Research Summary Tungsten: Today’s Technology

Nanoengineering Opens a New Era
for Tungsten as Well
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Forthe past century, tungsten has been
exploited for numerous applications due
to its unique properties, including its
extremely high melting point, mass den-
sity, and mechanical strength. One
specific potential application of tungsten
(owing to its high mass density and
strength) is the replacement of depleted
uranium within kinetic energy anti-
armor penetrators. Strenuous efforts in
this direction have had limited success.
However, nanoengineering has been
appliedrecentlytotailorthe microstruc-
ture and properties of tungsten, leading
to dramatic improvement with regard to
this application. This paper provides
some recent results on nanoengineered
tungsten and discusses the underlying
principles. It appears that nanoengineer-
ing is opening a new era for tungsten.

INTRODUCTION

Nanoengineering is the practice of
engineering at the nanometer scale (a
nanometer is one-billionth of a meter,
or 1 nm = 10~ m). The history of nano-
engineering can be traced back to the
end of the 1950s when the Nobel Prize
Laureate Richard Feynman gave his
famous speech “There is plenty of room
at the bottom.”! About one decade prior
to Feynman’s speech, metallurgists had
already recognized the strong effect of
reducing grain size on the behavior of
metals and alloys.?® It is now almost
common sense that metals with grain
size in the ultrafine-grained (UFG, grain
size d smaller than 500 nm but greater
than 100 nm) and nanocrystalline (NC,
d<100 nm) regimes have much greater
strength than their coarse-grained (CG)
counterparts. Accompanying the high
strength is a loss of tensile ductility,**
which has recently been considered to
be induced by artificial defects.”!' The
focus of investigations has recently

shifted to other unusual properties of
UFG/NC metals, including the retained
ductility via some special processing
routes.” 1112

There are a number of ways to make
UFG/NC metals. The bottom-up meth-
odsinvolve producing nanosize particles
followed by consolidation, while the
top-down methods start with a bulk CG
metal and refine the grain size into the
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Figure 1. (a) An optical micrograph of
ECAP tungsten (four passes at 1,000°C)
showing refined microstructure due to
severe plastic deformation. Notice that
the pre-existing grain boundaries are still
visible. (b) After further rolling at relatively
low temperatures, the microstructure is
refined into the UFG regime. Selected
area diffraction pattern (not shown here)
indicates that many grain boundaries are
of the low-angle type.

UFG/NCregimes. The mostdirect cause
of the loss of ductility is the introduction
of volume defects such as residual poros-
ity, poor inter-particle bonding due to
impurity contamination, etc.'* Many of
these effects are a consequence of so-
called “two-step” processing (usually
bottom-up) where UFG/NC powders are
produced followed by hot compaction.
One strategy to mitigate such detrimen-
tal effectsis “one-step” processing where
handling of powders in open air is
avoided, or the starting material is in
fully dense, bulk forms (top-down). Koch
and co-workers have demonstrated that
NC copper with d~20 nm produced by
in-situ consolidation can have tensile
elongation >10%.% Another technique
for the production of UFG/NC metals is
severe plastic deformation (SPD), where
a fully dense work piece is subjected to
very large amounts of plastic strain.'
This avoids the handling of powders and
subsequent consolidation, and is there-
fore a one-step, top-down process. Very
recently, a bi-modal grain size distribu-
tion has manifested both significant
strength and tensile elongation, where
the NC grains serve as the strengthening
medium and the large (d a few microm-
eters) grains accommodate the plastic-
ity.!®!" This concept has since been used
in other systems."

The majority of nanoengineering
efforts are on metals of face-centered-
cubic (fcc) structures such as aluminum,
copper, and nickel.'® Much less work has
been conducted on body-centered-cubic
(bce) metals. One reason is the difficulty
in refining the grain size of bce metals
into the UFG/NC regimes. Recent efforts
have shown that UFG/NC bcc metals
exhibit some very unique behavior com-
pared to their fcc counterparts.'”” For
example, UFG/NC iron exhibits local-
ized shearing even under quasi-static
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compression.!”?2° Nanocrystalline
vanadium fails in a manner similar to
metallic glasses under dynamic compres-
sion.® Such deformation and failure
modes are desirable for a kinetic energy
(KE) penetrator material. There has been
tremendous research work in search of
areplacement for depleted uranium (DU)
for the making of such penetrators, and
among all the candidates, tungsten, abcc
metal, seems to be the best in terms of
its mass density rivaling DU.*

Body-centered-cubic metals are
known to be very vulnerable to soluble
interstitial impurities which have been
held responsible for their brittle failure
at low homologous temperatures (the
homologous temperature is the tem-
perature of interest divided by the melt-
ing point of the specific metal).*! Tung-
sten is the most notorious in this respect.
Conventional powder metallurgy (P/M)
CG tungsten exhibits a very high ductile-
to-brittle transition temperature (DBTT)
of around 150°C.* Efforts to produce
UFG/NC tungsten through P/M have had
little success to this point. Very recently,
the authors have shown that SPD-based
nanoengineering may be an alternative
for tungsten.?*?*3* This article reports
and reviews the application of nano-
engineering to commercial-purity tung-
sten, demonstrating strong evidence of
adiabatic shear banding (ASB), which
is the basis for the desired performance
of a KE penetrator. A progressive meth-
odology was adopted in which tungsten
with a UFG microstructure was pro-
cessed and examined, and then nano-
engineered tungsten was investigated.

See the sidebar for details on strategy
and methodology.

EXPERIMENTAL
DEMONSTRATIONS OF
PRINCIPLE

Figure la shows the microstructure
of tungsten after four passes of equal-
channel angular pressing (ECAP). Since
the starting material has a grain size of

~40 um, grain size reduction by ECAP
is obvious. However, ECAP at 1,000°C
can only refine the grain size of tungsten
down to a few micrometers due to
dynamic recrystallization and grain
growth. To further refine the grain size,
the ECAP tungsten was rolled at 800°C
and below. Figure 1b displays the trans-
mission-electron microscopy (TEM)
micrograph of tungsten that was further
rolled at 600°C to introduce an additional
strain of 1.8. The average grain size (or
sub-grain size) is around 500 nm, thus
in the UFG regime.

Figure 2a displays a typical micro-
structure of high-pressure torsion (HPT)
processed tungsten. The average grain
size derived from TEM micrographs is
about 100 nm. The selected area diffrac-
tion pattern (Figure 2b) shows almost
continuous rings, indicating the absence
of preferential orientation of the grains
(texturing). Figure 2c is a typical high-
resolution TEM (HRTEM) image of a
grain boundary (GB). A few interesting
characteristics can be identified with this

GB. First, it is of large-angle type.
Second, ithas a number of atomic facets,
steps or ledges, suggesting its high energy
and non-equilibrium nature.*”*° Third,
no GB phase, amorphous or crystalline,
can be associated with the GB. In other
words, the crystalline structure of the
constituent grains is disrupted only by
the presence of the GB, and the GB is
clean and well defined. An HRTEM of
the same specimen also reveals the
existence of a large number of edge
dislocations in the vicinity of the GB
(not shown here).** This is unusual since
the plasticity of tungsten at such low
temperature is usually accommodated
by screw dislocations by means of the
double-kink mechanism, and only
straight screws were observed by TEM
after finite plastic deformation.*
Figure 3a shows the quasi-static and
dynamic stress-strain curves of tungsten
specimens processed by ECAP and
ECAP+rolling (referred to henceforth
as ECAP+R tungsten). The following
observations can be derived. First, ECAP

c
Figure 2. (a) A bright-field TEM image showing the nanocrystalline microstructure of HPT
tungsten. (b) Selected-area diffraction pattern indicates continuous rings and apparent
absence of texturing. (c) A lattice image of a grain boundary in the HPT tungsten showing
a large-angle GB with atomic ledges and steps, suggesting its high energy and non-
equilibrium nature.
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STRATEGY AND METHODOLOGY

Severe plastic deformation (SPD)™ is used to progressively refine the grain size of
commercial-purity tungsten. First, equal-channel-angular-pressing (ECAP) is used
followed by low-temperature rolling for the production of ultra-fine grain tungsten.
Details of ECAP can be found in, for example, Reference 14. In this technique, the
work piece is pushed through two connecting channels with the same cross-sectional
area. With a right connecting angle the work piece experiences an equivalent strain of
~1.0 with each pass of ECAP. The recrystallization temperature of tungsten is around
1,250°C for moderate plastic deformation.’! To ensure the efficiency of grain size
reduction, ECAP was performed at 1,000°C. To alleviate oxidation of the tungsten work
piece, the tungsten rod was encapsulated in a stainless-steel canister. The die angle (or
connecting angle between the channels) is 120° to avoid cracking of tungsten. Another
SPD technique used is high-pressure torsion (HPT),'*** where a disk of tungsten (~10
mm in diameter and ~1.0 mm in thickness) is subjected to high pressure (~4 GPa) while
torsion is applied to it, allowing a tremendous amount of plastic strain to be pumped
into the material (a full turn gives an equivalent strain of ~18 at the edge of the disk with
the above dimension). In this work, HPT was performed at 500°C, much lower than the
recrystallization temperature of tungsten. Details can be found in Reference 33.

Scanning-electron microscopy and optical microscopy are used to examine the
post-loading specimen surface to identify the deformation and failure mechanisms.
Transmission-electron microscopy is used to analyze grain size, defects, and their
distributions, and the grain boundary structure.

The processed tungsten was tested under uni-axial quasi-static (strain rate 10 s™! to
10°s7") and dynamic compression (using split-Hopkinson pressure bar (SHPB), strain
rate ~103s™").% For the HPT-processed tungsten, due to the limited dimension of the disk,
a miniaturized SHPB system (or desk-top Kolsky bar)* was used to obtain the dynamic

data.

at 1,000°C (six passes) has increased the
quasi-static strength to 1.5 times that of
the control CG tungsten sample (appar-
ent compressive yield strength of CG
tungsten is ~1.0 GPa). Further low-tem-
perature rolling has increased the
strength to nearly twice its CG value.
Second, work hardening of the SPD-
processed tungsten is considerably
reduced. Furthermore, under dynamic
compression, SPD tungsten shows flow
softening at quite small plastic strains,
in sharp contrast to the CG tungsten
where under dynamic loading slight
apparent hardening is observed. This
flow softening, especiallyinthe ECAP+R
tungsten, is due to a change in deforma-
tion mode, as detailed later in this
paper.

Microhardness measurement on the
HPT tungsten shows that the nano-tung-
stenis super strong with ahardness value
around 11 GPa at the rim of the disk.*
This hardness value is remarkable even
when compared with some strong ceram-
ics (e.g., the hardness of sintered SiSN4
ceramic is about 20 GPa).*! Quasi-static
compression of the HPT tungsten showed
ayield strength ~3.5 GPa, in accordance
with the hardness value if the Tabor
relation*> between Vicker’s hardness
(VHN) and yield strength of an isotropic
material is assumed (VHNz3(Sy). Figure
3b displays a few dynamic stress-strain

curves of HPT tungsten (data recorded
using the miniature split-Hopkinson
pressure bar SHPB technique). The most
salient feature in these curves is the very
early precipitous stress collapse, which
is one of the most desirable properties
for a penetrator material.

Under quasi-static and dynamic com-
pression, conventional CG tungsten and
extruded tungsten (extrusion at 1,200°C)
that shows strength levels close to the
ECAP tungsten presented here exhibits
axial cracks (cracks parallel to the load-
ing axis).* The ECAP tungsten in this
study exhibits similar behavior.?* Most
of the cracks are along the pre-existing
grain boundaries, consistent with tensile
behavior of such tungsten where failure
occurs at a stress level about only half
that of compression and withno evidence
of plastic deformation, similar to that of
most ceramics.

Figure 4a is a post-dynamic loading
optical micrograph of an ECAP+R tung-
sten, with the corresponding stress-strain
response shown in Figure 3a. Instead
of axial cracks, clear evidence of shear
bandsis observed. Higher-magnification
SEM imaging (Figure 4b, for example)
indicates severe and localized adiabatic
shear flow within the ASBs. Polishing
of the roughened surface followed by
chemical etching reveals the detailed
microstructure of the shear bands, includ-

ing density and direction of the shear
lines, width of the shear bands (around
40 um), and cracking along the central
line of the shear bands (Figure 4 b). High-
speed photography (not shown here)
indicates that the stress-collapse in the
stress-strain curves roughly corresponds
to the initiation of ASBs.?* The strain
level at which ASB kicks in is around
0.1(10%). The ASBs are fully developed
at a strain level of ~15%. The onset of
secondary shear bands was also observed
via high-speed photography.>*

Figure 5a displays a post-dynamic
loading optical micrograph of the HPT
nano-tungsten. Again, instead of axial
cracking, a localized shear band is
observed, subtending an angle of ~45° to
the loading direction (horizontal in this
case). The SEM micrograph of Figure
5b shows the severe curving of the pre-
existing scratches introduced during
specimen preparation prior to dynamic
loading. Inthis case, the shear band width
(about 5 wm) is much smaller compared
tothatof the UFG tungsten (ECAP+RW).
In other UFG/NC bcc metals such as
iron, a change of shear band width with
grainsizeis also observed; the underlying
mechanism is still under investigation.
Figure 5b also shows a crack as a con-
sequence of highly localized adiabatic
shearing.

As pointed out earlier in this paper,
because of their high mass density,
tungsten and tungsten heavy alloys have
beeninvestigated extensively for the pro-
duction of anti-armor KE penetrators in
place of DU. However, most of the efforts
have had limited success, mainly due to
the lack of plasticity and poor propensity
for ASB in conventional CG tungsten.
On one hand, plastic deformation is
needed to introduce adiabatic heating,
a prerequisite for the development of
ASB. On the other hand, uniform plastic
deformation of the penetrator material is
to be avoided so that the kinetic energy
can be used primarily for penetration.
Uniform plastic deformation of the
penetrator material is responsible for
“mushrooming” of the penetrator head,
in contrast to “self-sharpening” where
the head remains sharp and failed pen-
etrator material is discarded away via
adiabatic shearing, thus leaving a small
penetration channel within the target. The
self-sharpening effect of the penetratoris
rooted in the material property of shear
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band susceptibility in thatunder dynamic
loading, the plastic deformationis highly
concentrated in a narrow region.*
Soluble interstitial impurities such as
carbon, nitrogen, and sulfur®! segregate
along the GBs to render the GBs the
weak links under mechanical straining,
leading to grain boundary embrittle-
ment. However, brittle behavior is not
intrinsic to tungsten, since experimental
results have shown that single-crystal
tungsten can be deformed to significant
plastic strainunder tension even at 77K .
Therefore, if the pre-existing detrimental
impurities at the GBs can somehow be
depleted, ductility may be improved.
One strategy to furnish this is by means
of grain boundary engineering.* If more
GBs are created in addition to the pre-
existing GBs, and if appropriate kinetic
condition is provided for the pre-existing
GB impurities to diffuse away and be
relocated to the newly created GBs, the
average impurity concentration at the
GBs can be reduced. This will increase
the GB strength and reinstate the duc-
tility. The most efficient way to induce
more GBs without worsening impurity
contamination is a top-down route such
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Figure 3. (a) The true stress-strain curves
of ECAP tungsten and ECAP+R tungsten
under quasi-static and dynamic uni-axial
compression. The significant flow softening
in the ECAP+R tungsten is of particular
interest. (b) Dynamic stress-strain curves
of HPT tungsten as measured by desktop
Kolsky bar technique; HPT tungsten
exhibits much more elevated flow strength
with much earlier stress collapse compared
to the ECAP+R tungsten.

as SPD. It has been borne out that the
GBs induced by SPD have some special
properties.*® For instance, they are of
non-equilibrium and high-energy nature.
Such GBs are ideal hosting sites for
interstitial impurities. It has also been
proposed that the peculiar nature of the
SPD-induced GBs explains the paradox
of many UFG/NC metals where signifi-
cant ductility is observed concurrently
with high strength.*

Another contributing factor to the
reinstated ductility of the SPD nanoen-
gineered tungsten might be the numerous
edge dislocations observed in HRTEM in
the proximity of the GBs.** Systematic
work by Gumbsch et al.*’ on the con-
trolling factors for the fracture tough-
ness and brittle-to-ductile transition in
single-crystal tungsten indicates that pre-
plastic-deformation of the specimen can
increase both low- and high-temperature
fracture toughness. Particularly, much
improved high-temperature fracture
toughness has been achieved by pre-plas-
tic-deformation. They pointed out that
if a dislocation (either generated at the
crack tip or a pre-existing one) moves in
the stress field along the crack tip, it will
generate dislocation segments of non-
screw (and thus highly mobile) character
parallel to the crack tip. High-resolution
TEM shows a presence of residual edge
dislocations in the HPT nano-tungsten.*
Suchedges may work together with other
pre-existing dislocations that are highly
mobile so as to provide highly efficient
shielding of the crack tip, thus resulting
in relatively ductile failure.*

Finally, the enhanced propensity for
ASB in nano-engineered tungsten must
be considered. Mechanistic models have
been articulated to predict this propen-
sity in visco-plastic materials. Wright*
derived Equation 1 (see the Equations
table onpage41), where ) is the suscep-
tibility to ASB, ais the non-dimensional
thermal softening parameter defined by
a=(—0c / dT) / pc (o is the flow stress,
T the temperature, p the density, and c
the specific heat of the material), n the
strain hardening exponent, and m the
strain rate sensitivity (SRS).

For a perfectly plastic material (no
strain hardening) such as the SPD
nano-engineered tungsten presented
here, the susceptibility reduces to Equa-
tion 2, where A=—(1/6,)06/dT is the
thermal softening parameter evaluated

b 100 um

Figure 4. (a) An optical micrograph of post-
loading (uni-axial dynamic compression)
ECAP+R tungsten showing the ASBs.
Loading is vertical in this figure. (b) An
SEMimage showing the severe and highly
localized flow in the ASB. The roughened
surface has been polished and etched to
reveal the microstructure of the ASB.

under isothermal conditions (&, is a
normalizing stress), and ¢, is the yield
strength. Ultra-fine grain/NC metals
have much higher yield strength than
their CG counterparts (the well-known
Hall-Petch effect). Recent experimental
results and theoretical analyses have
shown that SRS of UFG/NC bcc metals
is considerably reduced compared to the
CG counterparts.”' Calculations based on
the experimental results and the physical
properties of tungsten show that suscep-
tibility to ASB of the UFG/NC tungsten
is several orders of magnitude higher
than that of conventional CG tungsten.

CONCLUSIONS

This study has applied nanoengineer-
ing to produce tungsten with unusual
microstructure and mechanical behavior
by using a progressive methodology to
refine the grain size. Ultrafine-grained
tungsten and nanocrystalline tungsten
were processed using SPD under various
conditions. Mechanical testing under
uni-axial dynamic loading showed that
such UFG and NC tungsten exhibit the
long-sought-after localized shearing,
rather than uniform plastic deformation
and/or axial cracking. This work shows
that nanoengineering is opening a new
era for tungsten, particularly for its
application in anti-armor kinetic energy
penetrators.
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Figure 5. (a) An optical image of a post-
loading (via desktop Kolsky bar) HPT
nano-tungsten showing a single shear
band (indicated by an arrow). The loading
is horizontal. (b) An SEM image showing
severe curving of the pre-existing scratches
approaching the shear band. The crack is
aresult of severe and highly concentrated
shear flow within the shear band.
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