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ABSTRACT

For the first time, we have demonstrated adiabatic
shear localization in pure, ultra-fine grain (UFG) and
nanocrystalline (NC) tungsten (W). Fabricated by severe
plastic  deformation (SPD), microstructural and
mechanical property analyses of the W samples show that
the combination of fine grain size, stored strain energy,
ultra-high strength, little or no work hardening capacity
leads to a unique flow softening behavior. It is further
hypothesized that, while maintaining material ductility,
grain refinement and redistribution of pre-existing
impurities, segregated along grain boundaries (GBs), are
equally critical for localized flow softening to occur.

The UFG and SPD W results serve as minimum
property benchmarks for shear localization to occur. In
turn, these are used to define the experimental protocols
and parameters for use in alternate fabrication procedures
such as rapid consolidation of UFG or NC W powders.
Preliminary results indicate that additional development
of high-purity W nanopowders and appropriate grain-
growth inhibitors will be required for this latter approach
to successfully produce UFG and NC W microstructures.

1. INTRODUCTION

Recent interest in materials with UFG, ~100 nm <
grain size, d < ~500 nm, or NC, d < 100 nm, size regimes
has been tremendous (Meyers et al., 2006; Witkin and
Lavernia, 2006). These materials have much higher
strengths compared to their coarse-grained (CG)
counterparts. However, such high strengths have been
accompanied by loss of ductility (Koch, 2003; Ma, 2003a,
2003b). Instead of being an intrinsic property, it has been
proposed that the loss of ductility is a defect-induced
phenomenon (Youssef et al., 2005; Cheng et al., 2005;
Wang and Ma, 2004; Wang et al., 2002). Probable causes
are linked to volume defects, such as residual porosity and
poor interparticle bonding that stem from impurity
contamination. These defects are introduced during “two-

step” processes, wherein UFG/NC structures are produced
by ultrafine powder compaction at high temperatures
(Wei et al., 2006b). To avoid such complications, “one-
step” processes have been pursued, wherein powder
handling in air is minimized or the precursor is in a fully
dense bulk form. Examples are known as “in-situ”
consolidation (Youssef et al., 2005) and SPD (Valiev et
al., 2000), respectively.

Recent UFG/NC fabrication efforts have been on
face-centered-cubic (FCC) metals such as Al, Cu, or Ni
(Kumar et al., 2003). Much less work exists on body-
centered-cubic (BCC) metals, e.g., W or Fe. UFG/NC
BCC metals have different properties than there FCC
counterparts (Wei et al., 2002, 2003, 2004a, 2004b,
2004c, 2006a, 2006¢; Malow and Koch, 1998; Malow et
al., 1998; Carsley et al., 1998). For example, UFG/NC Fe
exhibits localized shearing even under quasi-static
uniaxial compression (Wei et al., 2002; Jia et al., 2003).
NC V fails in a manner similar to metallic glass under
dynamic uniaxial compression (Wei et al., 2004b). Such
behavior is based on the vanishing strain hardening and
much reduced strain rate sensitivity (SRS).  This
deformation and failure mode is highly desirable in
kinetic energy projectile applications (Magness et al.,
1995).

Plastic instability is typically manifested when the
stabilizing mechanisms (strain and strain rate hardening)
are diminished and the destabilizing mechanisms (thermal
and geometric flow softening) dominate (Wright, 2002;
Bai and Dodd, 1992). It has been shown that as d
decreases for BCC metals, the strain hardening capacity
disappears, the SRS diminishes (Jia et al., 2003; Wei et al.
2004c, 20064, 2006¢), and flow softening behavior begins
to dominate. In agreement with previously proposed flow
softening (Jonas et al., 1976) and adiabatic shear banding
(ASB) criteria (Wright, 2002), it is expected that localized
flow softening behavior may occur if the grain size of W
is reduced to UFG or NC (Wei et al., 2006a, 2006¢) scale.



In general, there are two routes for fabricating bulk
UFG and NC W, namely, top-down and bottom-up
approaches. In the former, the original bulk CG structure,
subjected to SPD, is broken down and refined into a UFG
or NC structure (Valiev et al., 2000). In contrast, in the
latter approach, the fine-grained structure is created using
a “two-step” process in which nanosized precursor
powders are consolidated into a fully dense structure.
Control of grain size, however, is a difficult task because
heat, necessary for consolidation and densification,
promotes grain boundary (GB) diffusion that naturally
encourages grain growth (Rieck, 1967; Cho et al., 2004).
To limit grain growth, extremely rapid heating rates, with
no (or very short) soak time, are preferred. Application of
high pressure is also desirable as it provides additional
driving force for densification.

We demonstrate the use of the top-down approach to
produce pure UFG- and NC-W materials. The UFG
structure was achieved by equi-channel angular pressing
(ECAP) followed by warm rolling. The UFG structure
was further refined to NC structure by a high-pressure
torsion (HPT) technique (Zhilyaev et al., 2003). The
compressive mechanical properties were collected at
quasi-static and at high strain rates. Transmission and
scanning electron microscopies (TEM/SEM) were used to
evaluate the extent of plastic deformation, shear
localization, and failure mechanisms.

Very few ultra-fine W powders are available; their
lot-to-lot purity, high oxygen content, and size
distribution are not reliable. In contrast, sub-micron W is
sold commercially. Therefore, we present experimental
parameters developed for the densification of such
powders using an electric discharge powder consolidation
method, also known as, plasma pressure compaction
(P°C) (Groza, 1998, Yoo et al., 1999). The intent is to
establish a baseline for the consolidation of UFG- and
NC-W powders. Because of the two-step nature of the
P’C process, we kept powder handling in air to a
minimum. W compacts were consolidated to near full
density and characterized by X-ray diffraction, SEM and
energy dispersive X-ray spectroscopy (EDXS). Special
attention was given to reveal potential oxygen containing
phase(s) along the GBs.

2. EXPERIMENTAL PROCEDURES
2.1. Top-Down Approach
Table I. Interstitial Impurities of the Starting W

Element C H N O P S Si
(ng/g;orppm) 30 5 5 20 20 5 20

A wrought W bar, with a grain size of ~40 pm,
supplied by Plansee AG, (Reutte, Austria), was used as a

starting material for SPD. Table I summarizes vendor
certified chemical analyses of interstitial impurities.

2.1.1. ECAP and Rolling Preparation of UFG W

The W bar was passed through an ECAP tool with a
set of interconnecting channels of equal cross-sectional
areas and shapes. Extrusion was performed at 1000 °C.
The reason for this low temperature is because above
1250 °C, rapid recrystallization takes place in deformed
W (Farrell et al., 1967). The recrystallization temperature
is a strong function of impurity level and the amount of
plastic deformation (Lassner and Schubert, 1998). The
work piece was encapsulated in a stainless steel can to
reduce oxidation. Due to the relatively poor workability
of CG W, a 120° die angle was used to avoid cracking.
Compared to a right-angle tool, the effective strain
introduced through each pass is reduced. This could be
compensated for by increasing the number of passes.

To further refine the W microstructure, a section was
machined off the ECAP bar and rolled in a confined
manner at successively lower temperatures from 800 to
600 °C. The rolling plane was perpendicular to the ECAP
extrusion direction. The additional equivalent von Mises
strain introduced through this rolling process was about
1.8. The W that was subjected to ECAP followed by
rolling will be referred to as UFG W.

2.1.2. HPT Preparation of NC W

Polished W disks, 10-mm diameter and 1-mm thick,
were confined under pressure while subjected to a
torsional force for five turns. No apparent change in color
of the W piece was observed suggesting no oxidation
during processing. The HPT temperature, 500 °C, was far
below the melting point or recrystallization temperature
of W, so the microstructure was likely refined. The strain
induced in the work piece is radially dependent. The rim
of the disk subjected to one complete HPT turn has a von
Mises equivalent strain of >18. Thus, after five turns, the
maximum nominal strain was about 90. The W sample
subjected to HPT will be referred to as NC W.

2.1.3.  Microstructural Analyses

TEM specimens were cut from the ECAP extrudates
and HPT disks such that the electron beam was in the
plane of the rod and disk, respectively. The specimens
were first mechanically polished down to ~50 pm thick
then dimpled. The dimpled specimen was mounted on a
Ta support grid and ion milled to electron transparency.
A Philips EM420 TEM operated at 120 kV was used for
conventional analysis, while a Philips CM-300, TEM
operated at 300 kV was used for high-resolution lattice
imaging. For some recovered samples, the roughened



side faces were polished away and chemically etched to
expose the structure of the shear bands.

2.1.4.  Mechanical Testing

Samples for quasi-static and dynamic mechanical
testing were machined from the SPD processed W. An
MTS servo-hydraulic mechanical testing system was used
to measure the quasi-static behavior at strain rates of 10
to 10 s'. The compressive loading direction was along
the ECAP extrusion direction, normal to the rolling plane
of the rolled samples, and normal to the torsion plane of
the HPT samples. A standard Kolsky bar and a desk-top
Kolsky bar were used to measure the dynamic behavior.
The side faces of the specimens were polished to a mirror
finish. Specimens were recovered for optical and SEM
observation of post-loaded samples for evidence of
localized shearing and failure surface morphology.

2.2. Bottom-Up Approach
2.2.1.  Precursor Characterization

Tables II and III summarize vendor specifications
and chemical analysis of the starting W powder. Particle
size distribution of the W powder was determined by laser
scattering, using a 50/50 vol.% glycerol and H,O
dispersant mixture. Initial W powder chemistry was
verified by inert gas fusion and its morphology verified
by SEM.

Table II. Vendor Specification of the Starting W Powder
Vendor  Grade PSR Purity LOR
OSMM 3116 0.600.90  99.95%  0.4%

Sylvania
PSR: particle size range in um.
LOR: maximum loss on reduction

Table III. Interstitial Impurities of the Starting W Powder
Element C Co Fe Ni O Others
(mg/g) 17 19 14 10 44 97

2.2.2.  P%C Consolidation Method

For P’C powder consolidation, a 25.4-mm inner
diameter graphite die with a set of top and bottom
graphite punches was used. Details of configuration and
property data are given by Cho et al., 2005. Fifty grams
of powder was loaded into the die; the punch positions
were adjusted such that each extended an equal length
from either end of the die. To minimize grain growth
while maximizing density, the consolidation temperature
was set as low as practicable while the applied pressure
was set as high as possible with the graphite tooling. The
applied pressure, 65 MPa, was limited by the strength of
the die. An optimum temperature of 1700 °C at constant

pressure was identified by comparing densities of W
compacts consolidated at various temperatures.

2.2.3. Precursor Pretreatment

Prior to P’C, a number of W powder compacts were
reduced in flowing H,. Initially, the powder compacts
were cold pressed at 27 MPa. The specimen, still held in
the graphite die, was inserted into a furnace, heated in H,
to 850 °C for 2 hours. The H, flow was turned off when
the furnace temperature cooled to 100 °C. Upon removal,
a set of punches were inserted into the die and the
assembly was immediately loaded into the P’C vacuum
chamber for subsequent consolidation. Alternatively, for
W powder compacts without H, reduction, the die
assembly was placed directly in the P’C. In each case, the
temperature of the specimen-die assembly was monitored
with an optical pyrometer up to 2000°C.  The P°C
vacuum chamber was evacuated to an approximate
vacuum level of 5 x 107 torr.

Tungsten powder compacts were treated both with
and without pulsed current; the on-off cyclic mode of
P’C. Typically, current was applied and incrementally
raised at a rate of 200 A every 5 min until it reached
1200 A. In order to avoid possible grain growth during
pulsing, the current level was chosen such that the
temperature stayed below 1150 °C. The pulsing period
was 10 ms on and 10 ms off, with a minimum current
level of 0 A. After 5 min at 1200 A, the pressure was
increased to 65 MPa. The current was switched to a
direct current (DC) mode, and the level was raised from
1200 to 4600 A. Once the pyrometer temperature read
1700 °C, the current was set to 0 A, and the power turned
off. For some of the W powder compacts, the DC mode
was used throughout. The pressure was increased to
65 MPa and the current increased from 0 to 4600 A.
When the pyrometer read 1700 °C, the current was set to
0 A, and the power was turned off. The die assemblies
were kept inside of the P>C apparatus at 65 MPa until the
hot zone cooled to 75°C. The pressure was released and
the chamber vented.

The W samples were ejected from the die and
densities  measured by  Archimedes’  method.
Representative sections of each sample were cut,
mounted, and sequentially polished using SiC and
diamond.  Specimens were etched with Murakami’s
reagent and examined with X-ray diffraction, SEM, and
EDXS.



3. RESULTS
3.1. Top-Down Approach
3.1.1.  As-Deformed Microstructure

After four ECAP passes, the original W grain size of
~40 um was refined to a few um. The limited grain size
reduction was partially attributed to dynamic
recrystallization and grain growth at 1250 °C. Figure 1(a)
displays the TEM micrograph of UFG W. The average
grain size is around 500 nm. Note the dislocation cell
structure and low angle GBs separating the equiaxed
grains. Figure 1(b) displays the typical microstructure of
the NC W. The average grain size is about 100 nm, but
has a high defect density and elongated grain structure.
Selected area diffraction analysis of the NC W reveals
almost continuous rings, indicative of no texturing.

- ' (b) e L B o -
Figure 1. Bright-field TEM images of the (a) UFG-W
and (b) NC-W.

50 nm
(a) — W (b) S o :
Figure 2. Bright field TEM image of the NC W structure
is shown in (a); high-resolution TEM image of the boxed
region is shown in (b).

Microstructural analysis revealed that unlike the
UFG W, the NC W contains high angle GBs. Shown in
Figure 2, lattice images exemplify features such as atomic
ledges, steps, and edge dislocations. The presence of
atomic facets, steps, or ledges suggests that the NC W is
in a high-energy, non-equilibrium state (Valiev et al.,
1986; Nazarov et al., 1993; Valiev, 2002). Additionally,
no GB phase, amorphous or crystalline, is associated with
the GB. That is, the crystalline structure of the
constituent grains is disrupted only by the presence of the
GB; the GB is clean and well defined. Further

examination also reveals the existence of a large number
of edge dislocations near the GBs. This is unusual since
W plasticity at low temperatures is usually accommodated
by screw dislocations by means a double kink mechanism
(Christian, 1983).

3.1.1. Mechanical Behavior

Figure 3 shows the quasi-static and dynamic stress-
strain curves of the UFG and NC W specimens. The
strength of CG W is about 1 GPa; our results are in
agreement with Lennon and Ramesh, 2000, and Diimmer
et al., 1998. Note in Figure 3(a) that the UFG W has an
increased quasi-static strength of 1.5 times that of CG W.
Observe that during deformation the UFG W does not
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Figure 3. Stress-strain curves of the UFG and NC W
under uniaxial compression at quasi-static (a) and
dynamic (b) strain rates.

work harden as much. Under dynamic compression, see
Figure 3(b), the UFG W shows definite flow softening,
even at small plastic strains; in comparison, CG W, even
under dynamic loading, continues to strain harden. This
flow softening is due to a changed deformation mode.
Results for the NC W show a three-fold increase in
strength. The strain softening, both at quasi-static and
dynamic strain rates, is much more pronounced. This is
the most salient feature of the dynamic strain-stress
curves: the very early precipitous stress collapse is one of
the desirable key properties of a penetrator material
(Magness et al., 1995).



3.1.2.  Failure Behavior

W, subjected to ECAP alone, exhibits axial cracks
(i.e., cracks parallel to the loading axis). The cracks are
along pre-existing GBs, consistent with the tensile
behavior of W, where failure occurs at stress levels about
only half that of compression with no evidence of plastic
deformation. However, optical microscopy of the post-
loaded UFG W (subjected to warm rolling), indicates no
axial cracks. Instead, clear evidence of shear bands is
observed. An SEM image, shown in Figure 4(a),
indicates severe and localized shear deformation. The
polished, roughened surface, followed by chemical
etching, revealed the detailed microstructure of the shear
bands, including the density and direction of the shear
lines. The width of the band is around 40 pm. A crack,
indicative of incipient failure, can be observed in the
middle of the shear band. High-speed photography
verified that the stress-collapse in the stress-strain curves
roughly corresponds to the initiation of ASBs (Wei et al,
2006a). The strain at which ASBs initiate is around 0.1;
they are fully developed at a strain of ~0.15.

Microscopy of the post-loaded NC W indicated a
localized shear band at an angle of ~45° with respect to
the loading direction. The SEM image, shown in
Figure 4(b), displays severe curving of pre-existing
surface scratches. In this case, the shear band width is
much narrower, about 5 um. This is significantly smaller
than that seen in the UFG W. The cracks form from the
highly concentrated shear flow in the band.

(a)

Figure 4. SEM images of (a) UFG W showing severe,
localized flow in the shear band; and (b) NC W showing
extreme localization and separation.

3.2. Bottom-Up Approach
3.2.1.  Precursor Characteristics

Both particle size and oxygen content of the W
powder, as estimated by the vendor, was in good
agreement with the experimentally measured oxygen
content (see Tables II, 111, and IV). However, the oxygen
content of the starting powder is significantly higher than
the typical 20 ppm level found in wrought W. An SEM
image, Figure 5, shows the W powder morphology. The

measured mean particle size of ~0.7 um indicates that the
powder is free of agglomeration.

Table IV. Size Analysis of the W Powder Precursor
Median (um) Mean (um)
Average 0.678 0.702

Figure 5. SEM iage I) of the stag W powder.

3.2.2. Consolidation Characteristics

Results indicated that consolidation above 1700 °C
was hindered by outward deformation of the graphite
punches. Such barreling is problematic, as it limits the
axial movement into the die and, in turn, densification.
This effect caused the density of higher temperature
samples to be lower.

Effects of H, Reduction & Pulsing Treatment
100
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Figure 6. W sample density as a function of H, reduction
and current pulsing.

As shown in Figure 6, there are definite benefits to
the use of H, reduction and current pulsing: the
corresponding W density was higher. Densification was
less effective when either one or the other treatments, or
no treatment at all was applied. Because of the high
oxygen content of the starting powder, a much longer
reduction cycle was used than normal. SEM and EDXS,
performed on representative sections of the four W
samples, all showed oxygen bearing phases, particularly
along GBs and at grain-to-grain triple points. Figures 7(a)
to (d) display representative backscatter SEM images of
the samples. The samples with no treatment, and with
reduction or pulsing, only show a larger amount of
oxygen containing phases when compared to the sample
that had both reduction and pulsing. For all of the W
samples, the presence of oxygen was confirmed by
EDXS.



Figure 7. SEM images the W samples: (a) no treatment;
(b) H, reduction only; (c) pulsing only; and (d) H,
reduction and pulsing; same magnification in all images.

X-ray diffraction of the precursor powder and
densified samples indicated that a tungsten oxide phase
was only detected in the starting powder and the W
sample without any treatment. It may be noted that the
detection limit by X-ray analysis is about 2 vol.%.
Therefore, it is possible that the other samples contained
tungsten oxide, or other oxide phases, below this
detection limit. Careful observation coupled with EDXS
analysis revealed that the oxygen containing phase is
tungsten oxide. Nevertheless, density measurements
clearly indicated an improvement with the dual treatment.
As shown in the figure, despite the rapid heating rate of
~400 °C/min and no hold time at the consolidation
temperature, the final W grain size was about ten times
larger than the initial particle size.

The enhanced densification behavior was a
consequence of grain coalescence and growth, suggesting
that using a cleaner precursor would be more likely to
yield faster densification kinetics. It is hypothesized that
for relatively pure precursor powders a heating rate above
1000 °C/min, with a short soak time during potential grain
growth, could be applied without degrading W density.
However, it must be kept in mind that it is very difficult
to process pure UFG or NC W powder to full density
without allowing any grain growth at all. Wittmann et al.,
2002 and Jain et al., 2006 have suggested the use of grain
growth inhibitors to immobilize highly mobile W GBs.
Furthermore, these pinning agents should also act as
“oxygen” and/or “carbon” getters to deplete residual
oxygen and/or carbon during consolidation to effectively
reengineer the W GB structure.

4. DISCUSSION

It is well accepted that because of its high density, W
is an attractive replacement candidate for depleted
uranium kinetic energy penetrators.  Unfortunately,
because of CG W has a large capacity strain hardening
and deforms stably at higher temperatures, it has proven

to be resistant to the development of adiabatic shear
localizations despite adiabatic heating developed during
the high rate deformation of ballistic impacts. Instead, a
uniform stable plastic deformation of CG W penetrators
leads to a large mushroomed head on the projectile. This
is in contrast to the “self-sharpening” behavior of uranium
projectiles, which prevents the build-up of a large head
and allows them to burrow narrower but deeper
penetration tunnels within armor.

It has been recognized that interstitial impurities such
as C, N, S, etc. cause the ceramic-like behavior of CG W
(Lassner and Schubert, 1998). Segregation along the GBs
renders them into weak links under mechanical straining.
Results have shown that single-crystal tungsten can be
deformed to significant plastic strain under tension even
at liquid nitrogen temperature (Argon and Maloof, 1966).
Thus, brittle behavior is not an intrinsic property of W. If
these impurities can somehow be depleted, improved
ductility could result. An idea by Watanabe, 1984 entails
the creation of more GBs with appropriate kinetics to
diffuse away impurities from the preexisting GB. If the
average impurity concentration is reduced, an increase in
GB strength and ductility would follow. A present
efficient way to induce more GBs and redistribute
impurities is by SPD. As was shown for NC W, the
characteristics of the high angle GBs were consistent with
this hypothesis. This peculiar feature of the SPD W,
explains why significant ductility concurrent with
elevated strength was observed.

The high ductility of the SPD W might also be
related to the high density of edge dislocations seen with
high-resolution TEM.  Factors controlling fracture
toughness and brittle-to-ductile transition of W indicates
that pre-plastic-deformation of the specimen can increase
both low- and high-temperature fracture toughness
(Gumbsch, et al., 1998). It is pointed out that a
dislocation moving in the stress field along a crack tip
will generate highly mobile non-screw-type dislocation
segments parallel to the crack tip. Our high-resolution
TEM showed residual edge dislocations in NC W.

A shear susceptibility model can be articulated to
predict the propensity of the UFG and NC W for ASB.
The enhanced propensity for shear banding of UFG and
NC W samples could be explained in terms of the Wright
criterion (Wright, 2002). The susceptibility is directly
proportional to the thermal softening and yield strength,
while inversely proportional to density, specific heat,
strain hardening exponent, and the SRS. For a perfectly
plastic material (no strain hardening) such as the UFG and
NC W, the critical parameters are the yield strength and
the SRS. A large yield strength will translate into higher
susceptibility. Furthermore, a small SRS also results in a
higher susceptibility. Recent results on UFG/NC BCC
metals have shown that the SRS is considerably reduced



compared to the CG microstructure (Wei et al., 2004¢c). A
simple calculation based on the experimental results and
the physical properties of W shows that susceptibility of
the UFG and NC W is several orders of magnitude higher
than that of conventional CG W.

5. SUMMARY

The current work has demonstrated a strategy to
induce highly localized shear flow in W. This is based on
refining the microstructure down to UFG and NC scale
using SPD. Microstructural and mechanical property
analyses of UFG- and NC-W processed by SPD have led
to the hypothesis that grain refinement, depletion, and
redistribution of pre-existing impurities segregated along
the GBs are the critical aspects for inducing flow
softening while improving the material ductility.

SPD results have been used to aid the design of
consolidation experimental parameters as well. To date, a
density of 97% theoretical has been achieved by using H,
reduction and current pulsing to remove residual oxygen
on the starting W powder. Microstructural examination
has revealed that oxygen containing phases still remain in
the P>C-consolidated W samples, particularly at W GBs
and at triple points. Samples consolidated without
treatment contain much higher levels of tungsten oxides.
Based on these experiments, it may be concluded that if
finer nanosized W powders become available, the final W
grain size will be about an order of magnitude greater. As
shown by the SPD results, the required final grain size of
about 100 to 500 nm will only be reached with a
combination of high purity W nanopowders and
appropriate grain growth inhibitors.
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