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ABSTRACT

Extensive attention has been paid to consolidate nanoparticles into nanocrystalline
components that possess better properties than their coarse-grained counterparts.
Nanocrystalline monolithic tungsten (W) has been envisaged to possess better properties than
coarse-grained tungsten and to improve the performance of many military components.
Commercially available nano-W powders were characterized via X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and Brunauer, Emmett,
and Teller (BET) measurement. While the bulk of nano-W powders consisted of bce-W as
confirmed by XRD and TEM, much of their surface consisted of WO; with traces of WO, and
WC. Despite the irregular morphology and agglomerates greater than 1 um in size, the diameter
of individual nano-W powders ranged from 30 to 100 nm with a surface area of 10.4 m*/g. To
obtain green bodies of higher densities and more homogeneous microstructures after
consolidation, W nanopowders were de-agglomerated in water and slip cast in plaster molds.
De-agglomeration in water was conducted by repeated ultrasonication, washing, centrifuge and
pH adjustment. The change in particle size and morphology was examined via SEM. After the
initial surface oxide was removed by repeated washing, the reactivity of W nanoparticles to
water was somewhat inhibited. Increasing the number of cycles for ultrasonication and washing
increased the pH, the degree of de-agglomeration and the stability of W suspension. The zeta

potential was more negative with increasing pH and most negative at pH values close to 5.
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Viscosity also decreased with increasing pH and reached a minimum at a pH 5.

To obtain the highest solid loading with the lowest viscosity, the pH value of W
suspension was adjusted to 5 using aqueous tetramethylammonium hydroxide solutions. The
relative density of the slip cast increased with longer ultrasonic time, increasing slurry pH up to
5, and consequent increase in solids loading. Smaller particles were separated from larger ones
by ultrasonication, washing with water and centrifugation. At a 27.8 vol.% solids loading, the
size-separated fine W slurry was slip cast into pellets with relative green densities up to 41.3 %
and approximate particle sizes of 100 nm. W powders were also ultrasonicated in aqueous poly
(ethyleneimine) (PEI) solutions with various concentrations. SEM examinations of particle
sizes showed that 1 wt.% PEI led to the optimum dispersion and ultrasonication for longer time
with a low power resulted in better dispersion. 0.5 g of W powders were ultrasonicated in 10 ml
aqueous poly (allylamine hydrochloride) (PAH) solutions with molar concentrations ranging
from 0.01 to 0.05 M. W suspensions with 0.03 M and 0.04 M PAH after two washing cycles
showed improved dispersion. Cold isostatic pressing can further increase the green density
following slip casting. Sintered slip casts made from de-agglomerated nanoparticle W showed a
lower density, more uniform microstructure, smaller grains and smaller pores than the sintered

dry pressed pellets.
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1. INTRODUCTION

Tungsten (W) and W alloys have been widely used for a variety of applications due to
their high melting points, high densities, hardness, and elastic modulus. In particular, W-based
materials have been used for Kinetic Energy (KE) Penetrator materials applications [1-2] and
can replace depleted uranium (DU) KE penetrators. Cho et al. [3] realized that monolithic W
has higher density, therefore would perform better than tungsten heavy alloys (WHAs).
Nanoscale W powders are expected to improve strength, hardness and wear resistance
according to Hall-Petch effect (hardness is proportional to the inverse square root of grain size)
if they could be consolidated to fully dense products while maintaining their nanoscale sizes.
However, processing of nanoscale W powders is challenging. Nanoscale powders tend to
agglomerate and agglomeration generally decreases the densities of green bodies. Such
agglomeration is correlated with increasing attraction between particles with decreasing particle
size due to van der Waals interaction. Packing density decreases with decreasing particle size
because smaller particles have a larger surface area, higher surface energy and greater friction
between particles than coarse ones. Green density depends on the applied compaction pressure,
particle size, and size distribution of the powders. The green density increases with increasing
compacting pressure. The green density is low when the particle size is fine and increases with

increasing average particle size of the powders. Smaller particles resist compression and result
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in a low green density and green strength. Ultra-high compaction pressures for adequate green
strength are predicted for fine particles [4]. It is difficult to consolidate nanopowders with a low
apparent density and agglomeration. Agglomerated powders contain inter-agglomerate pores,
which are much larger than intra-agglomerate ones. The removal of these pores requires higher
temperatures and longer sintering time, leading to significant grain growth. Mayo et al. [5]
observed higher sintering temperatures for larger agglomerates consisting of nanometer TiO,
powders and demonstrated agglomerate size instead of individual particle size, controlled
sintering behavior. They also found the non-agglomerated powders with the largest particle size

sintered at the lowest temperature.

In order to overcome the problematic agglomeration and low green density, colloidal
processing is a preferred approach for nanoparticles. A colloidal system consists of two distinct
phases: a continuous phase (the dispersion medium) and a fine dispersed particulate phase (the
dispersed phase). In a colloid, the dispersed phase is made of tiny particles or droplets that are
distributed evenly throughout the continuous phase. The size of the dispersed phase particles
are between 1 nm and 1000 nm in at least one dimension. Colloidal processing is widely used
for forming ceramics. In ceramic processing, a colloid suspension consists of a dispersion of
solid particles in a liquid and is being used increasingly in the consolidation of ceramic powders
to produce the green body. Colloidal processing of ceramics has been widely investigated
because it produces green bodies with higher densities and more homogeneous microstructures.

Compared to powder consolidation by dry or semidry pressing in a die, the colloidal approach

2



can produce more homogeneous particle packing of the green body and lead to better control of
microstructure during sintering. The colloidal approach prepares stable suspensions with
repulsive forces between particles. The stability of colloid suspensions is very important to the
packing homogeneity of the consolidated body. A stable colloid suspension can be consolidated
into a densely packed structure whereas an unstable suspension may result in a loosely packed
body. Attractive van der Waals forces exist between the particles. If the attractive force is large,
the particles will stick together, leading to rapid sedimentation of particle clusters, namely,
flocculation or coagulation. Introducing repulsive forces between the particles can be used to
prevent flocculation. Repulsion between electrostatic charges (electrostatic stabilization),
between adsorbed polymer molecules (steric stabilization) and the combination of the two
(electrosteric stabilization) are the main mechanisms for colloid stabilization. Electrostatic
stabilization is based on the mutual repulsion of like electrical charges. An electrical double
layer of charge is produced around every particle and the repulsion occurs due to the interaction
of the double layers. Polymers are commonly used as dispersing agents for fine particles.
Adsorption of polymers can induce repulsive interparticle forces that prevent particles from
aggregating. The steric repulsion has its origin in the positive free energy of mixing when two
adsorbed polymer layers interpenetrate. Polymers with chargeable functional groups, called
polyelectrolytes, can induce an electrostatic repulsion between charged surfaces. Hence, their
stabilizing mechanism is a combination of electrostatic and steric repulsion, commonly called

electrosteric stabilization.



There are several processes by which particles dispersed in a liquid can acquire a
surface charge: (1) preferential adsorption of ions, (2) dissociation of surface groups, (3)
adsorption of charged polymers (polyelectrolytes). Preferential adsorption of ions from
solutions is the most common process for oxide particles in water and the adsorption of
polyelectrolytes is the main charging mechanism in electrosteric stabilization. In the process of
preferential adsorption of ions from solution, an electrolyte such as a metal salt, an acid or a
base is added to the aqueous solution. Ions are preferentially adsorbed to the surface of the
dispersed particles, resulting in charges on the particle surface. Most oxide surfaces are
hydrated with MOH groups on the surface for an oxide of a metal M. In acidic solutions,
adsorption of H' ions leads to a positively charged surface while in basic solutions, adsorptions
of OH’ ions produce a negatively charged surface. Therefore, oxide surfaces are positively
charged at low pH and negatively charged at high pH. At a pH, the adsorption of H" and OH
ions will balance and the particle surface will be neutral. The pH at which the particle surface

has zero net charge is the point of zero charge (PZC).

Slip casting is a widely-used forming process in which particles in a suspension are
consolidated by a filtration process and complicated shapes can be obtained. In slip casting, a
suspension is poured into a permeable “Plaster of Paris” mold commonly made from gypsum.
The microporous mold provides a capillary pressure, on the order of 0.1 to 0.2 MPa, which
draws the liquid (the filtrate) from the suspension into the mold [6]. A consolidated layer of

solids, referred to as a cast, form on the wall of the mold. After a sufficient thickness of the cast
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has formed, the surplus slip is poured out, and the cast along with the mold is allowed to dry. To
achieve a high green density, the suspension pH must be well controlled. An inappropriate pH
will result in particle flocculation, which leads to a high viscosity of the slip. The slip must have
a relatively low viscosity to flow well into the cavities of the mold. Intuitively, the higher the
solids loading, the more viscous the slip will be. However, a high solids loading is essential to

obtain a dense part. A balance must be achieved to meet these contrary requirements [7].

Colloidal processing is less widely used for metal powders than for ceramic powders.
One reason is the high reactivity of metal particles with water. Although green compacts for W,
molybdenum (Mo), and other powders are made by slip casting, the process is used to a limited
extent for metals and not suited to high production rates. For metal powders it is assumed that
deflocculation is caused by the oxide layer on these powders which behaves as a ceramic oxide
towards the liquid vehicle. Dobrovol’skii et al. [8] prepared molybdenum (Mo) slurries by
mixing milled micron-sized powders with water and slip cast dense Mo blanks. The density of
casts from the Mo slurries was high and could be obtained by compacting Mo powders in steel
dies at optimum compaction pressures. Hernandez et al. [9] dispersed concentrated nickel
powders in water with an acrylic-based polyelectrolyte and tetramethylammonium dydroxide
(TMAH) at alkaline pH. They optimized the suspensions by rheological measurements as a
function of pH and solids volume fraction, slip cast the optimized suspensions, and obtained
relative green densities higher than 50%. The good stability and homogeneous packing led to a

reduced sintering temperature and dense products.
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Nanoscale tungsten powders undergo rapid grain growth during sintering. Ultra-fine W
powder can be sintered to 94% theoretical density at 1550°C for 30 min [10]. Grain growth
inhibitors such as Y,03 dispersoids resulted in smaller tungsten grain size at the same sintering
time and reduced grain growth during sintering [11]. Based on the processing model by Randall
et al. [12], high compaction pressures, low sintering temperature and short sintering time are

required to obtain dense products with small grain sizes.

Ultrasonication of powder suspensions is an effective dispersion technique and has been
extensively used to disperse ceramic powders, especially sub-micrometer-sized powders
[13-14]. Ultrasonic dispersion was utilized to prepare concentrated and well-dispersed TiO;
nanoparticle suspensions [15]. Turbulent flow and shock waves produced by acoustic cavitation
were found to cause interparticle collisions of metal powders in hydrocarbon liquids at roughly
half the speed of sound and generate localized high temperatures at the impact points [16]. The

agglomerates can be eroded and split by the collisions.

So far, de-agglomeration and slip casting of W nanopowders through aqueous colloid
processing has not been reported in the literature. The aim of this study is to investigate the
de-agglomeration of W nanopowders and slip casting of the W slurries. De-agglomeration was
carried out by repeated ultrasonication in water, washing with water, centrifugation and pH

adjustment. Water was chosen as the dispersing medium and has the advantage to be
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environmentally benign. The zeta potential and viscosity were measured as a function of W
suspension pH and the optimum pH was determined. The optimum pH was adjusted before slip
casting to increase the solids loading and green density. W nanopowders were also
ultrasonicated in aqueous poly (ethyleneimine) (PEI) and poly (allylamine hydrochloride) (PAH)
solutions to study the effects of PEI and PAH concentrations on the dispersion of W powders. In
addition, W nanopowders were ultrasonicated in (oleic acid and ethanol) and (fish oil and
ethanol) to determine the optimum concentration of oleic acid and fish oil for dispersion of W

powders. The microstructures of sintered slip cast and dry-pressed compacts were examined.



2. LITERATURE REVIEW

2.1 W-Based Materials as Kinetic Energy (KE) Penetrator

KE penetrators are long rods fired from smooth bore, large caliber guns in tanks.
Muzzle velocities as high as 2000 m/s are achieved, and rolled homogeneous armor thicknesses
exceeding 1 m can be pierced. Excellent penetration performance and high density is required
for THASs to be employed as penetrators. The denser the penetrator material, the higher the
energy can be delivered to the impacted area. The penetration performance is usually evaluated
by the diameter of the tunnel formed upon penetration through the armor plate. It is often
deteriorated due to the increasing diameter of the penetration tunnel resulting from the
mushrooming effect caused by the heavy plastic deformation at the penetrator head. The past
generation of kinetic energy penetrators was made of depleted uranium, which has the desired
density (p=19.05) and ductility, but it posed serious environmental problems due to the heavy
dust production after penetration. It is pyrophoric and highly toxic after impact. The high
density, high strength, and high melting point make tungsten an attractive candidate material for
KE penetrators. Tungsten is cheaper than uranium.

Depleted uranium alloys were reported to have the improved penetration performance

owing to the ‘self-sharpening' effect, which causes easy fracture at edges of the penetrator head
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and reduced the diameter of the penetration tunnel during penetration. A new generation of
kinetic energy penetrators utilized tungsten alloys that have an equally high density. One
requirement of using tungsten or tungsten heavy alloys (WHA) to make high-density KE
anti-armor penetrators is that the materials show self-sharpening behavior. To meet this
requirement, plastic flow should be localized so that cracks form at desired strain levels only in
heavily deformed shear bands to discard pieces of the material along the penetration path.
Magness and Farrand [17] explained this self-sharpening effect in terms of the forming
frequency of adiabatic shear bands. The adiabatic shear bands are formed during dynamic
deformation at a high strain rate and heat generated by the localized shear plastic deformation is
hardly emitted outside due to short time, causing an abrupt temperature rise in the localized
deformation region. This local temperature rise and the accelerated plastic instability are the
major factors for the band formation, leading to rapid deterioration of load carrying capacity. If
adiabatic shear bands are produced with control only at the penetrator head and cracks are
readily propagated along them, the fall-off of the edge of the penetrator head occurs easily. This
can effectively reduce the diameter of the penetration tunnel and result in improved penetration

performance.

W is resistant to adiabatic shear banding due to its strong rate sensitivity and high
ductile-to-brittle transition temperature (DBTT), which leads to cracking at many sites before
the accumulation of the plastic dissipation required to trigger plastic instabilities. W is a Group

Vla body centered cubic (bcc) refractory metal with a melting temperature of 3410+20°C. W is
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intrinsically brittle because the dislocation nucleation at crack tips is very difficult in
comparison to cleavage at very low temperatures. The yield stress of W is strongly
temperature-dependent and the flow stress is rate dependent. Polycrystalline W is generally
brittle at room temperature. The DBTT for polycrystalline tungsten is a function of grain size,
impurity concentration, and tensile strain rate. Orientation of the grain structure of pure
polycrystalline W is important because most KE penetrators made of WHAS are either extruded
or swaged into their final shape, resulting in a grain structure that is elongated in the direction
of the penetrator axis. It was shown that the behavior of the pure W component dominated the
performance of the WHASs at high strain rates. The mechanical properties of the KE penetrators
at high strain rates are very important and investigated by many researchers. Diimmer et al. [18]
investigated the effect of strain rate on plastic flow and failure in polycrystalline tungsten. They
tested polycrystalline tungsten at quasi-static (3% 107) and dynamic (10°-4x10%/s) strain rates
and evaluated three deformation mechanisms: slip, twinning, and intergranular cracking. They
found low-strain-rate deformation caused limited damage at strains of 0.25 and high-strain-rate
deformation led to catastrophic failure at strains between 0.05 and 0.10. As the strain rate was

increased from 10 to 103/5, ductile-to-brittle transition occurred.

Lennon and Ramesh [19] investigated the thermomechanical response of pure
polycrystalline tungsten over a wide range of strain rates and temperatures. They tested an
equiaxed recrystallized microstructure and a heavily deformed extruded microstructure that was

loaded in compression along the extrusion axis. They conducted low strain rate (10 °~10°s™)
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and high strain rate (10°~10%s™") compression experiments. They observed substantial plastic
deformations of recrystallized W under compression at room temperature and the flow stress
was rate-dependent. Intergranular microcracks were developed during the compressive
deformations. Under quasi-static loadings, several large axial splitting cracks were found and
many small, uniformly distributed microcracks were developed under dynamic loadings. They
observed increasing nucleation rate of microcracks with increasing strain rate and large plastic
deformations of extruded tungsten under compression, with a flow stress that increased with
deformation rate. The strain hardening of the extruded W was lower than that of the
recrystallized material, and was insensitive to the strain rate. The strain hardening at
high-temperatures at low and high strain rates was found to be insensitive to the temperature

and the flow stress showed strong temperature-dependence at low homologous temperatures.

2.1.1 Tungsten Heavy Alloys as KE Penetrators

Tungsten heavy alloys (THAs) are used in long-rod penetrators. Penetration of
high-speed, high-aspect-ratio projectiles can usually be divided into two categories: axial and
transverse. Axial penetration refers to the usual case, in which the stress at the projectile/target
interface is mainly parallel to the projectile axis. Transverse penetration refers to the case in
which the stress is mainly transverse to the projectile axis. Transverse penetration most
commonly occurs when a projectile strikes a target element with an angle of attack. This case
includes the scenario in which the target itself has a velocity that is not parallel to the penetrator

velocity. Transverse penetration is very common during the defeat of modern armors. In axial
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penetration, the dominant deformation mode in the penetrator is plastic flow. However, in
transverse penetration the dominant structural response is penetrator fracture.

THAs are dual-phase composites produced by liquid phase sintering of mixed W as the
major constituent and a small amount of transition metals such as Ni, Fe powders as the binder
phase. They typically consist of relatively isolated W grains contained in a continuous matrix of
a solid-solution alloy, such as WFeNi or WCoNi. Modern penetrator alloys are 90-95 mass%
W, with Ni and either Fe or Co in a 7:3 mass% ratio. These alloys are most commonly
processed by liquid-phase sintering, producing W grains with average diameters from 20 to
50 um, largely influenced by sintering time and temperature. They have a high density of
16-18.5 g/cm’, high strength, moderate ductility and good thermal conductivity. The
penetration power increases with increasing density and slenderness ratio of the penetrators.
The slenderness ratio is controlled by the strength and ductility of the materials used for
penetrators. The penetration performance is usually evaluated by the diameter of the tunnel
formed upon penetration through the armor plate. It is often deteriorated because of the
increased diameter of the penetration tunnel resulting from the mushrooming effect due to the
heavy plastic deformation at the penetrator head. The penetration performance is improved
when adiabatic shear bands are easily formed. The adiabatic shear band is formed by the abrupt
concentration of heat generated from dynamic deformation, i.e. under the adiabatic condition
without any heat transfer. Upon high-speed impact of a WHA penetrator, a number of adiabatic

shear bands can be formed, along which cracks propagate. This causes easy fall-off of the edge
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of the penetrator head and then the reduction of the diameter of penetration tunnel, thereby
improving the penetration performance.

Understanding the dynamic deformation behavior and the mechanism of adiabatic shear
banding of the THAs were essential for alloy design, fabrication process, and microstructural
modification to improve the dynamic properties and the penetration performance. Kim et al. [20]
investigated the microstructures of adiabatic shear bands formed by high-speed impact in a
tungsten heavy alloy penetrator. They observed heavily elongated tungsten particles and
reaction products such as tungsten oxides on the surface region of the debris due to the local
temperature rise during high-speed impact. They found some adiabatic shear bands near the
surface cracks of the remaining penetrator. Their microstructural observation of the shear bands
suggested the minimization of the tungsten—tungsten particle interfaces and the optimization of

the fabricating process to improve the penetration performance of the THAs.

Studies on the adiabatic shear band formation upon high-speed impact of WHAs were
essential to improve the penetration performance, but there were difficulties in analyzing the
process of shear strain of hundreds and thousands percent concentrated along an extremely
shallow area in an extremely short span of tens of pus. Accordingly, different testing methods
simulating the actual process of high-speed impact and of the evaluation techniques in
association with the impact were investigated. Kim e al. [21] investigated dynamic and

quasi-static torsional deformation behavior of a 93W—4.9Ni—2.1Fe WHA and conducted
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torsional tests on WHA specimens fabricated through sintering, heat-treatment, swaging, and

aging processes using a torsional Kolsky bar under dynamic loadings.

Their dynamic torsional test results showed that the shear stress increased, while the
shear strain decreased, with the maximum shear stress rising in the order of the as-sintered, the
as-heat-treated, the as-swaged and the as-aged specimens. The as-swaged and the as-aged
specimens showed a higher possibility of the adiabatic shear band formation. Bless et al. [22]
investigated dynamic fracture of tungsten heavy alloys using 1-D strain fracture and transverse
impact. They concluded that meso-scale failure in tungsten alloys was little affected by strain
rate but changed with stress state, and that grain cleavage was the main failure mechanism for
transverse fracture. They observed grain fracture occurring early in the damage process and
substantial matrix failure as the fracture developed. Grain strength was considered as an

important property for penetrator alloys.

It was reported that adiabatic shear deformation and mechanical properties of WHAs
could also be enhanced by refinement of the microstructures of WHAs. Many researchers have
investigated refined microstructures of WHAs through several techniques including alloying
refractory elements such as Mo and Re [23] and mechanical alloying (MA) [24].The MA
process is an advanced fabrication process that can produce ultra-fine and homogeneous alloy
powders. Ho J. Ryu et al. [25] fabricated 93W-5.6Ni—1.4Fe tungsten heavy alloys by

mechanically alloying W, Ni and Fe powders in a tumbler ball mill and obtained a
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nanocrystalline size of 16 nm and fine lamellar spacings of 0.2 um in mechanically alloyed
powders. They consolidated mechanically alloyed powders into green compacts and solid-state
sintered them at 1300°C for 1 h in a hydrogen atmosphere. Their sintered alloys had fine W
particles of 3 pm in diameter and a relative density above 99 %. Their sintered WHAs exhibited
a high yield strength of about 1100 MPa due to a fine microstructure, but showed reduced
elongation and impact energy because of a large area fraction of brittle W/W interfaces and low

matrix volume fraction.

Oxide dispersion strengthened (ODS) THAs have been considered as promising
candidates for advanced KE penetrator due to their characteristic fracture mode compared to
conventional THAs. Lee et al. [26] mechanically alloyed 94W—4.56Ni—1.14Fe—0.3Y,0;
powders and solid-state sintered them at 1300—1450°C for 1 h in hydrogen atmosphere and
liquid phase sintered them at temperatures of 1465-1485°C for 0—60 min. The ODS THAs had
a relative density above 97% with contiguous W grains after primary solid-state sintering. The
two-stage sintered ODS THAs showed finer microstructure and higher mechanical properties

than conventional liquid phase sintered counterparts.

2.1.2 Nano-W as KE Penetrators
Conventional coarse-grained W (CG-W) exhibits poor ductility and high DBTT. The
DBTT increases with increasing strain rate, leading to fracture with little or no macroscopic

plastic deformation below DBTT. At room temperature, CG-W behaves like a ceramic and
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exhibits a strong tension-compression asymmetry and tensile failure with out any ductility. Its
ultimate tensile stress is only half of the compression flow stress and show a failure mode
typical of most brittle ceramics (intergranular fracture), which is caused by its high
susceptibility to soluble interstitial impurities. The impurities segregate along the grain
boundaries (GBs) that are the weak links during mechanical straining. Some experimental
observations showed that severe plastic deformation (SPD) in the form of equal-channel
angular pressing (ECAP) or ECAP followed by low temperature rolling reduced the grain size
to ultrafine grain (UFG) level [27-28]. SPD is a technique that starts with a coarse-grained
material and the grain size is reduced to UFG or NC regime with increasing plastic deformation.
Wei et al. [29] refined commercial bulk W to ultrafine structure via SPD and first observed
shear localization in the UFG-W under uniaxial dynamic compressive loading. Their SPD
processed UFG-W exhibited enhanced strength and ductility and reduced strain hardening and
strain rate hardening. Conventional polycrystalline W exhibited only uniform plastic
deformation without shear localization under the same test conditions. Wei et al. [30] also
investigated the quasi-static and dynamic mechanical failure of UFG W under uniaxial
compression. They refined the starting material of large grain size to ultrafine microstructure
with grains sizes of 500 nm via SPD. Their UFG W during quasi-static compression showed
vanishing strain hardening with its flow stress of 2 GPa, twice that of conventional coarse grain
W. The quasi-statically loaded samples showed no evidence of cracking in contrast to
conventional W exhibiting axial cracking. Under uniaxial dynamic compression, UFG W

showed significant flow softening and a peak stress of 3 GPa. The strain rate sensitivity of the
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UFG W was reduced to half the value of the conventional W. They observed shear localization
and cracking of the UFG W under dynamic uniaxial compression, which was a desirable
deformation mode for KE penetrators. Wei et al. [31] obtained fully dense nanocrystalline
tungsten by high-pressure torsion (HPT) at 500°C and the strengths under quasi-static
compression and dynamic compression were 3.0 GPa and 4 GPa, respectively. They found that
grain boundaries were mostly of the large-angle type with high energy and well defined. The
authors observed edge dislocations within the grains and hypothesized that edge dislocations
and depleted impurity concentrations along pre-existing GBs contributed to enhance the
ductility of nc-W. The specimens under dynamic compression showed localized shearing
followed by cracking and subsequent failure, similar to their UFG counterparts processed by
equal-channel angular pressing plus cold rolling. The shear band width in the HPT-processed
NC-W was found to be less than 5 um, which was much smaller than that observed in the UFG

counterparts.

UFG or nanocrystalline (NC) structures can be achieved through several processing

techniques, including severe plastic deformation (SPD) [32] and powder metallurgy.

2.2 Processing of Nano-Powders

2.2.1 Green Density of Nano-Powders

The agglomeration of nano-powders generally decreases the density of green bodies
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pressed from those powders and can be correlated with increasing attraction between particles
with decreasing particle size due to van der Waals interaction. Different densities can be
obtained depending upon the strength and morphology of the agglomerates. Particles of soft
agglomerates attracted by weak van der waals interaction can slide into voids of the green body
during compaction. Hard agglomerates have much stronger bonding between particles and have
necking between adjacent particles. Large shear forces are needed for neck cleavage before the
sliding of these particles can occur. Ferkel et al. [33] investigated the effect of nanopowder
de-agglomeration on the densities of nanocrystalline ceramic green bodies and their sintering
behavior. They cracked some strong agglomerates by short ball-milling and reduced the amount
of necks between particles. The green densities of ball milled alumina and yttria-stabilized
zirconia were increased by up to 15% compared to corresponding unmodified powders, which
was attributed to the sliding of nanoparticles and smaller strong agglomerates into voids during

compaction. They also found ball-milled powders exhibited increased sintering activity.

2.2.2 Sintering of Nano-Powders

The driving force during sintering is the decrease in free energy that accompanies the
reduction of interfacial area. In sintering, the growth of the contact area between the particles
takes place by the transport of materials across the contact interface or around pores under
conditions of sintering temperature, time and atmosphere. Interparticle contact area depends on

particle size and shape, particle size distribution, and compacting pressure. When particles are
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loosely packed, there are few points of contact. The number and total area of contacts is
increased with decreasing particle size. Kothari [34] experimentally studied the initial sintering
kinetics of W powders with an average particle size of 3 um in the temperature range of 1100
°C to 1500 °C. His results supported the theory that sintering of W powder in the temperature
range of 1100 °C to 1500 °C was controlled by grain boundary diffusion. He [35] also
experimentally investigated the effects of a range of particle sizes on the sintering kinetics of
tungsten powder. His results indicated that grain boundary diffusion was the dominant
mechanism for material transport during the sintering of W powder of particle sizes <4um and
surface diffusion was the mechanism of material transport of W compacts with particle sizes of
14-16 um. He determined the activation energies of 101 kcal/mole for fine particles (<4 pum)
and 72 kcal/mole for coarse particles (14-16 pm). Dense bulk W with UFG or NC
microstructure is very difficult to achieve because it has a very high melting point and is
susceptible to interstitial impurities. Jain et al. [36] obtained nanocrystalline tungsten powders
containing HfO, and Y,0O3 as dopants using a solution synthesis technique. Each oxide
significantly reduced the particle and crystallite sizes of the as-synthesized tungsten powders

and grain size from 2 um to 0.5 pm.

2.2.3 Colloid Processing

Colloidal processing is widely used for forming ceramics. Colloid processing of

ceramics has received increasing attention and been widely investigated because it produces
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green bodies with higher densities and more homogeneous microstructures. The colloidal
approach prepares stable suspensions with repulsive forces between particles. Laarz et al [37]
dispersed WC-Co powders in aqueous media with polyethylenimine and found that the mixing
of powder, water, and PEI above 0.3 wt.% was sufficient to obtain well-dispersed, low-viscous
20 vol.% WC—Co suspensions without the need for pH adjustment. Their suspensions showed a
long-term stability with little changes of steady shear properties over 36 hours. They attributed
the mainly electrostatically driven adsorption of the cationic PEI onto the negatively charged
WC particles to the stabilization of the WC—Co suspensions. PEI has been used as a dispersant
in other systems such as SiC and TiO; in aqueous media. Zhang et al. [38] used PEl as a
dispersant for tape casting of SiC powders in aqueous media and their zeta potential study
showed that SiC particle surface was negatively charged without PEI and the adsorptions of PEI
increased the zeta potential and isoelectric point. Their adsorption isotherms were described as
high-affinity type and SiC slurries of 50 vol.% were stable with thixotropical behavior. Tang et
al. [39] studied the dispersion of an aqueous suspension of nano-sized TiO; particles stabilized
with PEI and showed that PEI was an effective surfactant to disperse naon-sized TiO,
suspensions. They obtained well-dispersed suspensions by modifying the surface charges of the
TiO; particles and observed a high adsorption affinity of PEI at high pH values and a low

adsorption affinity at low pH