f) A line of Sn coating parallel to the tensile direction was removed before the test. The frontier
between the coated and non-coated part of the tensile specimen is highlighted by the black dashed line.

3
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initial coating (Fig. 2(a)-(e)) is continuous in the case of Al, Cu and
Pd but non-continuous in the case of Sn and Zn. After fracture
(Fig. 2(f)-(g)), the morphology of the coatings near the fracture sur-
face is modified. Every coating melted close to the fracture surface,
proving that the temperature reached at least 1828 K there. Differ-
ent zones can be distinguished, even though they are not present
on every specimen; a first zone (1) where the coating melted and
resolidified as a continuous layer; a second zone (2) where the
coating melted and resolidified discontinuously; a third zone (3)
where some coatings partially melted; and a fourth zone (4) where
the coating did not melt but were deformed by the tensile elonga-
tion. Fig. 2(f) illustrates the appearance of a non-coated part of the
tensile specimen (on the left of the dashed line). Zone (1) corre-
sponds to a specific part of the fractured tensile specimen where
the material is the most deformed, closer to the fracture surface.

For the coatings with the lowest melting temperature (Sn and
Zn coatings), the transition between the melted coating and non-
melted coating is not clear and a zone (3) with partially melted
coating appears. It is considered that the melting temperature
was reached at the limit between the partially melted zone (3)
and non-melted zone (4). Fig. 2(h) presents the case of Al coating.
Apart from zone (1) where the coating is continuous, it is difficult
to differentiate the non-melted coating from the melted coating
underneath as the surface roughness of the coating is not modified
by its melting. The transition between melted and non-melted
coating length was set based on the larger wettability of the coat-
ing near the fracture zone. Fig. 2(i) presents the case of Cu coating.
The transition between the melted coating (2) and the non-melted
coating (4) is very clear. Fig. 2(j) presents the case of Pd coating,
which always melted along the whole zone (1), corresponding to
the specific deformation level in the material (see non-coated part
of Fig. 2(f)). Its melted length corresponds therefore to the length of
zone (1).

In order to use the fusible coating method, the distance at which
the coating melted must be taken at the shortest distance from the
fracture surface, i.e. perpendicularly and not along the coated side
as they were measured. The smallest distance to the fracture sur-
face is given by x =1.cos0 [26], where [ is the length of melted
coating measured along the coated side and 6 is the associated
angle formed between the fracture surface and the horizontal
direction (i.e. perpendicularly to the tensile direction). Table 1 pre-
sents the average angle 0 (mean =+ standard deviation), measured
melted length I and the associated distances x for the five coatings.

4. Discussion
4.1. Fracture scenario

The heat diffusion models presented in the next sections were
adapted to the fracture process of Ti-12Mo that can be summarized
as follows. Ti-12Mo presents a very large ductility, leading to dif-
fuse then localized necking with hardly any damage occurrence
[2]. At a true strain level around 1.0, a crack initiates at the surface
of the tensile specimen in the necking zone by a pure mode III
shear, i.e. the material is sheared through its thickness but the
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crack propagates towards the direction of its width. A thin shear
band is formed and equiaxed cavities are formed in the center of
the tensile specimen inside the shear band, changing the pure
mode III fracture into a mixed mode I-III fracture in the center of
the specimen. At the end of the crack propagation, mode III fracture
evolves into a mode II fracture at the edges of the specimen, with
the material sheared through its width (i.e. with the shear direc-
tion parallel to the crack propagation direction) [2].

For each coated specimen, the coating melted only on one of the
two fractured parts near the fracture surface, proving that a non-
negligible temperature rise occurs only after the fracture initiation
[2]. Moreover, the wettability of the melted coating present on the
fracture surface increases when moving closer to the center of the
fracture surface, proving that the local temperature increases dur-
ing the shear event through the thickness of the tensile specimen
[2]. Therefore, a large heat release rate at the origin of the non-
negligible temperature rise is produced during the mode III shear-
ing process.

Finally, a large variation in the length of melted coatings was
measured along the fracture surface, showing that the temperature
rise is not constant but varies during the crack propagation [2].
Some melted patterns were also found on the fracture surface
and were associated with the location of the largest lengths of
melted coatings [2], proving that a local temperature close
to the melting temperature of the alloy is reached during its
fracture.

4.2. Advantages and disadvantages of the different coatings

Five different coatings were considered to characterize the tem-
perature rise occurring during the fracture of Ti-12Mo. Not all of
them were perfectly suited as the limit between the melted and
non-melted zones are sometimes difficult to set. Aluminum for
example does not seem to fit correctly the fusible coating method
in this case because the melted and resolidified Al coating mostly
kept the same appearance as the non-melted coating, leading to
a quasi-systematic underestimation of the limit between the
non-melted and the melted coating.

Choosing a coating with a low melting temperature results in
larger variations of the length of melted coatings with the variation
of the local temperature, hence allowing a better sensitivity to vari-
ations of the heat release rate. However, coatings with a low melt-
ing temperature such as Sn (T, = 505K) and Zn (T, = 692.5 K)
gave rise to a zone with partially melted coating (see Fig. 2(f)-(g)),
decreasing the accuracy of the measurements. When the melting
temperature of the coating is very close to the maximum tempera-
ture reached as for the Pd coating (T, = 1828 K) in the case of Ti-
12Mo, a low sensitivity to the temperature variation is obtained,
as the Pd coating always melted on a distance smaller than 1 pm,
along the whole length of zone (1) (see Fig. 2(j)). However, choosing
coatings with a melting temperature close to the maximum tem-
perature reached, such as Cu (T, = 1358 K) or Pd in the case of
Ti-12Mo, allow a high accuracy of the fusible coating method mea-
surement, with a clear transition between the melted and resolidi-
fied coating and the non-melted coating.

Table 1

Length of melted coating | [um] measured on the fractured tensile specimen and the corrected minimum distance from the fracture surface x [um] for each coating.
Coating Sn Zn Al Cu Pd
Tm [K] 505 692.5 933 1358 1828
01°] 42+7 41+4 37+6 4345 38+7
1 [pm] 8.0+3.38 58+39 1.1+07 1.0+0.6 0.8+0.2
X [pm] 58+2.7 43+28 09+0.6 08+0.5 0.6+0.1
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4.3. Parameters of the models

Three models estimating the temperature rise in the shear band
are considered here, with increasing accuracy as well as computa-
tion time. All three models are built around a common set of
parameters that will be first assessed. The parameters are divided
between the thermo-physical properties of the alloy (density, heat
capacity, thermal diffusivity, Taylor-Quinney coefficient), the
geometry of the shear band measured on fractured tensile speci-
mens (thickness of the band, length of the shear offset) and the
mechanical parameters (average true shear stress at fracture,
shearing speed). The parameters used are summarized in Table 2.

The thermo-physical properties of the alloy, i.e. density p, heat
capacity C, and thermal diffusivity o, vary with temperature (Sup-
plementary Figs. 1, 2 and 3). However, some models consider fixed
values of these physical properties. The question thus arises of the
temperature at which the physical properties have to be consid-
ered. In the present case, this temperature was chosen by compar-
ing the calculated temperature distribution (detailed in
Section 4.5) using fixed values with the results based on the phys-
ical properties varying with temperature. The best correspondence
was obtained using the physical properties of Ti-12Mo at 1118.5 K
(Supplementary Fig. 4).

Regarding the geometrical characteristics of the shear band, the
half thickness of the shear band h was deduced from the observa-
tion of the fractured tensile specimen with and without coating
shown in Fig. 2(f). We propose that the zone called zone (1) in
Fig. 2(f) corresponds to the half-thickness of the shear band.
Indeed, this zone is thinner than the rest of the fractured speci-
mens and presents the highest wettability for the different coat-
ings, i.e. a significantly larger temperature was always reached in
this zone (at least 1828 K according to the melting of the Pd coat-
ing). The length of zone (1) was measured as [ = 0.7 + 0.1 pm for
every fractured tensile specimens. However, the half-thickness of
the shear band h must be taken perpendicularly to the fracture sur-
face as for the coating melted lengths: h = 0.5 +£0.1 um. This is
coherent with the shear band thickness of 1 um measured below
the fracture surface in previous work, increasing up to 3 pm in
the presence of cavities [1].

The amplitude of the shear is given by the shear offset Az mea-
sured on the fracture surface, i.e. the length on which the specimen
was purely sheared. Indeed, fracture initiates and propagates by a
through-thickness mode III shear, and ends by a mode II shear at its
edges [2]. Some ripples were sometimes formed at the edge of the
sheared surface in the fracture initiation zone and were not taken
into account in the measurement of the sheared surface. Indeed,
these ripples are formed during the dissipation of a large amount
of plastic work on free surfaces before the crack propagation [2].

The plastic work dissipated by the through-thickness shear can
be defined as the integral of the true shear stress T and the true
shear strain rate 7§ over the shearing time: W,=
JT(t)p(t)ot ] m~3]. However, the evolution of the true shear stress
and true shear strain rate are unknown. A reasonable assumption
consists in considering the true shear stress and strain rate as con-
stant. The true shear stress is estimated from the true tensile frac-
ture stress, oy, and the average angle 6 between the fracture

Table 2
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surface and the tensile direction, for the Cu-coated tensile
specimen: T = 6y.sinf.cosf ~ 700 MPa. The shear strain rate is
estimated from the shearing speed v; and from the half-
thickness of the shear band j = % [s~']. The plastic work rate is

therefore estimated as W, =% [Jm>s']. The shearing time
At [s] is taken as the ratio between the shear offset Az and the
shearing speed v.

While the shearing speed v, through the thickness of the tensile
specimen could not be measured, the fracture speed, i.e. the speed
of the crack propagation through the width of the tensile specimen
vp, was measured using high-speed imaging in a previous work [2].
Fig. 3 presents the variation of the average crack propagation speed
with the normalized crack propagation distance. The fracture speed
increases up to a maximum of 1840 m s~! after 20-50% of the nor-
malized crack propagation distance, then decreases to a crack stop
after about 80% of this distance. The crack arrest corresponds to the
transition between mode III and mode II crack propagation. The
crack speed increases then up to 940 m s~! until the end of the crack
propagation. As the crack speed evolution follows the same trend
for all recorded crack propagations, an average evolution of the
crack propagation speed was obtained by averaging three interpo-
lation curves. According to Miracle et al. [29], the shearing speed is
related to the crack propagation speed by the following relation:
vs =4yv, ~ 0.08v,, where y is the elastic shear strain, given by
the shearing stress 7 divided by the shear modulus G (around 35
GPa for a g -metastable Ti alloy [35]). The maximum measured frac-
ture speed was 1840 ms~! [2], therefore the shearing speed in
Ti12Mo can increase up to about 150 m s~1. The shearing speed will
thus be varied between 0 and 150 m s~! in the different models.

Finally, the Taylor-Quinney coefficient g defines the heat rate as
a proportion of the plastic work rate externally applied. It is gener-
ally taken as 0.9 [15-17,31], even though this coefficient varies
with many parameters (loading conditions, temperature, material,
grain size, ...) as it depends on the fraction of applied plastic work
rate stored inside the microstructure [36]. This coefficient may also
vary with the strain level [37]. A large variability of the Taylor-
Quinney coefficient exists therefore in the literature for the same
material [36-38]. A Taylor-Quinney coefficient varying between
0.2 and 1 was estimated in TA6V alloy [38,39] and between 0.75
and 1 in Cp-Ti alloy [38]. A significant increase of the coefficient
was measured in Cp-Ti when the loading conditions favor mechan-
ical twinning, as the formation of twins seems less effective to
store internal energy as compared to dislocation glide [38]. More-
over, Kositski et al. [37], using molecular dynamics simulations,
showed that a coefficient close to 1 can be obtained at large strain
levels when the density of stored defects within the microstructure
reaches a steady state level. A coefficient larger than 1 could even
be momentarily reached with the activation of mechanisms
decreasing the internal energy of the microstructure, as grain
growth for example [37]. Therefore, a large Taylor-Quinney coeffi-
cient can be expected at the end of the deformation of Ti-12Mo,
considering the large dislocations density already stored and the
dynamic recrystallization probably activated during adiabatic
shear banding [1]. In the absence of actual measurement of this
coefficient, a relatively large value of 0.9 is considered.

Parameters of the models. p,C,, o are the density, heat capacity and thermal diffusivity at 1118.5 K of Ti-12Mo, respectively. h is the half-thickness of the shear band; Az is the
length of the shear offset created during the through-thickness shear; 7 is true shear stress; v; is the shearing speed;  is the Taylor-Quinney coefficient defining the proportion of

work converted into heat.

p (kg m~?] G, Jkg ' K a[m?s ] h [m]

Az [m] T [Pa] B/

vs [ms~!]

4690 695 6.9710°° 51077

0-150 0.9

27107° 7108
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Fig. 3. Average evolution of the fracture speed in Ti-12Mo as a function of the normalized distance from the fracture initiation point to the end of the crack propagation,
estimated from three high-speed imaging measurements (dotted lines) at the end of quasi-static tensile presented in a previous work [2].

4.4. One-dimensional models

The first model presented in this paper describing the temper-
ature rise produced during shear banding was proposed by Lewan-
dowski and Greer [26] when they assessed the fusible coating
method. In their work, the temperature rise AT; was estimated
from the one-dimensional diffusion equation applied to thin films,
in which the heat H [ Jm~2 | is produced instantaneously and
homogeneously along a zero-thickness shear band:

H [1
AT =556V ma®

with x [m] is the distance from the shear band and t [s] is the time
following the release of the heat content of the shear band. The
maximum temperature ATy, reached at a distance x from the shear
band is given by:

2

4ot

(1)

H 1

AT =—
T 0C, x2Te

(2)

Following the work of Lewandowski et al. [26], the heat content
can be estimated from the distance over which Cu and Pd coatings
melted. The estimations are very close, 11.5 k] m~2 for the Cu coat-
ing and 12.4 k] m~2 for the Pd coating. A mean heat content of 12.0
k] m~2 will then be used. As this model considers an instantaneous
heat production in a zero-thickness band, the temperature tends to
infinite in the shear band when the heat is produced. To estimate
the maximum temperature reached in the shear band AT})?, a
shearing time At must be introduced:

H o1
pC, V oAt

Fig. 4(a) presents the variation of the maximum temperature
reached as a function of the distance from the shear band accord-

AT = 3)

ing to this simple model based on one-dimensional heat diffusion.
Equation (2) was bounded by Equation (3) for the maximum tem-
perature reached to avoid the non-physical divergent temperature
predicted by Equation (2) when approaching the shear band. The
maximum shearing speed induces a temperature of 2147 K in
the shear band, i.e. over the melting temperature of Ti-12Mo
(1973 K). Minimum shearing speeds of 50 ms~! and 103 ms™'
are required to reach the melting temperatures of the Cu and Pd
coatings, respectively. Obviously, the model fits well with the
length of melted Cu and Pd coatings. The temperature is overesti-
mated regarding the Al coating, as expected (see Section 4.2), but is
also underestimated regarding the Sn and Zn coatings. Moreover,
the transition between Equations (2) and (3) is physically incorrect.

A second model was proposed by Wang et al. [31], for which the
temperature rise AT, was still estimated from a one-dimensional
diffusion equation but for which the heat is produced homoge-
neously in a shear band of finite thickness, during a non-zero
shearing time. The heat diffusion equation is divided in two parts
during shearing, corresponding to the material inside and outside
of the shear band:

OAT, AT, @

= +p—cp for x <h,0<t<At (4a)
OAT,  O°AT,

o = for x> h,0<t<At (4b)

where T, (x, t) is the variation of the temperature with the distance x
from the center of the shear band and the time t; and w is the
heat release rate estimated from the dissipated plastic work rate
[Jm? s ]

The resolution of Egs. (4a) and (4b) for a zero initial tempera-
ture gives [40]:

t 2 h—x) 2 (h-&-x)]
AT, =—— |1 - 2i%erfc — 2ierfc for x<h, 0<t<At
: pCp[ T <2\/oct f 2Vt

(53)
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Fig. 4. Maximum temperature reached at a given distance from the center of the shear band, considering the heat produced (a) instantaneously and in a zero-thickness plane
[26]; (b) during the shearing time in a shear band of finite thickness [31]. (c) Comparison between the first model (T, ) and the second model (T, ) for the heat content
estimated from the mechanical work, and a shearing speed of 150 ms~"'.

ot ., x—_h 5 h+x For t > At, Eq. (4b) can be resolved with an initial distribution of
AT, = e [2' erfc (2\/ﬁ) — 20 erfc (2 m)] for x>h 0<t<At temperature f(x) corresponding to the distribution of temperature
(5b) at the end of the shear [41]:

(x—u)’

1 / /
AT, = u)exp [ — du for t >0,t=t +At
= e /10 p( 4ow>

where ?erfc(x) = 0.25 [(1 +2x)erfe(x) — Zx exp(—xz)]. (6)
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Fig. 4(b) presents the variation of the maximum temperature
reached as a function of the distance from the shear band accord-
ing to this more detailed analytical model of one-dimensional heat
diffusion. As for the first model, the shearing speed mostly influ-
ences the temperature rise in and near the shear band. The curves
are superimposed at a larger distance from the fracture surface as
they all correspond to the same heat content. Shearing speeds
ranging from 31 ms~! to 150 ms~! seem adequate to fit with
the melted lengths of Cu coating. It ranges from 98 ms! to
150 ms~! for the Pd coating. The melted lengths of Al coating
are underestimated, as expected, but the temperature distribution
quite correctly fits with the melted lengths of Sn and Zn coatings.

In order to compare the first and second models, the same heat
content must be used. The total heat content H [ ] m—2 ] dissipated
during shear banding can be estimated from the heat release rate
as:

H = 2hpiAt, ()
which can be simplified considering the definition of the heat
release rate o [ m=3 s71] given in Section 4.3:

H = ptAz. (8)

In the case of shear banding in Ti-12Mo, the heat content was
estimated as 17.0 k] m—2.

The maximum temperature distribution for the first and second
models are represented in Fig. 4(c) for a shearing speed of
150 m s~'. Without taking into account the thickness of the shear
band, the first model with instantaneous release of heat in a zero-
thickness band predicts a much higher temperature for distances
smaller than 1 um from the center of the shear band, i.e. over twice
the thickness of the shear band. The distance over which the two
models predict different temperatures increases when the shearing
speed decreases, reaching up to 3 um for a shearing speed of
31 ms~! (Fig. 4(b)). As a consequence, the first model would lead
to an underestimation of the heat content if the length of the
melted coating is located in this zone, i.e. if the length of the
melted coating is small. However, it was discussed in Section 4.2
that a small melted length is generally preferred to avoid zones
of partially melted coatings and larger standard deviations of the
measurements. A coating with a low melting temperature is there-
fore preferred when using the first model, while a coating with a
higher melting temperature is preferred when using the second
model.

As a conclusion, the first model is simpler and accurate enough
to predict the correct order of magnitude of the temperature dur-
ing shear banding. However, the thickness and shearing time must
be taken into account if more accurate heat content and maximum
temperature reached in and near the center of the shear band are
required.

4.5. Two-dimensional model

Both models developed in the previous section consider the
homogeneous release of heat in the shear band, in the whole sec-
tion of the tensile specimen. However, fracture by shear banding
is not a homogeneous process. Indeed, shear band first nucleates
and then propagates. As a consequence, the temperature increases
in two directions: along the thickness during the shearing step and
along the width during the crack propagation [2]. We propose here
a true two-dimensional heat diffusion model, based on multiple
heat sources spread along the width of the tensile specimen, acti-
vated by the crack propagation and thus during the through-
thickness shearing step. The time at which shear banding starts,
t;, and shear banding ends, t;, are therefore different for each loca-
tion along the width of the tensile specimen. Two-dimensional
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heat diffusion equations were used, based on the same structure
as Egs. 4(a) and 4(b), i.e. considering the heat diffusion inside
(x < h) and outside (x > h) of the shear band all along the width
of the tensile specimen:

OAT,  PAT, AT, o

5t = o 2 92 ) G, for x<h, ti<t<ts (9a)
OAT,  (O°AT, AT,

T oc( e + 72 for x>h, ti<t<ts (9b)

with the heat release rate, w = t4 [Jm~s!]. To simplify the
problem, the true shear stress T and the thickness of the shear band
2h are considered constant during the crack propagation. The heat
release rate therefore only varies with the shearing speed ;. For
the simulation, the shear offset Az [m] and the shearing speed
vs [ ms~! ] were estimated at several spots along the crack propa-
gation path where the length of melted Cu coating was measured,
every 90 um on average. The time at which shear banding starts

at each measurement spot t; = [-2 is given by the time after frac-
p 20 15 8 y

ture initiation at which the crack reaches the given measurement
spot at the fracture speed v,. The time at which shear banding ends
tr = t; + At is given by the total shearing time At at the given mea-
surement spot, computed from the ratio between the local width of
sheared offset Az and the local value of the shearing speed v;. The
heat content brought in each measurement spot depends therefore
mainly on the width of the local shear offset Az, while the heat rate
depends on the local shearing speed v:.

The model relies on the variation of the shearing speed during
the crack propagation. Fig. 5 presents the estimated evolution of
this shearing speed, based on the average evolution of the crack
propagation speed during the mode III crack propagation. Close
to the end of the fracture process, the crack propagation switches
to mode II shear fracture. In these zones, the Cu coating was
removed near the fracture surface, hence the edges of the specimen
could not be mapped. Only the speed variation for the first 80% of
the crack propagation distance when the crack propagates in mode
Il was thus used for the evolution of the shearing speed in the
simulation.

Egs. (9a) and (9b) were solved by the finite elements method
using COMSOL Multiphysics software. The length of the sample
was fixed to 500 pm to limit the size of the mesh. The boundary
conditions were defined as:

- Plane symmetry on either side of the center of the shear band;

- Adiabatic conditions for the lateral sides of the sample;

- Fixed temperature of 293 K at the extremity of the tensile sam-
ple far from the fracture surface.

The complete evolutions of the physical properties p, c,, o with
temperature were interpolated by cubic splines of the measured
data (presented in Supplementary Figs. 1, 2 and 3) up to the max-
imum temperature at which they were measured (at 1260 K for the
heat capacity c, and at 1574 K for the heat diffusivity o). In order to
estimate the evolution of the physical properties outside of the
measured temperature range, the values were extrapolated
according to a simple expected temperature evolution (linear evo-
lution for the heat capacity and the density, quadratic evolution for
the thermal diffusivity) [42].

The validity of the simulation as well as the quality of the mesh
refinement were checked by comparing this third model (consider-
ing temperature independent materials properties and a constant
shearing speed) with the second one-dimensional model presented
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Fig. 5. Evolution of the shearing speed for the Cu coated tensile specimen, estimated based on the average crack propagation speed during the first 80% of the crack
propagation from Fig. 3 for each point where the length of melted Cu coating was measured. The associated fracture surface is presented with the crack initiation site, and the

two edges fractured in mode II not taken into account in the simulation.

in Section 4.4. Similar temperature variations were obtained with
both models (Supplementary Fig. 4).

Fig. 6(a) presents the variation of the maximum temperature
reached with the distance from the shear band during the propaga-
tion of the crack. The temperature in the center of the shear band
remains close to room temperature at fracture initiation and
increases up to the melting temperature of the alloy during its
propagation. Temperatures larger than the ones predicted in the
one-dimensional heat diffusion simulation of the second model
are locally obtained, mainly because of the locally larger shear off-
set Az, implying a larger heat content. It is worth noting that the
three models presented in Sections 4.4 and 4.5 do not take into
account the energies associated to the various transformations
occurring during heating, i.e. reverse martensite transformation
into B, dynamic recrystallization and local melting.

The prediction fits quite well with the variations of the mea-
sured Cu melted coating. Moreover, the zones where the melting
temperature of the alloy was reached also correspond to the zones
where large Taylor patterns were observed on the fracture surface
(from 0 to 1.1 mm along the fracture surface in Figs. 5, 6(a)).
Finally, Fig. 6(b) compares the average measured length of the
melted coatings with the average distance at which the associated
melting temperature was simulated. The latter fits very well with
the measured data (except for the Al coating as discussed in
Section 4.2).

A two-dimensional approach is needed to model accurately the
temperature evolution during the propagation of a shear band. The
maximum temperature reached at the center of the shear band
increases during its propagation, contrarily to what Miracle et al.
proposed [29]. Moreover, the fracture speed is not constant during
the propagation of the crack in the case of the unstable fracture of
Ti-12Mo, contrarily to what is usually modeled in the literature for
adiabatic shear banding [25,33]. The shearing speed and shearing
time are not constant during the propagation of the shear band,
resulting in waves of larger temperature rise during its
propagation.
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Fig. 6. (a) Simulated 2D map of the maximum temperature reached in the case of
the Cu coated tensile specimen. The black dots correspond to the actual measure-
ments of the length of melted Cu coatings. The red and white dotted lines
correspond to the isothermal lines predicted by the model at 1953 K (ATTm“ZM“) and
at 1338 K (AT;“), respectively. (b) Comparison of the measured and simulated
lengths over which melting occurred for the different coatings.
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4.6. Estimation of the temperature rise for other materials

Based on the present analysis carried out in the case of the Ti-
12Mo alloy, the question of the maximum temperature that can
be reached for other materials exhibiting the same fracture mech-
anism can be raised. More generally, what could be the maximum
temperature rise during unstable adiabatic shear banding, for
example in shear lips at the end of the fracture of a ductile crys-
talline alloy or during fracture of bulk metallic glasses?

The evolution of the temperature rise predicted for Ti-12Mo is
quite accurate because most of the parameters dictating this shear
banding were directly measured from the fractured tensile speci-
men. In order to predict the temperature rise in a material without
having access to the broken samples, the different parameters of
the shear localization must be estimated from the properties of
the materials.

The heat capacity C, and thermal diffusivity o are fixed at about
half their melting temperature, as it gave a quite accurate temper-
ature distribution for Ti-12Mo compared to the temperature distri-
bution obtained by varying the physical properties with
temperature.

As for the previous models, the shear stress is kept constant and
estimated from the true tensile fracture stress, gy, and the fracture
angle, 0, taken as 45°, which corresponds to a pure shear fracture.
The true tensile fracture stress gy can itself be easily obtained from
the nominal stress at fracture g, and the reduction of area RA:

Onf

RA;
1-1%

(10)

N —

T = 0y.5in0.cos 0 ~

The maximum shearing speed v; is estimated from the speed of
a shear wave ¢, in the material, its shear stress 7 and its shear mod-
ulus G. The maximum shear propagation speed v, has been esti-
mated at about 60% of the speed of a shear wave c¢; in the
material during unstable shear propagation [16,33,43], which is
coherent with the crack propagation speed measured in Ti-12Mo
(vp = 59% c;). The shearing speed is itself bounded by the shear
propagation speed through the elastic shear strain y, as developed
by Miracle et al. [29]:

TC
Gt

The shear offset Az is required to estimate the total shearing
time:

Us = dyv, ~ (11)

At =22,

= (12)

As a first approximation, the same shear offset as measured for
Ti-12Mo will be used here. However, the shear offset probably var-
ies with many parameters, i.e. the mechanical properties of the
material, the type of loading or the local triaxiality at fracture.
For example, Lewandowski et al. [26] measured a shear offset of
the order of 1 um after a banding test in a bulk metallic glass. Mir-
acle et al. [29] also proposed that the shear offset varies with the

Table 3
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square of the dimension of the specimen. A post-fracture measure-
ment is advised to estimate more accurately this important
parameter.

The thickness of the shear band in which the plastic work local-
izes also influences the estimation of the temperature rise. Indeed,
it was shown in Section 4.4 that considering a zero-thickness shear
band leads to an overestimation of the local temperature rise. Dodd
and Bai [44] derived an estimation of the thickness of an adiabatic
shear band, which predicts the correct order of magnitude of the
thickness of adiabatic shear bands measured experimentally
[19,22]:

AT

h ~ .
Ty

(13)

where / is the thermal conductivity [W m~! K™'], and T, 7, ) are the
local temperature, shear stress and shear strain rate in the shear
band. The thickness of the shear band can also be linked to the shear
strain rate with the shearing speed:

Us
=% (14)

Combining Eqs. (13) and (14), an estimation of the half-
thickness independent from the local shear strain is obtained:

2.T
TUs

h ~

(15)

Hence, the order of magnitude of the local temperature is
needed for the estimation of the thickness of the shear band. While
overestimating the local temperature rise, the zero-thickness esti-
mation of the maximum temperature rise in the shear band (Eq.
(3)) predicts the correct order of magnitude (as discussed in Sec-
tion 4.4). An upper bound set by the melting temperature of the
alloy was applied.

The Taylor-Quinney coefficient varies as a function of the mate-
rial but also of the initial microstructure, loading conditions,
applied strain rate and strain level, as discussed in Section 4.3. As
this model aims at giving a general estimation of the local temper-
ature rise brought by an unstable fracture in different materials, a
constant Taylor-Quinney coefficient of 0.9 is considered.

Table 3 summarizes the parameters used for different materials
considered as hypothetically bringing shear banding.

A thickness of 1.9 pym, 1.4 pm, 3 um, 13.9 um and 0.3 um are pre-
dicted for Ti-12Mo, Ti-6Al-4V, 316L stainless steel, pure Al and
Vitreloy 1, respectively. The predicted thickness of the shear band
in Ti-12Mo fits well with the 1-3 pm range of shear band thickness
measured on fractured tensile specimen [1]. Thicknesses from
1 um to 40 um were observed for Ti-6Al-4V alloy [45,46] and from
10 um to 16 pm for 316L stainless steel [47]. The smaller estimated
band thickness compared to the measured ones might come from a
larger estimated shear speed, taken as the theoretical maximum
shear speed in the material (Eq. (15)). In the case of bulk metallic
glasses as Vitreloy 1, the predicted shear band thickness is not very
far from the measured thicknesses, in the range of 10 nm to

Parameters of the models. p, C;,, o are the density, heat capacity and thermal diffusivity taken at half their melting temperature in the amorphous state for Vitreloy 1; AT, is the
temperature rise to the liquidus; Az is the length of the shear offset, taken as the one measured on Ti-12Mo except for BMG where the shear offset was measured by Lewandoswki
et al [26]; 7 is the true shear stress; G is the shear modulus and ¢, is the speed of an elastic shear wave propagating in the material.

p [kgm3) Cp J kg ' K] o [cm? s71) ATy [K] Az [um] 7 [MPa G [GPd] ce[ms™)
Ti-12Mo 4688 702 7.4 1680 27 700 35 3125
Ti-6Al-4V 4254 710 5.34 1630 27 690 40 3125
316L stainless steel 7521 603 54 1357 27 660 77.2 3100
Pure Al 2588 908 97.9 640 27 250 27 3040
Vitreloy 1 5991 620 35 644 1.5 850 32 2470

10
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Fig. 7. Maximum temperature reached normalized by their melting temperature for Ti-6Al-4V, Ti-12Mo, Vitreloy 1, 316L stainless steel and pure Al, computed from

Equations (10), (11), (12), (13) and (15) and the parameters given in Table 3.

100 nm [48,49]. A shear band thickness of 90 nm, in the range of
the measured thicknesses, is predicted with our model, considering
the glass transition temperature T, as the upper bound instead of
considering the melting temperature.

Fig. 7 presents the maximum temperature Tp.x estimated for
the various alloys listed in Table 3, normalized by their respective
melting temperature Ty,. A temperature increasing up to the melt-
ing temperature is predicted for Ti-12Mo, Ti-6AI-4V and in the bulk
metallic glass Vitreloy 1, in agreement with the observation of
melted features on the fracture surface of the respective alloys
[1,10,50]. A significant temperature rise close to the melting tem-
perature is also predicted for 316L stainless steel. On the other
hand, the temperature rise is limited in materials with large ther-
mal conductivity such as aluminum.

While direct measurements as high-speed imaging of the crack
propagation and fractography allow a more accurate estimation of
the parameters such as the shearing speed, the shearing time and
the shear band thickness, the analytical equations derived in this
section bring a quite accurate first approximation. Non-negligible
temperature rise can be expected in most alloys during unstable
shear deformation, except in alloys presenting a very large thermal
conductivity such as Al alloys.

5. Conclusion

The fusible coating method was used to estimate the local tem-
perature rise occurring during unstable fracture of the TRIP-TWIP B
-metastable Ti-12Mo alloy. 5 different coatings were used to mea-
sure the variation of the distance over which their respective melt-
ing temperatures were reached. The most appropriate coatings
regarding the estimated temperature rise were then considered
for modelling the thermal history accompanying crack propaga-
tion. Two one-dimensional heat diffusion equations were com-
pared, highlighting the importance of shearing time and shear
band thickness for the prediction of temperature rise during adia-
batic shear banding.

To the best authors’ knowledge, a two-dimensional simulation
of the temperature rise accompanying unstable shear band propa-

11

gation was combined for the first time with an experimental esti-
mation with the fusible coating method. This temperature rise is
not constant and evolve with the shearing speed.

An estimation of the local true shear stress, shearing speed,
shearing time and shear band thickness was finally calculated from
classical mechanical/physical properties in order to predict the
order of magnitude of temperature rise during similar unstable
shearing in different alloys (Ti alloys, 316L stainless steel, pure Al
and bulk metallic glass Vitreloy 1) from easily accessible data.
Except for alloys with very large thermal conductivity as pure Al,
non-negligible temperature rise can be expected in most alloys
during unstable shear deformation. Based on this conclusion, it
would worth assessing the occurrence of local melting during frac-
ture of several advanced alloys such as stainless or TWIP steels.

Complete finite element simulations would allow more accu-
rate prediction of the local stresses and temperature evolution dur-
ing the shear band propagation. However, it would require the
complete data set of the mechanical and physical properties
including thermomechanical coupling, with large computation
costs. The analytical models proposed here are much simpler and
allow a better prediction of the temperature rise than the usually
used 1D diffusion equation for thin films.
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