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Abstract

We have systematically investigated the quasi-static and dynamic mechanical behavior (especially dynamic failure) of ultra-fine
grained (UFG) tungsten (W) under uniaxial compression. The starting material is of commercial purity and large grain size. We utilized
severe plastic deformation to achieve the ultrafine microstructure characterized by grains and subgrains with sizes of �500 nm, as iden-
tified by transmission electron microscopy. Results of quasi-static compression show that the UFG W behaves in an elastic–nearly per-
fect plastic manner (i.e., vanishing strain hardening), with its flow stress approaching 2 GPa, close to twice that of conventional coarse
grain W. Post-mortem examinations of the quasi-statically loaded samples show no evidence of cracking, in sharp contrast to the behav-
ior of conventional W (where axial cracking is usually observed). Under uniaxial dynamic compression (strain rate �103 s�1), the true
stress–true strain curves of the UFG W exhibit significant flow softening, and the peak stress is �3 GPa. Furthermore, the strain rate
sensitivity of the UFG W is reduced to half the value of the conventional W. Both in situ high-speed photography and post-mortem
examinations reveal shear localization and as a consequence, cracking of the UFG W under dynamic uniaxial compression. These obser-
vations are consistent with recent observations on other body-centered cubic metals with nanocrystalline or ultrafine microstructures.
The experimental results are discussed using existing models for adiabatic shear localization in metals.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Plastic instability may be manifested in the form of
shear banding when the usual stabilizing mechanisms (such
as strain hardening and strain rate hardening) are dimin-
ished, and the destabilizing mechanisms (such as thermal
or geometric softening) prevail [1–5]. In many applications
this plastic localization is to be avoided; yet in some others
it is a desirable deformation mode. In particular, the use of
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tungsten (W) or tungsten heavy alloys (WHA) to make
high-density kinetic energy anti-armor penetrators requires
that the materials exhibit ‘‘self-sharpening’’ behavior, at
least under high loading (strain) rates [6–8]. For this to
happen plastic flow needs to be localized such that cracks
form at desirable strain levels only in these heavily de-
formed shear bands to discard pieces of the material along
the penetration path. However, W is known to be notori-
ously resistant to adiabatic shear banding. One reason
for this is the high ductile-to-brittle transition temperature
(DBTT) of W [9,10], which causes cracking at many loca-
tions in the material prior to the accumulation of the plas-
tic dissipation needed to trigger plastic instabilities.
rights reserved.

mailto:qwei@uncc.edu


78 Q. Wei et al. / Acta Materialia 54 (2006) 77–87
Recently, both non-adiabatic and adiabatic shear band-
ing have been reported in some body-centered cubic (bcc)
metals with ultrafine grain (UFG) or nanocrystalline
(NC) microstructures [11–17]. The UFG or NC micro-
structures can be achieved through different technologies,
including powder metallurgy [11,13–15] and severe plastic
deformation (SPD) [12,16]. It is worth noting that most
such investigations have been based on existing theoretical
frameworks for shear bands in metals [12]. We have also re-
ported some preliminary observations of plastic shear
localization in bulk W with ultrafine microstructure [18].
In the present paper, we present a systematic in-depth
investigation of the processing, microstructure and the
quasi-static and dynamic mechanical behavior, especially
the dynamic failure of high-strength UFG W under uniax-
ial compression. To avoid contamination from impurities
which have been held responsible for the embrittlement
of powder-metallurgy-processed W, we used SPD to refine
the microstructure of conventional W with commercial
impurity levels. The microstructure was analyzed using
transmission electron microscopy (TEM). The UFG W
has been tested at both quasi-static loading rates
(10�4 � 100 s�1) and dynamic loading rates (�103 s�1,
using a compression Kolsky bar). We used a high-speed
camera that is able to capture eight frames at a maximum
rate of 108 fps (frames per second) to record the dynamic
deformation and failure process. The plastic deformation
and failure mechanisms were also investigated by observing
the surfaces of the post-mortem samples using optical
microscopy and scanning electron microscopy (SEM).

2. Experimental details

Based on observations on other bcc metals such as Fe
[11,12,14,15,17], V [13] and Ta [16], we started with a com-
mercial purity W with large grain size (�40 lm), and used
equal channel angular pressing (ECAP) [19–24] to refine
the grain size or microstructure. At temperatures above
1250 �C, recrystallization takes place rapidly in deformed
W [25,26]. The recrystallization temperature is a function
of impurity level and the amount of plastic deformation
[9]. In this work, to ensure the efficiency of grain refinement
during ECAP, the processing temperature was around
1000 �C. The work piece was encapsulated in a stainless
steel canister to reduce oxidation. Due to the relatively
poor workability of coarse-grained (CG) W, the die angle
for ECAE is 120� to avoid cracking during ECAP. Com-
pared to a right angle die, the effective strain introduced
through each individual pass is reduced [21], but this can
be compensated for by increasing the number of passes.
Fig. 1(a) displays an optical micrograph of a W sample that
went through four passes of ECAP of route Bc [21]. Micro-
structure refining is apparent (from the original �40 lm to
a few lm).

To further refine the microstructure down into the ultra-
fine regime, a piece of the ECAP W was machined off and
rolled in a confined manner at successively lowered temper-
atures starting at 800 �C, with the final rolling temperature
being 600–700 �C. The rolling plane was perpendicular to
the extrusion direction of the ECAP die. The additional
equivalent von Mises strain introduced through this low
temperature rolling was about 1.8. The TEM micrographs
of Fig. 1(b) and (c) suggest that the grain size and sub-grain
size have been refined to �500 nm. Selected area diffraction
patterns (not shown) indicate the presence of both large an-
gle and small angle grain boundaries.

Samples for quasi-static and dynamic mechanical testing
were machined from the SPD processed W. An MTS
servohydraulic loading system was used to measure the
quasi-static behavior under uniaxial compression (sample
dimensions meeting ASTM standards; strain rates 10�4–
100 s�1). Loading was along the channel direction for the
ECAP samples, and normal to the rolling plane for the fur-
ther rolled samples. For dynamic loading, we used the uni-
axial compression Kolsky bar technique [27] where the
specimen is sandwiched between two elastic bars (called
the input and output bars). Strain gages are cemented on
the elastic bars to measure (i) the incident pulse generated
by an impacting projectile, (ii) the reflected pulse from the
input bar/specimen interface and (iii) the pulse transmitted
through the specimen to the output bar. Details of the Kol-
sky bar technique can be found in [27]. The interfaces be-
tween the specimen and the bars were carefully lubricated
to minimize friction. The side faces of the specimens were
polished to a mirror finish in order to observe the plastic
deformation processes of the specimens under both quasi-
static and dynamic compressive loadings. In the dynamic
loading case, a DRS Hadland Ultra 8 high-speed camera
with the ability to record eight frames at 108 frames per
second was synchronized with the Kolsky bar system to re-
cord the dynamic deformation of the specimens. A sche-
matic of the dynamic experimental setup is provided in
Fig. 2. The purpose of using high-speed photography was
to clarify whether and when shear bands are developed,
their evolution during the plastic deformation of the mate-
rial, and the dynamic failure of the specimens. For compar-
ison, quasi-static and dynamic compressive tests were also
performed on control samples, i.e., CG W. Post-mortem
examinations of the samples were conducted using either
optical microscopy or SEM. For some post-loading sam-
ples, the roughened side faces were polished away, and this
was followed by chemical etching using the standard Mura-
kami solution to reveal the microstructures of the shear
bands.

3. Experimental results

There have been a number of papers in the literature
dealing with the mechanical properties of powder metal-
lurgy, conventional CG W under both quasi-static and dy-
namic loading conditions [28,29]. The results obtained in
this work for the control CGW samples are consistent with
what has been reported and are not presented here. Briefly,
at room temperature and under quasi-static compression



Fig. 1. Optical micrograph (a) of a W sample after four passes of ECAE at 1000 �C. Compared to the original coarse grain (�40 lm) microstructure (not
shown here), the refinement of the microstructure is apparent. Transmission electron micrographs of SPD-processed (ECAP + rolling) UFG W (b, c),
showing grains and dislocation cell structures refined to sizes of the order of 500 nm. Selected area diffraction (not shown here) shows the presence of both
large angle and small angle grain boundaries.

Fig. 2. Schematic of experimental setup for Kolsky bar compressive test with a high-speed camera synchronized with the system. Strain gages 1, 2, 3 are
used for the high-speed camera, the incident/reflected and transmitted waves, respectively. The platens are a set of impedance-matched tungsten carbide
disks collared with Ti–6Al–4V for the protection of the bars.

Q. Wei et al. / Acta Materialia 54 (2006) 77–87 79
CG W usually has a yield stress of �1000 MPa. Under ten-
sion, commercial purity CG W breaks in a completely brit-
tle manner at a stress level less than 500 MPa, mostly in an
inter-granular fracture mode [9,25]. Under dynamic com-
pression, the yield stress is around 1200 MPa, with the va-
lue depending on the strain rate [28,29]. Apparent strain
hardening is observed for CG W under both quasi-static
loading and dynamic loading (compressive). Post-mortem
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Fig. 3. True stress–strain curves of the ECAP W and the ECAP + CR
(UFG) W, under uni-axial quasi-static, and dynamic (Kolsky bar)
compressive loading. All the samples are rectangular with square loading
faces. The quasi-static tests used strain rates �10�4–100 s�1 (MTS hydro-
servo system). For the dynamic testing, the strain rate was determined by
the projectile mass and the pressure, as well as the prescribed strain level.
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examinations of the samples usually reveal axial cracks
along the loading direction [28].

Fig. 3 displays the stress–strain curves under various
strain rates (from quasi-static to dynamic) for the ECAP
W and the W that was processed by ECAP at 1000 �C fol-
lowed by cold-rolling (referred to hereafter as ECAP + CR
W). ECAP at 1000 �C (six passes in this case) has elevated
the quasi-static flow stress to �1.5 times that of the CG W.
ECAP has also markedly reduced the strain hardening.
Cold rolling further strengthens the material until the flow
stress is nearly doubled relative to the CG W. Under dy-
namic loading, both the ECAP W and the ECAP + CR
W exhibit flow softening after small plastic strains, in con-
trast to the dynamic behavior of CG W where slight work
hardening is observed. This flow softening is in part due to
the accumulation of plastic work that is converted into heat
during dynamic loading. Due to adiabatic heating, the
sample�s temperature may rise by

DT ¼ b
qCP

Z ef

0

rde; ð1Þ

where b is the Taylor–Quinney coefficient which character-
izes the fraction of plastic work converted into heat (as-
sumed to be 0.9 in this case [5]), q is the density (19.25 g/
cm3 for W), Cp is the specific heat (0.134 J/g K), r is the
flow stress and ef is the final strain for calculation. Assum-
ing the isothermal stress–strain curve of the ECAP W and
ECAP + CR W to be elastic–perfect plastic, Eq. (1) can be
simply written as

DT ¼ b
r � ef . ð2Þ
qCP
For example, for a plastic strain of �0.2, the temperature
rise in an ECAP W under dynamic loading would be
around 140 �C using a flow stress of �2.0 GPa, while for
the ECAP + CR W, it would be around 210 �C using a
flow stress of �3.0 GPa. If the measured ‘‘plastic’’ strain
has contributions from both local cracking and disloca-
tion-mediated plastic deformation, an over-estimate will re-
sult from Eq. (1). This may be the case for the ECAP W.
Fig. 4(a) shows a post-loading optical image of one side
face of an ECAP W sample. Cracks nearly parallel to the
loading axis are observed. Fig. 4(b) is an SEM micrograph
showing the cracks more clearly. In both micrographs,
loading is vertical. Thus, the micro-cracks are roughly par-
allel to the loading axis. This behavior is similar to that ob-
served in an extruded W that exhibits a flow stress level
close to the ECAP W in this work [28]. We presume that
due to cracking, the actual adiabatic temperature rise
would be less than the estimate from Eq. (2).

Though the peak flow stresses of the ECAP + CR W are
higher than those of the ECAP W samples at the same
strain rate, the flow softening is much more significant be-
yond a certain strain level. For example, the flow stresses of
the ECAP + CR W are even lower than those of the ECAP
W after about a true strain of 0.2. After that point, the
stress–strain curves have a more negative slope for
ECAP + CR W than for ECAP W. The following observa-
tions may provide an explanation.

Fig. 5(a) is an optical image of the side face of a dynam-
ically tested ECAP + CR W sample. The loading is again
vertical. Instead of cracks, obvious shear bands (SBs) are
present. High-speed photography (shown later) indicates
that the stress collapse corresponds approximately to the
initiation and subsequent rapid growth of these shear
bands. Fig. 5(b) displays an SEM micrograph, indicating
that shear bands have been developed on two conjugated
surfaces (the bright contrast in the micrograph indicated
by arrows corresponds to SBs). Fig. 5(c) is an enlarged im-
age of two shear bands corresponding to the left branch of
Fig. 5(a). Shear localization is evident, with the band ori-
ented at an angle of �40� with respect to the loading direc-
tion. At high magnifications, such as Fig. 5(d–g), details of
the microstructure in the shear band can be observed,
including the very large localized shear flow during dy-
namic loading. In Fig. 5(g) and later in Fig. 6, one can
see a crack as the result of the localized adiabatic shearing.

To further investigate the microstructure in the SB, the
roughened surface was polished away, and then etched
using a standard Murakami solution. Fig. 6 shows an opti-
cal image of the polished and etched surface (the loading
axis remains vertical). Extensive plastic shear has been
developed, presumably leading to subsequent cracking
(also shown in Fig. 5(g)). A simple estimate can be ob-
tained for the maximum shear strain experienced at the
center of the adiabatic shear band (ASB) using the slope
of the flow lines. As such, a shear strain of the order of
�3.0 can be estimated based on the information in
Fig. 6. One can now use Eqs. (1) or (2) to estimate the adi-



Fig. 4. (a) Post-mortem optical micrograph of dynamically loaded ECAP W (loading is vertical), showing cracks along the loading axes. (b) SEM
micrograph of the same sample as (a) showing microcracks approximately parallel to the loading axis (vertical).
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abatic temperature rise at the center of the band during dy-
namic loading, with a result of about 1400 K. Temperature
rises as large as 1000 �C have been frequently reported for
such loading conditions [5]. These shear bands do not show
a well-defined central region that etches differently, unlike
the shear bands observed in SPD Fe [12]. This suggests that
the temperature rise might not be sufficient to incur exten-
sive recrystallization in the center of the SB. TEM analysis
of the shear band is under way to clarify the detailed pro-
cesses involved. The flow lines suggest the canonical struc-
ture predicted for ASB [4], where the flow lines bend down
through the boundary into the band, and then curve away
on the other side forming an anti-symmetric pattern.

If the width of the region of concentrated flow lines is
taken as the shear band width, Fig. 6 provides a width of
�40 lm. One way to show whether the shear bands are adi-
abatic is to compare the thermal conduction length scale
over the time of the dynamic loading with the width of
the shear band. A simple but close estimate of the thermal
conduction length scale is

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2a � Dt

p
, where a is the thermal

diffusivity of W (0.662 cm2/s at room temperature and
0.226 cm2/s at melting point [9]), and Dt is the time elapsed
during dynamic loading (typically �100 ls). Such an esti-
mate results in a thermal conduction length scale in the or-
der of �1.0 lm, much smaller than the apparent shear
band width (�40 lm). This suggests that the shear bands
observed in this work are indeed of adiabatic nature.

To investigate the dynamics of the shear banding pro-
cess and its relation with other phenomena, a high-speed
camera was synchronized with the Kolsky bar system. In
situ high-speed photography shows the evolution of ASB
and subsequent cracking of the specimen. Fig. 7 displays
seven frames from one such experiment, together with the
corresponding stress–time and stress–strain curves. The
square symbols on the curves indicate the time or the strain
at which each frame was taken (Fig. 7(a) and (b)). As in
Fig. 3, very high flow stresses and significant flow softening
are observed. The first frame was taken before plastic
deformation occurred (Fig. 7(c)). The specimen is observed
in reflected light from the flashes, and is the rhomboid out-
lined in Fig. 7(c). (The rhomboid is the projection of the
specimen given the camera angle). The bright areas to the



Fig. 5. (a) Post-mortem optical micrograph of adiabatic shear bands in dynamically loaded ECAP + CRW. (b) SEMmicrograph showing adiabatic shear
band on two conjugated side faces of an ECAP + CRW sample after dynamic loading. (c) is an enlarged SEM image of two shear bands corresponding to
the left branch of (a). Shear localization is evident. (d) shows the details of the microstructure in the shear band. Notice the voids along with large,
localized plastic deformation. (e) and (f) are microstructures as a result from the very large localized shear flow during dynamic loading. In (g), one can see
a crack as the result of the localized adiabatic shearing.

Fig. 6. Morphology of ASB and crack as revealed by chemical etching.
Flow lines are clearly observed.
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left and right of the specimen are reflections of the speci-
men in the polished ends of the bars. Compression occurs
along the horizontal axis, with the incident wave arriving
at the specimen/input-bar interface from the left.
Fig. 7(d) is a frame captured about 20 ls after (c), (at a
strain of �0.1). The upper left corner shows some dark
contrast that indicates the initiation of shear localization.
The time difference between subsequent consecutive frames
is 4 ls. In Fig. 7(e) (at a strain of about 0.15), the shear
band formation is obvious as is the overall compression
of the sample. Fig. 7(f) shows the initiation of a second
shear band from the upper right corner. Later frames
(Fig. 7(g)–(i)) show the evolution of the shear bands, and
by Fig. 7(i) well-defined ASBs can be identified.

In summary, our experimental results show that, com-
pared to the unprocessed coarse-grain microstructure,
SPD processed UFG W sustains much higher flow stresses
under both quasi-static and dynamic loading. Compared to
the CG W, the quasi-static true stress–true strain curves of
SPD W behave in an elastic–nearly perfect plastic manner,
i.e., with vanishing strain hardening. Under uniaxial dy-
namic compressive loading, significant flow softening is ob-
served in the UFG W. Both post-mortem microscopic
observations and in situ high-speed photography reveal
intensive plastic shear localization in the UFG W, and
the latter indicates that the shear localization takes place
at a very small strain level. Cracking has also been ob-
served as a consequence of the severe adiabatic shear local-
ization in the UFG W.
4. Discussion

At this point, it is worth pointing out that even at liquid
nitrogen temperature (77 K or �196 �C) and under tension
single crystal W can be deformed plastically to large plastic
strains at various orientations [30]. This is consistent with
the behavior of other metals with bcc structure. However,
conventional polycrystalline CG W behaves more like a
brittle ceramic, especially under tension. This brittleness
has largely been attributed to the weakening effect of the
soluble interstitial impurities segregated along the grain



Fig. 7. The stress–time curve (a) and stress–strain curve (b) for a uniaxial compression Kolsky bar test of an SPD UFGW. The square boxes in each figure
indicate the time or strain level at which each frame was captured. The letters above the square boxes in (a) and (b) correspond to the frames (c–i). From
(c) to (i), seven frames are shown corresponding to the first seven time or strain points in (a, b). The loading wave came from the left horizontally. The final
rolling temperature for this sample is 700 �C.
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boundaries [9]. Therefore, the DBTT of CG W is depen-
dent on the purity level of the material, the population den-
sity of grain boundaries, etc. [9]. CG W of commercial
purity usually exhibits a DBTT above 150 �C [25,26,31].
This explains the ceramic-like behavior of such W at room
temperature. Under dynamic loading, cracking usually pre-
empts dislocation-mediated plastic deformation, and thus
disallows accumulation of plastic work and the subsequent
heating that is needed to trigger adiabatic shear
localization.

One strategy to reinstate the ductility of W would be by
refining the grain size of a CG W effectively so that the
impurities can be re-distributed along the new grain bound-
aries. We did not favor the traditional powder metallurgy
technology for the processing of UFG or nanostructured
W since that may introduce more impurities, even though
industrial consolidation of W powder is usually performed
in a hydrogen atmosphere [9]. Conventional rolling or
extrusion might be useful to refine the microstructure,
but the reduction in the size of the work piece with each
pass of processing greatly limits the final size of the work
piece, and hence the maximum amount of plastic deforma-
tion that can be pumped into the work piece. An additional
disadvantage associated with conventional rolling or extru-
sion is the limit in the misorientation of dislocation cells
(the so-called incidental dislocation boundaries or IDBs,
(see, e.g. [32–34]). For such boundaries, approximately 3�
has been reported to be the saturated misorientation for
von Mises strains above 4.5 [32,34]), and therefore a limit
for the final effective grain size. It is also to be noted that
small angle grain boundaries such as achieved through roll-
ing are usually of low energy, hence not as efficient as large
angle grain boundaries at hosting interstitial impurities and
thus decreasing the average impurity atom concentrations
along the grain boundaries. Added to these disadvantages
is the texture developed during large strain rolling or extru-
sion [33]. Since ECAP has been proven to be efficient to re-
fine the grain size of most metals with relatively large angle
grain boundaries (the angle distribution depends on the
route and number of passes, for details, see [21]), we have
adopted this technique for the refinement of grain size.
Our experimental results in Fig. 3 for the ECAP W do indi-
cate that ECAP helps elevate the strength level signifi-
cantly. It has been asserted that grain boundaries in
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metals processed by severe plastic deformation such as
ECAP or high-pressure torsion are usually of high angle
(>15–20 �) and non-equilibrium nature (with a grain
boundary energy much higher than that of the equilibrium
ones) [21,35–38]. Valiev et al. [35,36] further proposed that
the SPD induced non-equilibrium and large angle grain
boundaries explain the paradox of strength and ductility
in metals so processed. We envisage, for W in particular,
that the SPD induced non-equilibrium and large angle
grain boundaries play important roles in diluting away
the malignant impurities along the pre-existing grain
boundaries by diffusion to and re-distribution along the
newly created grain boundaries. The flow softening of even
the plain ECAP W indicates that at least part of the appar-
ent strain is due to dislocation-mediated plastic deforma-
tion, unlike the CG W where only axial cracking is
observed [28]. The ECAP process has driven the micro-
structure of a CG W into a few micrometer regime
(Fig. 1(a)), instead of UFG regime. This is mainly because
of the relatively high ECAP temperature (1000 �C and
above) and die geometry used in this work. Further work
may be needed to lower the ECAP temperature if the grain
size is to be refined to a greater degree. This work demon-
strates that additional low temperature rolling can at least
be supplementary to the relatively high temperature ECAP.
It has been reported that cold rolling also produces certain
amount of large angle grain boundaries (the so-called geo-
metrically necessary boundaries, GNBs [34]).

A more in depth analysis is needed to determine the ef-
fect of refined grain size on the tendency for a bcc metal,
such as W, to ASB. Qualitatively, there are a number of
variables that affect the initiation and development of
ASB [5]. They include: thermomechanical properties,
microstructure of the material, the stress state and external
loading conditions. The thermomechanical properties in-
clude density, specific heat, thermal conductivity (thermal
diffusivity), strain hardening rate, thermal softening rate,
and strain rate sensitivity. The factors from the microstruc-
ture include size, shape, spacing, orientation, population
and distribution of second phase particles, inclusions and
precipitates, as well as texture, porosity, imperfections
and thermal stability of the microstructures. External con-
ditions may include perturbations imposed externally, their
amplitude, sharpness and distributions. Under quasi-static
tension, non-adiabatic plastic instability can be predicted
using the well-known Considére criterion for the rate-inde-
pendent case and the Hart criterion for the rate-dependent
case [39]. In both cases, one of the most critical parameters
is the strain-hardening rate defined by (or/oe), where r is
the flow stress and e the plastic strain.

Most closed-form analyses on ASB are based on a pure-
shearing loading condition [1–5]. Under compression, sev-
eral flow localization parameters can be used to qualita-
tively describe the propensity of a metal for flow
localization [40]. Generally speaking, such parameters are
functions of the flow stress and its thermal sensitivity,
strain hardening behavior and the strain rate sensitivity
(SRS) of the material. Materials with high flow stresses
(or high dissipation numbers following an energy consider-
ation [41]), high thermal sensitivity, small strain hardening
and small SRS are more susceptible to adiabatic flow local-
ization under dynamic compression [18]. Usually, SRS, or
m, is defined as the exponent in a power law fit:
r=r0 ¼ ð_e=_e0Þm.

Our mechanical testing shows that the UFG W behaves
in an elastic–nearly perfect plastic manner under quasi-
static loading, as seen from the almost flat stress–strain
curves after yielding (Fig. 3). This indicates that the high-
density of defects and much refined microstructure pro-
duced during SPD has greatly reduced the strain hardening
capability of the commercial polycrystalline W. It has been
asserted in some face-centered cubic (fcc) metals such as Cu
and Ni [42,43] that smaller grain size leads to decreased
work hardening rate during plastic deformation. A recent
analysis suggests that below a certain length scale (e.g.,
grain size), there is an intrinsic size effect on work hardening
in metals [44]. The critical length scale is around 3 lm for
most metals. Below this, work hardening (through storage
of dislocations, for example) scales inversely with the grain
size. This size effect may also be understood on the basis
of reduced slip length (or dislocation mean free path) with
reduced grain size or cell size. The slip length becomes a
constant more easily and rapidly in a fine-grained metal
[42].

We evaluate the SRS parameter m using flow stress data
recorded at a number of strain rates (in this work, at a fixed
strain of �10% [13]). Bechtold reported that the rate sensi-
tivity m of re-crystallized coarse-grained W is 0.042 [45].
This value of m is about one order of magnitude larger
than most fcc CG metals [46]. The high SRS of single crys-
tal or CG bcc metals has been attributed to the unique non-
coplanar core structure of screw dislocations in such lattice
structures. This non-coplanar core structure implies a high
Peierls–Nabarro barrier which is to be overcome by ther-
mal activation. As a consequence, the mobility of screws is
much smaller than that of edges at low homologous temper-
atures (T< � 0.3 Tm, Tm being the melting point in Kelvin)
and the moving of screws becomes the rate-controlling
mechanism in bcc metals [47,48]. Due to the non-planar
core structure, screws in bcc metals move by the kink pair
mechanism [47] and the thermally assisted nucleation of
kink pairs is the rate-limiting step [47,49]. As outlined in
[18,50], the operational activation volume of this process,
v*, is related to m by m ¼ 2kT

sv� . In UFG materials at high
strain rates, v* is on the order of a few b3 and is almost
independent of s, grain size and dislocation density
[46,50–52]. Thus m can be decreased by increasing s,
(e.g., by refining the microstructure). In other words, when
the grain size is refined, the contribution to the total stress
will be dominated by the long-range stresses due to grain
boundaries, and the local Peierls–Nabarro barrier will con-
tribute less. Therefore, with a UFG microstructure, the
overall SRS will be reduced according to this relation
[46]. Fig. 8(a) displays double-log plots for W with different
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microstructure (grain sizes) showing that the SRS of UFG
W has been cut to half the value of the CG W. Fig. 8(b)
includes our previous results on bcc Fe, Ta and V
[11,13,16] showing that m can drop substantially when
the grain size is refined.

Wright [3,53] provides the following quantitative
description of the susceptibility to ASB

vSB
a=m

¼ min 1;
1

ðn=mÞ þ
ffiffiffiffiffiffiffiffiffi
n=m

p
( )

; ð3Þ

where vSB is the susceptibility to ASB, a the non-dimen-
sional thermal softening parameter defined by a = (�or/
oT)/qc (r is the flow stress, T the temperature, q the density
and c the specific heat of the material), n the strain harden-
ing exponent and m the strain rate sensitivity. For a per-
fectly plastic material (no strain hardening) such as the
SPD processed W in this work, the susceptibility reduces to

vSB ¼ a
m

¼ kr0

qcm
; ð4Þ

where k ¼ �ð1=r̂0Þor=oT is the thermal softening parame-
ter evaluated under isothermal conditions [30] (r̂0 is a nor-
malizing stress), and r0 is the yield strength. A simple
calculation based on the experimental results and the phys-
ical properties of W shows that susceptibility to ASB of the
UFG W is several orders of magnitude higher than that of
conventional CG W.

Another way to evaluate the propensity of a metal for
ASB is to estimate the critical shear strain for localization.
Again, there are several models based on different assump-
tions about the constitutive laws of the material. The prob-
lem becomes very simple for a material without strain
hardening such as is approximately the case in UFG W.
Assuming an exponential dependence of the flow stress
on temperature and no strain hardening, such that the con-
stitutive law can be written as

s ¼ s0 � expð�a � T Þ � _cm; ð5Þ
where s0 is a constant, a a positive constant, T the absolute
temperature and m the strain rate sensitivity. The critical
shear strain for shear localization can be derived as [1]:

ccA¼
qC
abs0A

1�g1=m expð�að1�mÞðT 0
B�T 0

AÞ=mÞ
� ��m=ð1�mÞ �1

n o
.

ð6Þ
In Eq. (6), s0A is the isothermal shear flow stress of the mate-
rial. The factor g defines the geometric defect (taken to be
unity for these compression tests) and m is the strain rate
sensitivity. ðT 0

B � T 0
AÞ describes the temperature difference

between the center of the ASB and the matrix (taken to
be �1000 K). The experimental results by Argon and
Maloof [30] on W at different temperatures can indeed be
described very well by Eq. (5) with a being 0.003957. Using
the above parameters for UFGW the critical shear strain is
calculated to be about 0.1. Therefore, the normal critical
strain for ASB will be smaller than 0.1. The high-speed
photographs of Fig. 7 do show that shear bands have
already occurred at a strain level of 0.1. Bearing in mind
the limited spatial resolution of the high-speed camera, it
is then reasonable to believe that ASB might have initiated
before this strain level.

Careful examination of the quasi-static true stress–true
strain curves of the UFG W (Fig. 3) indicates that the plas-
tic part is not absolutely flat: slight strain hardening is still
present. Fitting the plastic part with a power law gives a
strain-hardening exponent of �0.023 (more than one order
of magnitude smaller than that of CG W). Assuming that
the constitutive behavior of UFG W can be described by
the Litonski relation as [4]

s ¼ Acnð1þ B _cÞmð1� cT Þ; ð7Þ
where s is the shear stress, c the plastic shear strain, n the
strain hardening exponent (�0.023 for UFG W of this
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work), _c the plastic shear strain rate and m the SRS (usu-
ally the term B _c is much larger than unity, and (7) can be
reduced to the power-law strain rate hardening), T the tem-
perature, and A, B, c are materials constants. Based on Eq.
(7) and stability analyses, Burns and Trucano [54] derived
the following critical shear strain for a strain-hardenable
metal

cC ¼ nqC
Ac

1

ð1þ B _cÞm
� � 1

nþ1

. ð8Þ

Experimental results [55] on W ribbons (heavily de-
formed at low temperature) that have room temperature
flow stress close to the UFGW of this work show that their
flow stresses vary as a function of temperature in the man-
ner described by (7) with c being �0.7 · 10�3/K. The values
of other parameters to be used in Eq. (8) are:
A = �1430 MPa, q = 19.25 g/cm3 (density of W),
C = 0.134 J/g K (specific heat of W), B = 104 s [54]. An
estimate of the critical shear strain from Eq. (8) is
�0.046, which corresponds to a normal strain of 0.026.
We can see that even though work hardening is considered,
because of its small contribution to stabilizing the plastic
deformation (n is very small compared to a conventional
CG-W), the estimated critical shear strain is not far from
the perfect plastic assumption.

We envisage that due to the concurrent effects of much
elevated flow strength and ductility, and the diminished
role of the stabilizing mechanisms of strain hardening
and strain rate hardening, the UFG bcc microstructure will
have low resistance to softening (thermal or geometric)
mechanisms. As a consequence, plastic flow will be more
likely to localize. In this work, plastic flow in the form of
ASB, and the subsequent cracking are indeed observed
upon uniaxial high-rate compressive loading of the high-
strength, ductile UFG-W (Figs. 5–7). Note (see [18]) that
the SPD and grain refinement have improved the ductility
at the same time as obtaining higher strength.

In the past, flow localization has often been induced by
intentionally generating localized shear stresses in the sam-
ple through special design of sample geometry. For exam-
ple, adiabatic shear banding has been observed in CG W
samples with hat-shaped or truncated cone geometry
loaded under dynamic compression [29,56,57]. In contrast,
we have reported the first observation of adiabatic shear
localization in commercial purity UFG W using conven-
tional Kolsky bar compression tests [18]. Similar flow local-
ization has been now observed in many ultrafine-structured
bcc metals, for example in Fe and Ta [11,12,14,16].

5. Summary and concluding remarks

We have refined the microstructure of a coarse-grained
W of commercial purity via severe plastic deformation to
achieve an ultrafine microstructure. This W not only exhib-
its considerably elevated flow stress, it also shows signifi-
cantly enhanced ductility. Mechanical testing under
quasi-static and dynamic loading shows that W with such
microstructure has much reduced strain-hardening capac-
ity (the plastic part of the true strain–true stress curve is al-
most flat under quasi-static loading). In addition, its strain
rate sensitivity has been decreased to half that of its coarse-
grained counterparts. The diminished strain hardening can
be understood on the basis of the intrinsic size effect in met-
als on their work hardening mechanism. The reduction in
strain rate sensitivity by refining the microstructure of W
can be understood by invoking the dislocation mediated
plastic deformation mechanism of bcc metals at relatively
low homologous temperatures, i.e., kink pair nucleation
and its subsequent propagation. The much enhanced duc-
tility in the SPD processed UFG W can be attributed to
the plastic-deformation-induced non-equilibrium and large
angle grain boundaries which dilute away the interstitial
impurities by their diffusion to and redistribution along
such grain boundaries. The resulting high strength, rein-
stated ductility, as well as reduced strain hardening and
strain rate hardening, lead to favorable conditions for the
initiation of adiabatic shear localization, and the subse-
quent cracking observed for the first time in W under uni-
axial dynamic compression [18]. The UFG-W with such a
deformation mode may offer a high-density material un-
iquely suited for certain critical applications.
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