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A B S T R A C T

A new class of rapid-sintering, fine-grained alloys recently developed is being commercially scaled through both
traditional and additive manufacturing approaches. This paper discusses the scientific underpinnings of these
new alloys and their processing, specifically for a W-based alloy as an alternative to Tungsten Heavy Alloy
(WHA). This new alloy offers similar density and sintering temperatures to traditional WHA, but with a fine,
thermally-stable microstructure that has the potential for higher temperature operation and significantly higher
strength as compared to WHAs. The new alloy can be manufactured through established traditional approaches
(e.g. press and sinter) and also through a recently developed 3D printing approach.

1. Introduction

Tungsten is one of the earliest powder metallurgy (PM) refractory
material characterized by its high melting temperature (around 3422 °C
which is among the highest in metals) and high density (19.3 g/cm3).
Due to its extremely high melting point, tungsten and its alloys are
mainly processed using the PM route [1]. The PM process of making
ductile tungsten wire (first used as light bulb filaments) originated from
the work of Coolidge more than a century ago. The ductility was pri-
marily achieved by taking a sintered tungsten bar and hot swaging it to
effect a large reduction in area, with the smaller sizes exhibiting in-
creasing ductility. The commercialization of this process led to the
widespread use of tungsten PM technology. Efforts to impart high
strength and ductility to tungsten through the use of lower temperature
alloying elements led to the development of tungsten heavy alloys
(WHA) or heavy metal alloys around the mid to late 1930s [2,3]. This
development was spurred by the use of alloying elements such as nickel,
iron, cobalt, and/or copper to form a liquid phase sintered tungsten
alloy. These alloys are still processed by liquid phase sintering (with

more controls and sophistication) and this class of material serves as the
basis for its use in numerous applications with a major thrust coming
from the ordnance sector which found these alloys to be a candidate
material for the replacement of Depleted Uranium (DU) as kinetic en-
ergy penetrators [4–9]. Since then, this early PM liquid phase sintered
alloy has found numerous applications including kinetic energy (KE)
penetrators, specialty golf clubs, balancing weights in race cars as well
as in aerospace, rotors for the watch industry, heat sinks (WeCu), ra-
diation shields, heavy duty electrical contact materials, and more re-
cently as plasma-facing materials in fusion reactors [10]. The popu-
larity of tungsten heavy alloys stem from their unique combination of
physical and mechanical properties. The alloys typically have high
density (usually 50% higher than lead), high strength and ductility,
high hardness, desirable electrical and thermal conductivity, low
thermal expansion, good corrosion resistance, and vibration dampening
capability.

Properties of WHAs are significantly influenced by the amount of
tungsten versus the alloying additives. The chemistry of the alloying
additives also plays a critical role in influencing the properties of these
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materials. Most of the WHAs are currently processed using nickel and
iron as the sintering additives typically in the ratio of 7:3 or 8:2 of Ni:Fe
[11]. However, many other alloying additives have been used which
includes the additions of some Co along with Ni and Fe. For heat sink
type applications, generally Cu is the additive of choice though some-
times for improving the densification, minor additions of nickel have
been used (although this results in the loss of thermal conductivity).
WHAs are also extremely sensitive to the processing history and the
overall chemistry of the material [12–15]. Improper processing of the
material can lead to formation of internal porosity, embrittlement due
to impurity segregation, and hydrogen embrittlement, all of which can
lead to significant lowering of the mechanical properties of the mate-
rial. Material processing is often carried out in a hydrogen atmosphere
to reduce the oxides. The possibility of entrapped water-vapor can be
mitigated by control of the dew point of the sintering atmosphere while
hydrogen embrittlement, impurity segregation, and intermetallic phase
formation can be reduced through the use of proper heat treatment.

Conventional tungsten heavy alloys exhibit a classic two-phase
composite microstructure where large almost pure bcc tungsten grains
are embedded in a ductile matrix material consisting of the alloying
elements (such as nickel, iron, cobalt) with some amount of tungsten
taken into solution. This matrix phase is generally responsible for the
ductility and toughness that is exhibited by this class of alloy. As dis-
cussed earlier, with increasing tungsten content (from 88 to around 93
or 94 wt% of tungsten) the strength (UTS) of the alloy increases.
Continuing to increase the tungsten content results in a decrease in the
strength of the alloy. With high tungsten contents, the microstructure
starts to exhibit an increase in contiguity, which in turn results in a drop
in the strength of the alloy. However, generally when using the same
liquid phase forming elements in the same ratio, the elongation shows a
constant decrease with increasing tungsten content.

The conventional tungsten heavy alloys have, however, not proven
to be very successful in replacing DU as KE penetrators. WHAs tend to
form a mushroom shape near the penetrator nose area following the
impact event. This behavior is unlike that of DU, where the nose un-
dergoes self-sharpening due to shear localization. Extensive R&D efforts
have been conducted to rectify these differences and impart the shear
localization characteristics in WHAs similar to those of DU. Efforts in
this area include: processing of higher strength and higher hardness
WHAs through thermomechanical treatments (as very high strength
steels are shown to be prone to shear localization), use of alternate
matrix materials that are known to be more susceptible to shear loca-
lization (intermetallic compounds) under high strain rate, micro-
structural manipulations to allow an easy path for the shear band to
easily form and propagate, substituting a small amount of the tungsten
with an alternate material that can alloy with the tungsten to make the
material prone to shear localization, attempts to create ultrafine mi-
crostructures, solid state sintering of the material instead of the con-
ventional liquid phase sintering, and using alloying elements that can
result in significantly lower liquid phase sintering temperatures
[16–22]. While a great deal of effort has been directed to the above
areas to try and modify the tungsten-based materials, an equally im-
portant effort was also in progress to try and devise alternate processing
techniques (in place of conventional press and sinter) that can be used
to shape the tungsten based alloys into useful components. One of the
techniques that have become the process of choice for making small
complex shaped tungsten alloy components is powder injection
molding [23–25].

Grain structure refinement has advanced significantly in tungsten-
based composites. WHAs typically have tungsten grain sizes that are in
the range of 20 to 50 μm. The aim of grain refinement is to target higher
strength and hardness with a concomitant goal that the finer grains will
increase the tendency of the material to undergo adiabatic shear loca-
lization. Various processing and alloying techniques have been used to
achieve the finer grain sizes including: (1) solid state sintering of the
material to try to preserve the original grain size of tungsten, (2) doping

with elements such as Mo, Ta, Re [26,27], and (3) limiting grain growth
in liquid phase sintering by suppressing the solidification-reprecipita-
tion step through choice of the binder phase such as CoeCu [28]. A
novel approach combines shaping with dopants, utilizing powder in-
jection molding with and Mo and Re additives with conventional WHA
compositions. This final approach enables the processing of higher
strength and higher hardness heavy alloys into complex shapes.

1.1. Nano duplex structure

More recently, fine grained tungsten alloys have been produced via
powder metallurgy. PM has long been considered a possible route to the
production of nanostructured metals as powders with internal na-
noscale grain sizes are routinely produced by high energy milling
methods. The ability of producing such powder, however, does not
directly translate into bulk PM components with nanostructure. Grain
growth proceeds rapidly in nanostructured metals, and the consolida-
tion cycle typically results in coarsening well beyond the conventional
nanostructure range (< 100 nm). One popular approach to overcoming
this coarsening problem is to engage in a kinetic race between densi-
fication and grain growth. Rapid consolidation methods such as field-
assisted sintering, with their shorter times at temperature, can avoid
some coarsening and retain fine or even ultrafine grains. However, to
retain truly nanoscale grain sizes in bulk P/M components through a
full consolidation cycle remains somewhat of a challenge, and other
popular methods to accelerate sintering such as liquid-phase sintering
or activated sintering also tend to encourage coarsening during the
cycle. Recently, Park and Schuh [29] proposed a strategy using alloying
elements that favor both stability of nanostructure and accelerated
sintering. Their approach was built upon thermodynamic calculations
of alloy mixing systems with nanocrystalline grain sizes [30] where
alloying elements that favor a grain boundary environment were shown
to stabilize the nanostructure against coarsening. Whereas some ele-
ments prefer to segregate to grain boundaries as compared to occupying
any other site in the alloy, Chookajorn et al. [31] observed that some
alloying elements favor a so-called “nano-duplex” structure. Such alloys
feature both grain boundary segregation as well as nanoscale second
phase precipitation, both of which contribute to stabilizing a nanoscale
structure. As an example, the WeCr system exhibits such thermo-
dynamics; Cr decorates grain boundaries in W, while also precipitating
out as a second Cr-rich phase. The work of Park and Schuh used the
concept of stable nano-duplex alloys to effect a rapid powder con-
solidation cycle in the WeCr system. Beginning with mechanically al-
loyed powders, they showed that cold-pressed pellets sintered rapidly at
low temperatures (below 1500 °C) without the need for applied pres-
sure. They traced the sintering acceleration to the nano-duplex struc-
ture, which evolves upon heating. As the solid solution decomposes, Cr
becomes enriched at grain boundaries and also emerges as a second
(nano-duplex) phase. Because the second phase has access to particle
surfaces and is a rapid diffusing element, it quickly evolves inter-par-
ticle necks which support rapid sintering thereafter. The advantage of
the Park and Schuh concept is that the alloying addition is designed to
both accelerate sintering and retain fine grain sizes. In the binary WeCr
system, those authors reported full density compacts with ~1 μm grain
sizes, roughly an order of magnitude below what would be typical for
rapid sintering methods in the same temperature range. With further
addition of stabilizers, they extended the concept to produce 100 nm
grains at full density. This technology is currently being commercia-
lized by Veloxint Corporation.

In this investigation, WeCr material that has been milled to produce
suitable powders will be subjected to both conventional press and sinter
treatment as well as used in a novel metal additive manufacturing (AM)
technique known as Bound Metal Deposition (BMD).
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