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Pressure sensitivity of adiabatic shear banding in metals
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Adiabatic shear banding (ASB) is a dynamic failure mode characterized by large plastic strains in
a narrow localized band. ASB occurs at high strain rates (¢=10° s7!), under adiabatic conditions
leading to a significant temperature rise inside the band [H. Tresca, Annales du Conservatoire des
Arts et Métiers 4, (1879); Y. L. Bai and B. Dodd, Adiabatic Shear Localization-Occurrence,
Theories, and Applications (Pergamon, Oxford, 1992); M. A. Meyers, Dynamic Behavior of
Materials (Wiley, New York, 1994).; and J. J. Lewandowski and L. M. Greer, Nat. Mater. 5, 15
(2006)]. Large hydrostatic pressures are experienced in many dynamic applications involving ASB
formation (e.g., ballistic penetration, impact, and machining). The relationship between hydrostatic
pressure and ASB development remains an open question, although its importance has been often
noted. This letter reports original experimental results indicating a linear relationship between the
(normalized) dynamic deformation energy and the (normalized) hydrostatic pressure. © 2007

American Institute of Physics. [DOI: 10.1063/1.2430923]

Adiabatic shear banding (subsequently referred to as
ASB) failure is an instability which has drawn much atten-
tion from both the materials science community (microstruc-
tural aspects, e.g., Refs. 1 and 2 and the solid mechanics
community (modeling, e.g., Ref. 3). ASB formation is tradi-
tionally explained by the competition between strain rate
hardening and thermal softening until a critical instability
strain is reached.® Recent experimental work® has suggested
the dynamic deformation energy (integral of the stress-strain
curve until failure) as an alternative initiation criterion. The
energetic approach ties mechanical and microstructural is-
sues through the fraction of mechanical energy that is elasti-
cally stored in the material (stored energy of cold work’), the
rest being dissipated as heat.

The majority of studies to date investigate ASB forma-
tion under loading conditions that do not involve extra hy-
drostatic pressure, other than that encountered in uniaxial
compression tests, e.g., Refs. 1 and 2, or in the absence of
hydrostatic pressure, as in pure shear tests.®™ Yet, a substan-
tial pressure component may develop in dynamic loading
situations, such as ballistic impact and penetration, or ma-
chining of metals. In such cases, where ASB related failure is
likely to occur, the influence of the hydrostatic pressure com-
ponent on ASB formation has remained an essentially open
question. Therefore, the present work was initiated to char-
acterize the influence of hydrostatic pressure on ASB forma-
tion by means of a systematic experimental approach. Two
materials were selected for this study: commercial AMS50
(ASTM B94) magnesium aluminum alloy (as in Ref. 5) and
a titanium alloy (Ti6AL4V), both supplied as extruded rods
in the as-received condition. The experiments consisted of
uniaxial compression of specimens that were encased in spe-
cially designed metallic sleeves. Figure 1 shows schemati-
cally the confining effect of the metallic sleeve on the cylin-
drical specimen. Cylindrical specimens were selected such
that the ratio of the length over diameter was 1. The diam-
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eters were 8.0+0.01 mm for AMS50 and 4.2+0.01 mm for
Ti6Al4V. The specimen was encased in accurately machined
sleeves made of as-received 4340 steel. For the AMS50 alloy,
the sleeves were 0.2, 0.4, and 0.6+0.005 mm thick, while for
Ti6AL4V, we used 0.5 and 1+0.005 mm thick sleeves. The
dynamic mechanical characteristics of the sleeve material
were tested preliminarily for subsequent calculations of the
confining pressure, and it was verified that this steel exhibits
minimal strain hardening. The sleeve material and dimen-
sions were optimized so that the confining pressure g was
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FIG. 1. (Color online) (a) Effect of confinement on the stress state of a
cylindrical specimen. The symbols ¢, ¢/, and p denote the confining pres-
sure, unconfined uniaxial stress component, and hydrostatic pressure, re-
spectively. During a test, o, is the measured stress component. (b) Confined
specimen: The specimen is encased in a tightly fit steel sleeve. A hardened
steel adapter applies the load to the specimen only. A polymeric ring is used
to align the adapter with the specimen.
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FIG. 2. (Color online) Typical dynamic stress-strain curves for AM50 speci-
mens subjected to various confinement levels. As the confinement increases,
the stress level translates upward. A larger confinement induces a larger
failure strain (indicated by x) and a milder strain softening slope beyond the
peak stress.

reasonably constant, starting from low strains (typically &
~0.05). The specimen was loaded through a 2 mm thick
rigid adapter made of hardened Maraging 250 steel (Fig. 1).
The adapter diameter was carefully adjusted to that of the
specimen to avoid loading of the sleeve. The adapter was
aligned with the specimen by means of a polymeric centering
ring. Dynamic tests were conducted on a 12.7 mm diameter,
250 Maraging steel Kolsky bar,” with the adapter always
facing the incident bar. The uniaxial stress-strain curves were
determined in a standard way after checking for dynamic
equilibrium of the specimen. The confining pressure compo-
nent g was directly measured, as shown in Figs. 1 and 2. It
was also calculated using analytical approximations for a
thin (or thick) elastic-plastic shell under internal pressure,10
as well as finite element simulations. The failure strain &f
was defined throughout this work as the strain at which the
flow stress drops to 80% of its maximum value. This defini-
tion of the failure strain is arbitrary in the sense that the onset
of failure cannot be precisely ascertained from a stress-strain
curve. However, once the stress has dropped to 80% of its
peak value, one can reasonably assume that ASB has fully
developed in the specimen.11 To allow for comparison be-
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FIG. 3. (Color online) Typical dynamic equivalent stress-strain curves for
AMS0 and Ti6Al4V specimens. The confining hydrostatic pressure g has
been subtracted to emphasize the effect of confinement on the flow curve of
these alloys.
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FIG. 4. (Color online) (a) Plot of the normalized failure strain vs normalized
hydrostatic pressure. The reference state is that of a uniaxial, unconfined
compression test. The pressure is normalized vs the peak stress experienced
by this specimen. Consequently, a uniaxial unconfined specimen is repre-
sented by the coordinates (1/3, 1). (b) Plot of the normalized dynamic
mechanical energy vs normalized hydrostatic pressure. The reference state
is, as before, that of a uniaxial, unconfined compression test. Note that the
response of the two investigated alloys lies on a single straight line.

tween the two materials tested, the failure strain, hydrostatic
pressure, and dynamic mechanical energy were all normal-
ized. The reference state is that of the uniaxial, unconfined
compression test. The normalized pressure is defined as

P=p/d", ... where p is the hydrostatic pressure and o
is the peak stress experienced by the unconfined specimen.

1 max

Consequently, P=1/3 corresponds to unconfined uniaxial
compression.

Figure 2 shows a typical dynamic stress-strain curve for
AMS50 under various regimes of confinement. All the speci-
mens failed by ASB formation, with the failure strain being
denoted by x. As expected, higher hydrostatic pressures
cause an increasing offset of ¢ in the flow stress of the ma-
terial, allowing for its determination. The results obtained for
AMS50 and Ti6Al4V alloys are summarized in Fig. 3, after
subtraction of the confining stress g. Figure 3 shows that
Ti6Al4V exhibits a small dynamic strain hardening capacity,
as opposed to AMS50. Figures 2 and 3 show two distinct
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effects of the confinement. First, the failure strain (at 80% of
peak stress value) increases with the pressure, similar to re-
sults reported for quasistatic tests.'? In addition, the slope of
the falling stress past its peak value is increasingly milder as
the pressure is increased. Therefore, the hydrostatic pressure
not only increases the failure strain but it also confers a less
catastrophic character to the final failure process. The nor-
malized failure strain is plotted as a function of the normal-
ized hydrostatic pressure in Fig. 4(a), for the two investi-
gated materials. This figure shows that each material
responds differently to the application of hydrostatic pres-
sure. The results are replotted in Fig. 4(b), in which the dy-
namic deformation energy5 is plotted this time, instead of the
failure strain. The normalized dynamic energy is calculated
by integrating the stress-strain curve up to the failure strain
after subtraction of the confining hydrostatic pressure g, as
shown in Fig. 3. This reflects the well-known fact that metal
plasticity is not influenced by hydrostatic pressure. The dy-
namic deformation energy is normalized by that of a noncon-
fined uniaxial compression test. Figure 4(b) reveals that the
adiabatic shear banding response of the two alloys is linearly
related to the normalized hydrostatic pressure.

The novelty of this work resides in the systematic inves-
tigation of hydrostatic pressure effects that were not previ-
ously addressed in the literature. The strength of the dynamic
deformation energy concept is that it reconciles seemingly
different results [Fig. 4(a)] into a single curve [Fig. 4(b)]. It
is interesting to note that ASB formation, as a plastic insta-
bility phenomenon, is expected to be insensitive to hydro-
static pressure. Yet, the present results indicate a definite sen-
sitivity to pressure which can therefore only be attributed to
those pressure-sensitive internal damage micromechanisms
operating in the shear band (e.g., void nucleation and growth,
and dynamic recrystallizationl’z) once it has formed. This
comes along with the decreasing slope of the stress-strain
curve beyond the peak stress, indicating a more controlled
type of failure mechanism inside the shear band, in other
words a reduced damage development rate with increasing
pressure. The generality of the linear relationship shown in
Fig. 4(b) should be further established by performing similar
tests on other metals with extended confinement pressures.
Nevertheless, the present results indicate a clear trend in the
correlation between ASB formation and hydrostatic pressure
in metallic materials.
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To summarize, until now, the influence of hydrostatic
pressure on ASB formation has been largely unexplored.
This work shows, first of all, that the failure strain for adia-
batic shear banding increases with hydrostatic pressure. The
results also suggest that hydrostatic pressure delays those
pressure-sensitive damage phenomena that develop in the
shear band, leading to final failure. Moreover, this work
shows a linear relationship between the normalized dynamic
deformation enelrgy5 and pressure for all three alloys
[Fig. 4(b)]. These results can be used to introduce an alter-
native failure criterion into numerical simulations of high
rate impact in which large hydrostatic pressures develop
along with ASB failure.
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we performed real-time temperature measurements of the gauge section
during high rate impact experiments of the AMS50 and Ti6AL4V alloys.
These measurements clearly show a very mild temperature rise until the
peak stress level, followed by a very significant rise in the falling section
of the stress-strain curve. These measurements support the present identi-
fication of a failure strain as the strain at which an adiabatic shear band has
fully developed, in which the large concentrated strain leads to a signifi-
cant temperature rise.
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BA key component of the experimental specimen is the metal sleeve. The
latter must exhibit little strain hardening and high strength to apply con-
stant high levels of confinement. However, low hardening materials tend
to exhibit plastic localization (e.g., necking) at relatively small strains,
thus limiting the maximum strain that can be applied to the confined
specimen. AMS50 and Ti6Al4V alloys are well suited for these experiments
due to their relatively low failure strains.

Downloaded 10 Jan 2007 to 131.215.105.245. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



