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Besides the common failure mechanism based on crack propagation, adiabatic shear failure
results from a collapse mechanism, mainly at high deformation rates. This failure incorporates
locally extreme high shear strains, but due to the small volume involved, it transpires in
a macroscopic brittle manner. This paper deals with the description of the influence of material
properties on adiabatic shear failure. In the literature, much information can be found, which
supports the theory that some material properties influence the occurrence of adiabatic shear
failure behavior in a positive or negative manner. The determination of propensity for the
investigated steels was done through special biaxial dynamic compression-shear-test in a drop
weight tower. The failure achieved in the test is only material-dependent. Furthermore, it
was found, that the theory of Culver with the competing processes of work hardening and
thermal softening is transferable on the tested materials in a qualitative manner. Additionally,
it was determined that few material properties have a strong controlling effect on the adiabatic
shear failure behavior and it is possible to determine a critical value for transition between
sheared and non sheared areas. Moreover, it could define a functional correlation of the failed
materials to certain properties. As a main result, the most important material property is the
dynamic compression behavior at high temperature. The stress level of the material and the
characteristic in dependence of temperature is decisive. Analytical considerations using high
temperature behavior patterns confirm this influence. Additionally, hardness and strength at
room temperature and the pure shear capability (hat-shaped specimen) are also important for
the evaluation of adiabatic failure behavior.

1. Introduction

In addition to the common failure mechanism based on crack propagation ef-
fects, another failure mechanism exists; this additional failure mechanism, which
occurs mainly at high deformation rates, is the adiabatic shear failure. This local-
ized failure yields to a macroscopic brittle rupture and thereby, to a reduction in
the energy consumption. This failure behavior occurs in various technical areas,
such as machining, forging, blanking, ballistics (target and penetrator), crash,
surface friction, and detonative loading. The adiabatic shear failure behavior
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is mainly exhibited in metallic materials, like steel, titanium or aluminium, al-
though it can also appear at plastics, rocks or ceramics.
In the literature much information can be found which supports the theory

that some material properties influence the adiabatic shear failure behavior in
a positive or negative manner. Tresca [1] and Zener and Hollomon [2] have
observed that the strength and the heat capacity, as well as the thermal softening
of the materials, have an important influence on the adiabatic shear behavior.
Nowadays it is known that a lower strain hardening coefficient [3–5], a lower
strain rate dependence [6–7], a lower heat capacity or thermal conductivity
[3–5], a lower grain size [3, 8] or a lower density of the material [7–9], promote
the adiabatic shear failure behavior. Additionally, a high hardness [10–13], a high
strength [3, 4, 14, 15], a high thermal softening [3–5], a high loading velocity
[5, 8, 16], a high pre-deformation [3, 17], and a high specimen size [18], promotes
the adiabatic shear failure behavior too. Furthermore, additional properties ex-
ist, for example initial temperature [19], hydrostatic stress state [20, 21], and
tensile loading [4]. Even considering these factors, they may promote or inhibit
adiabatic shear failure depending on the precise circumstances.
The question then arises: which material properties have the strongest in-

fluence on adiabatic shear failure for the investigated materials in this study?
Observing and measuring the adiabatic shear failure behavior was accomplished
through the performance of materials under different experimental tests, firstly
with compression and compression-shear-loading. Furthermore, there is much
discussion concerning high temperature compressive strength, the Culver-theory
[22], analytical consideration and a description of the correlation between the
material properties and the adiabatic failure behavior of the materials.
The aim of this study is to point out the material properties which have

strong influence on the adiabatic shear failure behavior for high strength low-
alloyed steels. Is it possible to find correlations and associated material proper-
ties? The next issue involves the validity of the Culver-theory on the observed
materials and a discussion of the influence of high temperature behavior on the
adiabatic failure process.

2. Adiabatic shear phenomena

The beginning of the adiabatic shear failure process is initiated by mutual
displacement of material areas. This displacement is shown through the align-
ment of segregation lines in the vicinity of a transformed shear band in a certain
quenched and tempered steel (Fig. 1).
This deformation process undergoes mainly of high deformation velocity and

is locally concentrated. Because of the high strain rate, the generated heat due to
the strain hardening cannot dissipate in the surrounding material; thus, a tem-
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Fig. 1. Transformed shear band with segregation lines after DORMEVAL 1987.

perature rise will develop in the deformed region. Hence, a local temperature rise
and a temperature gradient in the specimen, or in a component of the specimen,
occur and manifest as a localized strength reduction. This process is further am-
plified and more localized, while further inducing a decrease in strength until
the formation of an adiabatic shear band occurs and finally the failure appears.
The difference between the appearance of an adiabatic shear failure and the

appearance of a classical fracture is shown in Fig. 2. In the classical fracture
evaluation there is a differentiation from a brittle fracture compared to a ductile
mixed and a pure ductile shear fracture. This ductile fracture is forced through
shear stresses similar to the behavior under compression-shear-loading (Fig. 2
lower left). At very high loading rates, a local adiabatic deformation occurs and
the rupture concentrates to low volumes, which is leading to brittle kind of
fracture with low global, but high local energy consumption. The final result is
comparable to the classical brittle fracture.

Fig. 2. Comparison of classical fracture modes to the adiabatic shear failure.
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The investigations on adiabatic shear failure began in 1879 with Tresca [1].
He described the phenomenon of forging cross on a Pt-Ir-alloy and observed
that a material’s strength and heat capacity have an important influence on its
adiabatic shear failure. In 1944, Zener and Hollomon [2] originated the theory
of thermal instability due to the intense plastic deformation. Further research
into the effects of strengthening and softening was conducted by Recht [23]
in 1964 and Culver [22] in 1973. In the decades from the 1960s to the 1990s,
investigations concerning the influence of the material behavior to the adiabatic
shear failure were made by Rogers [24], Dormeval [4], Meyers [25], and
Bai and Dodd [20]. In more recent years, studies of mechanical description
have been made by Clifton [26] and Wright [27]. Additionally, studies of
the microstructure of the initiation and development of shear bands have been
performed by Meyers [28] and Xu [5].
Published literature contains a broad range of statements, which properties

have an influence on the initiation of the adiabatic shear failure. These results
can be divided into four groups. One group deals with the stress state (shear
strength, shear strain, shear rate); a second group deals with the loading con-
ditions such as temperature, stress state, energy or velocity. The third group
deals with the microstructure of the material (precipitations, inclusions, voids
etc.) and the fourth group describes the influence of the material properties such
as density, heat capacity, strain hardening coefficient or thermal softening. The
present study will be concentrated on the fourth group, material properties.
There are different assumptions for the critical condition of the beginning

of the adiabatic shear failure. Most authors assume it is necessary to reach
a certain amount of strain (Culver [22], Bai and Dodd [20] or Staker [29]).
Other authors contend that a certain level of strain rate is crucial for the ini-
tiation of adiabatic shear bands (Recht [23] and Klepaczko [30]). Wang
et al. [31] and Xu [5] describe a critical value as a consideration for strain and
strain rate. Furthermore, there are assumptions that a critical energy must exist
(Wang and Rittel [19]) or that a definite fracture toughness value are neces-
sary (Grady [32]). Nowadays there are results that a dynamic recrystallization
(called DRX) is responsible for the initiation condition [45, 46].
A well-known theory for describing of adiabatic shear failure is based on the

principle from the work hardening and thermal softening of the material. These
competing processes are described in a relation that shows the parts separately
(Eq. (2.1)).
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Adiabatic shear failure can occur, when the thermal softening of the material
overcomes the strengthening due to the strain hardening and the strain rate
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hardening [4, 23, 25, 27]. The first term described the strain hardening, the
second term – the strain rate hardening and the third term the thermal softening
behavior, which acts against the first and second term. With the negligence of
the second part and the differentiation with dε, a criterion can be formulated
for instability (Eq. (2.2); Recht [23], Culver [22], Bai and Dodd [20]):

(2.2)
(
∂σ

∂ε

)

ε̇, T

+

(
∂σ
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)

ε̇, ε

dT

dε
= 0.

The left term describes the influence of the strain hardening and the right
term – the thermal softening behavior. The failure behavior can be imagined as
a form of a convex adiabatic curve. When the equilibrium of both competing
processes is reached, identical with the apex of the curve, an adiabatic shear
failure can occur. From the above displayed softening theory Culver [22] has
evolved a plain relation (Eq. (2.3)) to predict the failure strain of the material.
Culver has made three assumptions. The strain hardening coefficient nT from
the isothermal behavior will substitute through the static one. The thermal
softening behavior of the materials will remain linear and the stress relation
(σT /σD) between dynamic isothermal and the dynamic adiabatic value will be
neglected. Furthermore the density, the heat capacity and the Taylor-Quinney
factor are contained.

(2.3) εi =
nT · ρ · cp

0.9(∂σ/∂T )
· σT
σD

.

One objective of this study is to evaluate whether this theory from Culver is
applicable to the investigated materials. The second objective of the examina-
tion, is to determine if there are additional material properties other than the
thermal softening or hardness, which may influence the adiabatic shear failure
behavior.

3. Test procedure and materials

Many different experimental methods exist to determine the propensity of
a material to fail under adiabatic shear condition. Several test techniques are
based on geometrical discontinuities, such as pure torsion [3, 4, 20, 27], hat-
shaped [5, 27, 33, 40], single or double edge [16, 34], and punch loading [2, 3,
20, 43]. Alternatively, some techniques exist, where the failure is mainly depen-
dent on the material behavior and is not initially influenced by geometry effects,
such as compression [4, 27], compression-shear [35–37] or cylinder expansion test
[5, 10, 20].
The determination of propensity for the investigated materials was done

through a special biaxial dynamic compression-shear test at about 2 m/s in
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a drop weight tower, Fig. 3. The drop weight has a mass of 600 kg and can be
stopped at desired displacement; thus, a visualization of development of adia-
batic shear bands versus applied strains or from dark to white etching charac-
ter is possible. This compression-shear specimen was invented by Meyer and
Staskewitsch [39, 44] so that a wider differentiation of materials is available
to contrast against the plain compression loading. For this reason the usual
compression specimen is inclined a few degrees against the loading axis, with
the effect of an enhanced multiaxial compression/shear loading. Depending on
the desired amount of additional shear stresses, the inclination can be varied
to max 10◦. The specimens used in this study were 6◦ inclined. This little in-
clination will induce a certain biaxial compression-shear state in the specimen.
Already this stress-state with only 10% of additional shear stresses challenges
the material to fail with adiabatic shearing or not.

Fig. 3. Drop weight tower and test specimen.

The advantage of this technique is the absence of the influence of a stress
enhancement like a surface flaw or a notch on the failure strain. The failure
development is only dependent on the material’s properties. As the first result
of this test, it can be determined whether or not there is an occurrence of
adiabatic shear failure. When shear failure occurs, a corresponding axial failure
strain can be determined. Therefore, it is possible to give a qualitative and a
quantitative result for an evaluation of the propensity of materials for adiabatic
shear failure.
Additional tests were used for the determination of the correlations between

material properties and adiabatic shear failure. Conducted were compression
tests at room temperature and at high temperature, in order to measure the
material’s strength for the evaluation of the thermal softening of the materials.
An often used technique is the use of the hat-shaped specimen, which was created
by Hartmann and Meyer [40]. The advantage of the hat-shaped test is that
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it can be used to test very ductile materials in a Compression-Setup such as
SHPB or drop weight tower and a comparison between small and larger failure
strain can be made. Tension tests were used for static and dynamic (1 m/s)
velocities with a rotating wheel to determine values of strength and ductility.
Also hardness tests, Charpy impact and fracture toughness tests were performed.
The materials used were several quenched and tempered steels with a broad

range of hardness between 300 and 600 HB. The microstructure of the materials
is a tempered martensitic structure.

4. Experimental results and discussion

Biaxial compression-shear tests were performed to verify the propensity to
adiabatic shear failure of the materials. The specimens were tested at approxi-
mately 2 m/s with a drop weight device at room temperature. During the test
the force and the displacement were both measured. A representative selection
from all the materials with the axial engineering or technical compressive stress
versus the axial technical strain is shown in Fig. 4 (left). It can be seen that two
different behaviors exist. A few steels, with lower flow stresses, exhibit a more
or less homogenous deformation until the limitation of displacement is reached.
The other group of materials (about half of the investigated materials), shows
sudden stress drop at lower strains. At this point the material failed due to adi-
abatic shearing. This measured amount of reduction for all failed materials was
applied to determine additional correlations. It can be seen that exist different
failure strengths and failure strains for the different steels. An initial considera-
tion of the stress level shows that high strength steels are much more prone to
adiabatic shear failure than the lower strength materials. This correlates to the
hardness of the materials, Fig. 4 (right). With low hardness values, no adiabatic

Fig. 4. Stress-strain behavior of the compression-shear test (ε̇ = 200 s−1) and the correlation
with the hardness.
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shear failure occurred. The grey points are defined at a deformation limit of the
drop weight device. At certain hardness, first times adiabatic shear failure be-
gins. As the material’s hardness increases, the failure strain declines along with
potential function. These results are valid for the materials and for the strain
rate of ε̇ = 200 s−1 investigated in this study. This dependence, already cited in
the literature, is hereby confirmed.
The next examinations involve (pure) compression loading at room tempera-

ture. A selection of true stress-true strain-diagrams of the investigated materials
at a strain rate of ε̇ = 200 s−1 is shown in Fig. 5. The material behavior under
this adiabatic condition begins at the lowest strength level with a pure strain
hardening behavior, for example of a plain carbon steel. In the medium strength
level, for example HSLA-steel, there an equilibrium between strain hardening
and softening is existing. At the highest strength level mainly a softening be-
haviour occurs. These flow stress variations, responding to the hardening or
softening behavior under dynamic compression loading, are arranged after their
amounts in Fig. 5 (right). It can be seen that materials with a strong decline
are prone to fail through adiabatic shearing. On the other hand there is an area
with positive values, i.e. a hardening behavior. These materials most likely do
not fail. In the depicted middle range, no clear dependence between the decline
or softening behavior and the adiabatic shear failure is found. Thus, a conclusion
can be made that the plain decline behavior under adiabatic compression is not
clearly correlated with the adiabatic shear failure, at least not for this particu-
lar quenchend and tempered material group. The strain hardening coefficient,
even at a strain rate of 200 1/s, which shall have an important influence on the
adiabatic failure behavior, as described in the literature, cannot be confirmed
for this material steel group. There might be a tendency, but for most of the
steels a clear relation cannot be drawn.

Fig. 5. True stress- true strain curves at (pure axial) dynamic compression (ε̇ = 200 s−1)
and results of softening determination.

The third investigation was to determine the stress behavior at high tem-
perature under dynamic compression loading. The first result exhibits the dif-
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ferent strength levels of the different steels, Fig. 6 (left). This distinct difference
in flow stress lasts until about 600◦C. With higher flow stress, the propen-
sity to adiabatic shear failure is increased (arrow in Fig. 6). Materials with
a high strength at room and at elevated temperatures are prone to adiabatic
shearing. Furthermore, these materials show a rapid loss of strength with in-
creased temperature. These drops of strength yield a development of a gradi-
ent of temperature-dependent stress resistance. This gradient is considerably
higher for high strength steels. For low strength steels, the gradient is hardly
sensible, and therefore these steels are not prone to adiabatic shearing, for ex-
ample valid for the three curves depicted with no failure in Fig. 6. The re-
sults of the determined values of the linearized decline behavior at the stress-
temperature-curves between temperatures of −100◦C and 750◦C is shown in
Fig. 6 (right). There is a good correlation of the normalized strength decline
value to the occurrence of adiabatic shear failure under compression shear load-
ing. The stronger the decline behaviour, the lower the failure strain under
compression-shear-loading will be. Above a certain value, no more failure oc-
curred.

Fig. 6. Dynamic 2%-flow compression stress vs. starting temperature and determined
declined flow stress values at dynamic strain rate of (ε̇ = 200 s−1) between −100

◦C and
750◦C.

The determined failure strains according to Culver (Eq. (2.3)) show a good
qualitative correlation, Fig. 7. All materials with low calculated failure strain fail
under compression-shear loading too. High values correlate with the materials
with no failure. The depicted transition state is in the limit range of the used
compression-shear loading test configuration. For the failed states, the correla-
tion between the experimental and the calculated failure strain, Fig. 7 (right),
show an absolute insufficient agreement. Thus, according to Culver for the in-
vestigated materials, it is only possible that a qualitative correlation with the
softening theory exists.
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Fig. 7. Qualitative and quantitative evaluation of the materials using Culver-theory.

In addition to the previous examinations, stress-temperature-characteristics
were also considered. Two examples of dynamic flow compression stress versus
temperature are shown in Fig. 8. The left material shows a distinctive drop
in strength; the right material shows at a certain temperature a change in the
decline behavior. These points represent a change in the softening behavior from
a low to high or higher decrease. These points are called “instability points” and
from this, the related temperatures and stress values are obtained.

Fig. 8. Examples for determined instability points from dynamic flow compression stress vs.
temperature (ε̇ = 200 s−1).

The instability temperatures were correlated with the failure strain at com-
pression-shear loading (Fig. 9, left). In the sheared area is a linear agreement
with higher failure strain a higher instability temperature is determined. Above
the instability temperature of 600◦C there is no more failure. The determined
instability temperatures and stresses for all materials were then depicted, Fig. 9
(right). With lower instability temperature and higher instability stress, the
propensity to adiabatic shear failure increases. These results show that the spe-
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Fig. 9. Instability points of temperature versus failure strain at compression-shear loading
and correlation of instability temperatures and stresses for all materials.

cific stress-temperature characteristic of the materials, especially the “instability
points”, from this study is a very valuable information and that the use of lin-
earized decrease behavior is not always sufficient.
Previous results prove that the dynamic high temperature behavior of the

materials is important for the evaluation of the propensity of adiabatic shear
failure. The measured compression flow stress behavior at elevated temperatures
was used to study the stress-strain-temperature-field analytically. The assump-
tion (Fig. 10) is that the stress is a function of temperature, the temperature is
a function of strain, and the strain is a function of a local position. Considering
slow shear deformation, there is normally a homogenous distribution of strain
and thus a homogenous distribution of temperature and stress. In the case of

Fig. 10. Approach for the analytical consideration.
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impact loading, an adiabatic deformation occurs. The related deformation field
is inhomogeneous, like a strain distribution across the shear band, Fig. 10, lower
right. This certain distribution yields an inhomogeneous distribution of temper-
ature and stress (or a consequence). The used materials have different strength
levels that evoke a different temperature rise in the specimen for the same de-
formation [41].
This different temperature behavior leads to a different stress resistance be-

havior, according to Feng and Bassim [42], across the shear band, Fig. 11 (left).
Material A shows a considerable loss in stress resistance and thus a development
of a strong gradient. This gradient is caused by the stress-temperature-behavior,
similar to these in Fig. 8. This gradient leads to a local increased deformation
and therefore to a local failure. Material B shows only a small loss of stress
resistance; thus, this material is not susceptible to adiabatic shear failure. For
the evaluation of the propensity to adiabatic shearing, the strength level and
the intensity of the gradient are both important. From the analytically calcu-
lated temperature and stress gradient behaviors for all materials across the shear
band, the minimum of stress resistance and the maximum of temperature (from
the apex) was used to create a correlation between the calculated inner local
temperature and inner stress resistance. These determined points show a linear
dependence that with an increased local temperature, the propensity to adia-
batic shear failure increases, Fig. 11 (right). After analytical consideration, these
results confirm the conclusion that the stress-temperature behavior is important
for the evaluation of the propensity of adiabatic shearing.

Fig. 11. Results of the analytic consideration and correlation to adiabatic shear failure.

Also interesting is the found result, that a correlation between the displace-
ments, leading to failures, in the “hat” test and the inclined compression shear
test, is existing. The failure strains at compression-shear loading correspond to
the shear failure behavior at hat-shaped tests with a linear dependence, Fig. 12.
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Fig. 12. Correlation of shear failure at hat-shape-test to the compression-shear failure.

This behavior is explained through the mutual influence of the mainly shear
stress loading condition on the failure behavior for both test techniques.
For several material properties, a correlation to the adiabatic shear failure

behavior was not found, like compression strain hardening coefficient at elevated
temperatures, fracture strain and energy assumption at tensile loading, fracture
toughness under mode I, and Charpy impact energy. As the reason, different
loading conditions, which are not comparable and will lead to different failure
modes, are assumed to be responsible.
Grady [32] defined a shear fracture energy per unit area (Eq. (4.1)), which is

necessary for initiation of shear band formation; surely, this approach is useable
for the evaluation of materials for the propensity to adiabatic shear failure. In
addition to Culver’s theory, there are other properties involved such as thermal
conductivity, flow shear stress and strain rate.

(4.1) Γ =
ρ · c
α

(
9 · ρ3 · c2 · χ3

τ3y · α2 · ε̇

)1/4

,

where Γ – fracture energy per unit area, ρ – density, c – specific heat, χ –
thermal conductivity, τy – flow shear stress, α – thermal softening, ε̇ – strain
rate.
With determined energy values (Fig. 13 left), a good differentiation to the

tested materials is possible. Materials with a high amount of energy consumption
correspond to the “no failure”-states and all materials with a low energy value
failed under compression shear-loading. The difference between these two areas
is considerable. Furthermore, in contrast to the theory of Culver [22], there
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Fig. 13. Fracture energy acc. to Grady and the correlation to adiabatic compression-shear
failure.

is a possibility of defining a quantitative correlation with the shear fracture
energy of Grady [32]. This fracture energy, according to Grady, corresponds
in a nearly linear agreement to the energy consumption until failure occurs at
dynamic compression shear loading, Fig. 13 (right).
It is possible to summarise the results to an assessment, Fig. 14, because

of the properties that give a correlation to the adiabatic shear failure behavior.

Fig. 14. Sensitive properties of adiabatic shear failure.
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When a qualitative consideration is fulfilled, a quantitative consideration is then
reasonable and an assessment rating is definable. With this assessment rating,
a ranking of propensities to the adiabatic shear failure behavior can be deter-
mined. A threshold value for the transition between the areas of shear failure
and no shear failure can be defined because of the qualitative correlations. When
this correlation is in agreement without an overlapping of data, the correlation
is then usable for an assessment. For the failed materials, it is possible to define
a quantitative correlation. Because of the level of the least square coefficient
R2 of the agreement, it is possible to create a ranking of material properties
according to their significance to the adiabatic shear failure behavior, Fig. 14.
A very good correlation to the occurrence of adiabatic shear failure behav-

ior shows the instability point (determined at stress-temperature-behavior), the
shear strain from hat shaped test, and the area under the stress-temperature-
curve. These are the properties governed by the effect of temperature and shear
deformation. Pertaining to hardness, the failure energy according to Grady, the
dynamic compression flow stress, the dynamic tensile strength and the decline-
behavior of the stress-temperature-curve, are all feasible to directly correlate to
the adiabatic shear behaviour. These properties are based on hardness, energy
consumption, and strength. It is notable that material properties exist, which
exhibit a greater correlation to the adiabatic shear failure behavior than the
material’s hardness. The decline- or softening behavior of the stress-strain-curve
under compression-shear-loading and the uniform elongation under dynamic ten-
sile loading, give an insufficient correlation. The failure criterion according to
Culver shows only a qualitative, but no good quantitative correlation.

5. Conclusion

The aim of this study was to examine the influence of material properties
on the local adiabatic shear failure behavior. The test results of the investigated
quenched and tempered steels allowed an evaluation of the materials concerning
their adiabatic shear failure propensity. The determination of the failure strain
under adiabatic condition was performed with special inclined compression spec-
imens in a so-called compression-shear test. These dynamic tests were carried
out in a drop weight tower with initial strain rates of 200 1/s.
The most important material property for the analysis of the adiabatic failure

behavior is the temperature-softening characteristic of the material. Therefore
the strength level and the stress drop characteristics are crucial. Eventually
the so-called instability point can be defined. This value gives a good agree-
ment to the measured failure strain under biaxial adiabatic shear condition.
Analytical studies with the use of the determined dynamic stress-temperature-
behavior confirmed (by means of development of the stress resistance gradient)
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the strong influence of the temperature softening behavior on the adiabatic shear
failure.
The examined Culver-theory can only be used as a qualitative prediction

for this material group. This theory is based on the linear softening behavior.
The consideration of the shear fracture energy according to Grady gives both
a qualitative as well as a good quantitative correlation to the measured shear
failure behavior.
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