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Shear localization is demonstrated in bulk tungstensWd of commercial purity under dynamic
uniaxial compression. Microstructure refinement via severe plastic deformation was the strategy
used to induce this unusual deformation mode for W. The ultrafine microstructure achieved in bcc
materials leads to elevated strength and ductility, as well as reduced strain hardening and strain rate
hardening, thus enhancing the propensity for adiabatic plastic flow localization. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1875754g

Plastic flow localization in the form of shear banding is
an important deformation mode in a wide range of deforma-
tion operations, especially at high loadingsstraind rates.1 Ap-
plications within which shear localization is of critical im-
portance include explosive fragmentation, high-speed
machining, and kinetic energy penetrators.2–4 However, pure
body-centered cubic metals and especially tungstensWd are
notoriously resistant to shear localization because of their
strong rate sensitivity. Shear localization in high-density W
and W-based alloys has been sought for many years, but such
efforts have met with little success, despite the wide range of
alloying elements that have been introduced to tailor the
phase composition and microstructure.2,4

In this letter, we demonstrate a strategy to induce highly
localized shear flow in tungsten, based on refining the micro-
structure of W down to ultrafine scales. Our approach is built
upon the following considerations. Under compression, a
flow localization parameter,a, can be used to qualitatively
describe the propensity of a metal for flow localization5,6

sthere are other more sophisticated criteria for shear suscep-
tibility under adiabatic or isothermal conditions, but the gen-
eral principle remains the same1d. This parameter is a func-
tion of two material properties

a = sg − 1d/m. s1d

The first is the normalized strain-hardening rate,g, given by
1/ss]s /]«du«̇, in which the thermal softening effect can be
included. Heres is the flow stress,« the strain, and«̇ the
strain rate. In compressive loading, a positiveg corresponds
to flow softening in the true stress versus true strain curve.
The other parameter is the strain rate sensitivity of the flow
stress,m, which is defined asm=] ln s /] ln «̇. An increased
a sthe result of a more positiveg and/or a smallermd leads to
increased tendency for flow localization due to the suppres-
sion of the stabilizing mechanisms of strain hardening and
strain rate hardening; softening mechanismssthermal or geo-
metricd can then take over to allow plastic strains to be con-
centrated in local regions. In the following, we demonstrate

the strong effects of ultrafine W microstructure ong andm,
as well as thefirst observation of shear localization in bulk
W under uniaxial dynamic compressive loading conditions.

Our processing utilized severe plastic deformationsSPDd
to decompose the large grains inside the bulk, conventional
W sgrain diameterd of several to several tens of microme-
tersd. One procedure started with equal channel angular
pressingsECAPd, a technique known to be efficient in refin-
ing the grain size of metals and alloys.7,8 ECAP was con-
ducted at 1100–1000 °Csdie angle 120°d for a true strain up
to 3, leading to grain refinementsd to nearly 1 µmd and
improved ductility for further processing. To prevent oxida-
tion and for cooling of the billet during ECAP, a steel cov-
ering shell was used.8 For additional SPD at lower tempera-
tures to store more dislocations and continue the grain
refinement, a piece was machined off the ECAP rod and
rolled in a confined mode at successively lowered tempera-
turesswith the final rolling at 600 or 700 °Cd to an additional
true strain of,1.8. The W is characterized by submicrome-
ter features including grains and subgrains that have sizes of
the order of 500 nm, and high densities of dislocations. An
example of such ultrafine-grainedsUFGd microstructure is
shown in the transmission electron micrograph of Fig. 1.

The UFG-W was tested in compression under both qua-
sistatic s«̇,10−4−100 s−1d and dynamics«̇,103 s−1d load-
ing rates. The dynamic loading was performed using the Kol-
sky bar or split Hopkinson bar technique as described in Ref.
9. Figure 2 displays the true stress-true strain curves ac-
quired. For these curves, the final load drop is due to unload-
ing at a prescribed strain level. The UFG-W samples have
simultaneously high strength and good ductility in both the
quasistatic and high-rate tests. The high strength of
,2.5 GPa is about 2.5 times that of coarse-grained W at
quasistatic rates10,11 and is desirable for kinetic energy pen-
etration applications. Also, upon dynamic loading of a high
strength material, the large plastic work can be converted
into heat and thus is favorable for adiabatic shear banding.1

While commercial polycrystalline W is well known to have
limited ductility,12 the SPD processed UFG-W showed no
prematuresor preexistingd cracking that would otherwise
preempt plastic flow localization.
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The UFG-W behaves in an elastic-nearly perfect plastic
manner under quasistatic loading, as seen from the nearly flat
stress-strain curves after yielding. This indicates that the
high-density of defects produced during SPD has greatly re-
duced the strain hardening rate of the commercial polycrys-
talline W. Under dynamic loading, the UFG-W actually ex-
hibited effective flow softeningsFig. 2d, i.e., a positiveg as
desired in Eq.s1d. This is a result of the temperature rise
during the dynamic tests from dissipated plastic work.

The rate sensitivitym has been evaluated by making
double logarithmic plots of the flow stress data recorded at a
number of strain rates, at a fixed strain below 0.1.13 An early
work reportedm=0.042 for recrystallized W.14 This m is
approximately cut in half for the UFG-W, Fig. 3. This reduc-
tion in m can be explained by considering the thermally ac-
tivated deformation mechanism in bcc metals at low homolo-

gous temperaturessT, ,0.3Tm,Tm being the melting
temperatured. Here, screw dislocations are the predominant
carriers of plastic deformation, and the primary barrier to the
motion of the screws is the lattice related Peierls potentials.
The nucleation of kink pairs is the rate-limiting step control-
ling the dislocation mobility.15 The operational activation
volume of this process,n* , is related tom as16,17

m=
2kT

sn* . s2d

For the kink-pair mechanism, at the high stresses encoun-
tered by a UFG material at high strain rates,n* is in the order
of a fewb3 sb is the Burgers vector of the screw dislocationd
and is almost independent ofs, or of d.16,18 Therefore, at a
given temperatureT them for a bcc metal would be approxi-
mately inversely proportional to the flow stress of the mate-
rial. As such, by increasings, i.e., by reducingd and increas-
ing dislocation density,m is substantially decreased. The W
results are included in Fig. 3, which summarizes our previ-
ous experiments on bcc Fe, Ta, and V,13,19,20indicating thatm
would drop by up to a factor of 4–5 when the grain size is
refined into the UFG regime.

Due to this combination of high strength and ductility,
and the reduced role of stabilizing mechanismssstrain hard-
ening and strain rate hardeningd, the UFG bcc microstructure
will have an unprecedented low resistance to softeningsther-
mal or geometricd mechanismsfsee Eq.s1dg. Plastic flow will
be more likely to localize in zones and bands, in which very
high strains and strain rates are concentrated. This was in-
deed observed upon uniaxial high-rate compressive loading
of the high-strength UFG-W. Figure 4sad shows an optical
micrograph of the UFG-W after loading at a strain rate of
7500 s−1. Two major shear zones, at an angle of approxi-
mately 45° relative to the loading direction, are clearly ob-
served. A scanning electron image of a side face, with
marked shear zones, is shown in Fig. 4sbd. After polishing
away the roughened surface followed by chemical etching,
Fig. 4scd shows clear evidence for the closely bundled plastic
flow lines, as well as the subsequent incipient fracture. The

FIG. 1. Transmission electron micrographs of SPD-processed UFG-W,
showing grains and dislocation cell structures refined to sizes of the order of
500 nm.

FIG. 2. sColor onlined. True stress-strain curves of the UFG-W rectangular
samples with square loading faces. The quasistatic tests used strain rates
,10−4–100 s−1 sMTS servohydraulic systemd. The specimens had a height
to width ratio close to 2, following American Society for Testing and Ma-
terials standards. The dynamicsKolsky bard testing at high rates of
103–104 s−1 used samples with a height to width ratio.0.6 but,1, follow-
ing well-established protocolssee Ref. 9d.

FIG. 3. sColor onlined. Strain rate sensitivity,m, is reduced monotonically
with microstructure refinement into the UFG regime, in several bcc metals
sFe, Ta, V, open symbolsd. The values for recrystallized and UFG-W are
highlighted using solid symbols. Here the grain sized is a measure of the
microstructural length scale, for grains and subgrains separated by both
high-angle and low-angle boundaries.
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latter, with crack formation in the desired location, is needed
to discard material in the “self-sharpening” penetration,2,4

and also partly responsible for the load drop seen in Fig. 2.
None of the specimens showed barreling or other signs of
significant frictional constraint. High-speed photographysnot
shownd indicated that the shear commences at a strain of
,0.1. Repeated Kolsky bar tests along different loading di-
rections se.g., in and perpendicular to the rolling planed
showed essentially the same behavior.

Conventional polycrystalline and warm-worked Wse.g.,
extrusion or swaging at 1200 °Cd exhibits only uniform plas-
tic deformation, with no sign of shear localization, under the
same testing conditions. Also, it is common that cracks form
parallel to the loading direction in these materials.12 A main
reason is the weakening effect of the impurities that segre-
gate along the grain boundaries. In contrast, the UFG-W
shows much enhanced ductility and no cracking even after
large strains. SPD and grain refinement have improved the
ductility simultaneously with strength, because the impurities
redistribute to lower levels at the now numerous grain
boundaries and other defects.10 The dislocations added, par-
ticularly the large number of edge dislocations stored during
low temperature SPD,21 also promote the ductility.12,21,22A
sufficiently high ductility is desirable, as early cracking at

small strains would preempt flow localization to release con-
centrated mechanical energy.

Until now, flow localization in W has been reported only
when large artificial shear stresses are made possible by spe-
cial designs in the sample geometry, hat-shaped or truncated
cone-shaped samples being the most common.23,24 The ob-
servation of shear localization in pure W reported here used
Kolsky bar compression tests that do not involve significant
barreling or frictional constraints. Based on the discussions
above, flow localization should be promoted in other UFG
bcc metals. This has indeed been observed, for example, in
Fe and Ta.13,19,20,25

In summary, we have developed via SPD an ultrafine
microstructure in commercial purity W. The resulting high
strength and improved ductility, as well as reduced strain and
strain rate hardening, lead to favorable conditions for the
initiation of shear localization, This deformation mode ob-
served in compression renders the high-density W uniquely
suited for certain critical applications.
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FIG. 4. sad Optical andsbd scanning electron microscope images showing
the shear zones, andscd the intense concentrated plastic flow with crack
initiation inside the shear zone.
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