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1. INTRODUCTION

This is the final technical report submitted by Ultramet, Pacoima, CA 91331 to
the U.S. Army Materials Technology Laboratory, Watertown, MA 02172-0001 under
SBIR Phase I contract DAAL04-91-C-0022. The period of this contract was from
5 February to 5 October 1991. The principal investigator was Brian E. Williams,
supported by Jacob J. Stiglich Jr. as technical consultant. The AMTL program
manager was Robert J. Dowding.

Extensive research into the mechanisms involved in the success of kinetic energy
(KE) penetrator devices has discovered mechanical behavior in depleted uranium
(DU) alloys that may be reproduced in more practical ordnance materials. As KE
penetrators, tungsten-heavy alloys offer the potential for easier and safer
fabrication, handling, and storage compared to DU materials, but the typical
ballistic behavior of the tungsten alloys precludes their use for this
application. The identification of adiabatic (localized shear) behavior in DU
alloys and in other materials such as hafnium and titanium has led to the concept
of fabricating a metal composite that incorporates the density and hardness of
tungsten, in the form of reinforcing powder particles, with a matrix of a
material that exhibits localized shear. In such a composite, the matrix would
control the deformation behavior rather than the reinforcement.

The ability to fabricate a metal composed of discrete tungsten particles
uniformly surrounded by a matrix of material(s) having vastly different
properties is the basis for the powder coating work conducted at Ultramet from
1986 through the present. The benefits of coating individual tungsten powder
particles to increase the ductility of tungsten-heavy alloys were shown in
previous SBIR Phase I and II programs performed by Ultramet for the Army
Materials Technology Laboratory [1,2]. The uniform distribution of a ductile
4.3-wt% nickel/l.7-wt% iron matrix around 12-pm tungsten powder particles led to
an increase in flexural strength in consolidated billets as compared to
conventional powder-mixed, liquid-phase sintered (LPS) W:7.ONi:3.OFe material,
while exhibiting an intragranular fracture mode with grain pullout (Figure 1A)
rather than purely intergranular (Figure IB). Figure 2A shows the uniformity of
matrix distribution achieved in consolidated Ultramet-coated W:4.3Ni:l.7Fe
material, while Figure 2B shows the nonuniform matrix distribution and extensive
embrittling tungsten particle-particle contact found in conventional powder
mixing/LPS material.

In the present program, Ultramet identified the presence of localized shear bands
in monolithic hafnium and the titanium alloy Ti(6AI-4V), and demonstrated the
feasibility of coating individual 5.0-pm and 13.6-pm tungsten powder particles
with hafnium by chemical vapor deposition (CVD).



2. BACKGROUND

2.1 Adiabatic Shear

The primary objective of this program was to verify the presence of adiabatic
(localized shear) behavior under high strain rate deformation in pure, commercial
titanium and hafnium and in hafnium/tungsten powder (Hf/,p) and titanium/tungsten
powder (Ti/Wp) composites. Adiabatic behavior has been observed to be important
to the penetration capability of depleted uranium (DU) projectiles [3] upon
characterizing residual penetrator slugs and the resultant penetration tunnels
of various materials, such as DU(kTi), DU(6Nb), W:7.ONi/Fe, and W:Ta, recovered
from rolled homogeneous armor (RHA) targets. In addition, observations of the
penetration of single-crystal tungsten oriented in the [100], [110], and [111]
directions (long axis of rod) identified different modes of deformation [4].
[100] penetrators had depths of penetration (DOP) equivalent to DU, suggesting
that the [100] material seemed to deform without large-scale plastic deformation,
permitting easy material flow away from the penetration interface. This behavior
was explained in terms of the favorable slip/cleavage that occurred during the
compressive loading of the penetrator material flow without large-scale plastic
deformation, and the final shear localization at a favorable angle for easy
material flow away from the penetration interface. Penetration tunnel shape and
dimensions were also measured while recovering residual penetrator fragments of
DU(JTi), W:7.ONi/Fe, and the [100], [110], and [111] orientations of pure single-
crystal tungsten.

As a result of microstructural analysis of residual DU penetrator fragments
recovered from RHA targets, an adiabatic shear mechanism has been observed that
appears to be important to the observed increased effectiveness of penetration
by DU over tungsten composites [3]. The adiabatic shear mechanism is theorized
to permit the DU penetrator to remain "sharper" during penetration compared to
a tungsten composite penetrator. The front of the DU penetrator fragments at its
interface with the armor, forming an unstable "mushroom" whose "petals" shear off
adiabatically, becoming less blunted and thereby presenting a smaller area and
imposing a larger maximum stress on the armor. The tungsten composite
penetrator, conversely, forms a stable mushroom at its interface with the armor,
with the petals shearing off only after a stable (larger) hole diameter is
formed. In support of this postulate, smaller and deeper penetration cavities
have been observed for DU penetrators as compared to tungsten composite
penetrators of equal density impacting at similar velocities and kinetic
energies. While velocity and kinetic energy alone do not determine interface
pressures, they are, along with similar densities and shapes, sufficient to give
initial interface (impact) pressures of similar magnitude, thus lending further
credence to the observed results.

Localized shear has been reported to occur most readily in materials that have
a low strain hardening rate, low strain rate sensitivity, low thermal
conductivity, and a high thermal softening rate, such as alloys of aluminum,
titanium, copper, and martensitic and ferritic steels [5]. Localized shear bands
were previously considered to be detrimental, as earlier failure of the
penetrator material results [3]. However, this material failure has since been
correlated with the aforementioned smaller penetration diameter and increased
penetration depth.
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The identification of adiabatic shear behavior in DU alloys and in other
materials such as hafnium and titanium led to the concept of fabricating a metal
matrix composite that incorporates the outstanding density and hardness of
tungsten, in the form of reinforcing powder particles, with a matrix of a
material exhibiting localized shear. In such a composite, the matrix would
control the deformation behavior rather than the reinforcement. Although the
excellent thermal stability and hardness properties of tungsten are in direct
opposition to the properties considered beneficial in DU alloys, the high density
and fabricability of tungsten-heavy alloys may be utilized in ordnance
applications by coupling the material with a matrix that demonstrates adiabatic
shear failure.

2.2 Matrix Materials

As noted, both titanium and hafnium are known to exhibit the adiabatic shear
phenomenon. Investigating both as potential matrix materials was considered
desirable because, while the mechanical behavior of titanium has been better
characterized and its adiabatic shear mechanism has been better demonstrated, it
has a low density (4.5 g/cm3 ). Hafnium may require more development and
characterization as a matrix material, but it has a much more attractive density
(13.3 g/cm3 ).

2.2.1 Hafnium/Tungsten Metallurgy

Figure 3 shows the Hf-W equilibrium phase diagram [6]. Even though an
intermetallic (HfW2 ) forms at approximately 67 wt% tungsten, the kinetics of its
formation would be rather slow at the temperatures of interest due to the
refractory nature of both hafnium and tungsten. With hafnium being deposited at
less than 1500°C (2730 0 F), the formation of HfW2 should thus be suppressed
relatively easily. The thermal expansion coefficients of a-Hf and a-W are 5.8
and 4.5 ppm/°C, respectively, over the temperature range of interest [7]. The
similarity of these CTEs virtually eliminates residual stresses between the
hafnium coating and tungsten substrate. Two hafnium phases exist, a and P, with
the transformation temperature being 1743°C (3169 0 F), which is well above the
deposition temperature range.

2.2.2 Titanium/Tungsten Metallurgy

Figure 4 shows the Ti-W equilibrium phase diagram [6]. The formation of the
P-Ti/tungsten solid solution, which occurs above =74 0 °C (1360°F), must be avoided
to the largest extent possible in order to achieve the desired deformation
behavior. CVD is an excellent means of accomplishing this, by the coating of
each tungsten particle with the titanium matrix while maintaining the solid
state. Deposition temperature should be kept at around 500°C or below to avoid
the formation of the f-Ti/W solid solution. Such a relatively low temperature
would also serve to minimize stresses caused by thermal expansion mismatch. The
thermal expansion coefficients of a-Ti and a-W are 9.8 and 4.5 ppm/°C,
respectively, over the temperature range of interest [7].

3



3. EXPERIMENTAL APPROACH

The primary objective of this program was to demonstrate that a tungsten-heavy
composite material, utilizing either hafnium or titanium as the matrix material,
can deform at high strain rates via an adiabatic shear mechanism. Process
development efforts focused on coating tungsten powder with hafnium by chemical
vapor deposition (CVD), using a fluidized-bed deposition process developed in
previous studies [1,2]. High strain rate (=10/sec) shear testing was then
performed on consolidated Hf/Wp composites as well as commercially available
monolithic hafnium and titanium alloy (Ti(6AI-4V)) materials, in order to confirm
the presence of adiabatic shear in these materials and provide a baseline for
comparison with other composite metals derived from coated powders.

3.1 Thermodynamic Study

Preliminary thermodynamic studies for the aeposition of hafnium were performed
using data for zirconium as a substitute for hafnium. Hafnium and zirconium are
chemically similar, sharing many properties such as valence and periodic group,
although the higher density of hafnium (13.1 g/cm3 ) compared to that of zirconium
(6.49 g/cm3 ) is more desirable for this application. Both are deposited from
their respective tetraiodides, HfI 4 and Zr1 4 . The SOLGASMIX-PV computer program
[9] was used to evaluate thermodynamic ;quilibrium in an excess of solid
zirconium among the following species: 1(,), 12(), Zrl(n), Zrn2(,), Zrl3(s), Zr14(,),
and Zr(s). The theoretical model based on zirconium was then tested and
confirmed using hafnium, establishing the most suitable deposition temperature
to be in the I000-1500°C (1830-2730°F) range.

3.2 CVD Powder Coating

CVD has been used for the deposition of some 400 species [9], the processes for
many of which were pioneered by Ultramet personnel. The CVD process has long
been successfully utilized for coating particles, such as the production of
ultrapure tungsten and niobium spheroids for metallurgical purposes and the
cladding of nuclear fuel (U0 2 ) particles.

One of the primary advantages of CVD over other plating methods is the extremely
high level of purity that may be obtained in the deposit [9]. The majority of
impurities in a coated powder batch is due to contamination in the as-received,
uncoated substrate powder itself. In the case of deposition on tungsten powder,
Ultramet has shown that light-element impurity levels (particularly carbon and
oxygen) may be substantially reduced through heat treatment, hydrogen reduction,
and/or controlled water vapor treatment of the as-received powder. Carbon levels
were reduced by a factor of twelve from the as-received, uncoated powder to the
coated, treated powder, and oxygen levels were reduced by a factor of four [2].
Reduction of embrittling impurities can lead to substantial increases in
mechanical properties.

Ultramet has been developing fluidized-bed CVD powder coating technology since
1986, largely under SBIR support, although powder coating work is increasingly
progressing into the Phase III commercial arena on a small scdle [1-2,10-14].
The fluidized-bed CVD process and apparatus developed during the course of this
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work are capable cf both fluidizing and coating metallic and ceramic particles
as small as 5 pm in diameter with a large number of different metal and ceramic
materials (see Table I). Batch sizes of up to 1 kg have been produced, and a
5-kg batch reactor is being put into operation. Additionally, a design and cost
analysis for a production-oriented reactor is being conducted. This would be a
production prototype to be built and operated in any larger-scale commercial
applications.

The substrate material for all deposition work was M-68 deagglomerated tungsten
powder, procured from GTE Products Corp. (Towanda, PA). This material had
previously proved to be an effective substrate for CVD powder coating studies.
Prior to coating, it was easily reduced in hydrogen to yield post-coating carbon
and oxygen levels of <30 ppm and <150 ppm respectively. The manufacturer's
specifications for the M-68 tungsten powder are shown in Appendix A.

In determining the compositions to be investigated, the emphasis was on avoiding
chemical/metallurgical interactions between the matrix phase and the tungsten
powder particles. It was hoped that if reactions linking the particles to the
surrounding matrix could be avoided, the tendency of shear bands to form in the
matrix would at least not be degraded by having to interact directly or
indirectly with the powder particles. The literature included references to
shear band widths on the order of 15-50 pm [15], and metallographic examination
of deformed monolithic hafnium and Ti(6AI-4V) at Ultramet gave results consistent
with those observations. Compositions were then chosen that provided at least
50-100 pm of matrix phase between adjacent tungsten powder particles, with the
aim to provide adequate matrix volume and distribution to permit unimpeded
propagation of shear bands by creating the correct conditions in the composites
for their formation. W:15 wt% Hf and W:15 wt% Ti compositions were selected for
initial evaluation, with the latter subsequently being dropped from the Phase I
effort in favor of concentrating solely on hafnium deposition.

A fluidized-bed CVD reactor was designed and fabricated such that powder coating
could be conducted at the high temperatures of interest, in batch sizes of
=I00 g. Hafnium was then deposited on 100-g batches of 5.0-pm and 13.6-pm
tungsten powder by CVD via the thermal decomposition of hafnium tetraiodide
(HfI 4 ) at temperatures ranging from 1000 to 1500°C (1830-2730 0 F). Although the
smaller powder theoretically leads to a superior consolidated product, the degree
of agglomeration in the as-received 13.6-pm tungsten powder was far lower than
that of the 5.0-pm powder. For this reason, the 13.6-Mm material was given
greater emphasis. Process development for the deposition of titanium, meanwhile,
was left for follow-on work.

3.3 Consolidation

The metal-coated powder was consolidated by the Ceracon® process, a form of
dynamic hot isostatic pressing developed by Ceracon Inc. (Sacramento, CA). This
process is illustrated schematically in Figure 5. The Ceracon process utilizes
a solid particulate material as the pressure-transmitting medium. The
particulate material and the preform compact are first rapidly heated to the same
temperature, outside the die. The heated particulate then fills the die, into
which the heated compact is inserted. A hydraulic press ram then pressurizes the
particulate and consolidates the part. Substantially higher loadings can be
achievcw1 by the Ceracon process as compared to conventional hot pressing
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techniques; also, consolidation times are far shorter than standard hot isostatic
pressing (HIP) or liquid-phase sintering (LPS) methods.

3.4 High Strain Rate Testing

High strain rate testing was performed by Kaman Sciences Corp. (Colorado Springs,
GO) and by the California Institute of Technology (Caltech) (Pasadena, CA), on
commercially available monolithic hafnium and titanium alloy (Ti(6AI-4V))
materials and Ultramet-coated/Ceracon-consolidated Hf/Wp composites. The
manufacturer's specifications for the annealed Ti(6AI-4V) alloy are shown in
Appendix B. Strain rates of 10'/sec to 10/sec were imposed by a split
compression Hopkinson bar apparatus, a technique that had been used successfully
in previous studies to evaluate the high strain rate behavior of CVD tungsten
[16,17]. The details of the testing procedure, including specimen geometries,
are provided in Appendix C (Kaman) and Appendix D (Caltech).

3.5 Characterization

Uncoated (as-received) and coated powders were characterized both in-house and
externally. In-house analysis included evaluation of coating uniformity and
degree of powder agglomeration by optical and scanning electron microscopy (SEM).
Energy-dispersive X-ray (EDX) analysis was utilized to determine the presence and
distribution of the composite elements, although it was determined that accurate
quantitative analysis could not be achieved by this method. Precise analysis of
the metal and light element constituents of the coated powder material was
performed by Teledyne Wah Chang (Albany, OR). The procedures, reporting limits,
and precision limits for the chemical analysis are shown in Table II.

Consolidated billet cross-sections and fracture surfaces were initially evaluated
by optical microscopy for low-magnification study. Following the final phase of
consolidation and high strain rate testing, the cross-sections and fracture
surfaces were subjected to SEM analysis to evaluate matrix distribution and
failure mode.
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4. RESULTS AND DISCUSSION

4.1 Thermodynamic Study

As noted, preliminary thermodynamic studies for the deposition of hafnium were
performed using data for zirconium as a substitute for hafnium, as much mor-
extensive thermodynamic data is available for zirconium. Hafnium and zirconium
are chemically similar, sharing many properties such as valence and periodic
group. The SOLGASMIX-PV computer program [8] was used to evaluate thermodynamic
equilibrium in an excess of solid zirconium among the following species: I(s),

12(,), Zrl(,), Zrl2(,), Zrl3(,), Zr14(,), and ZrCs). A graph of this data (Figure 6)
shows Zrl 4 to be the dominant species up to =530°C (990°F), Zrn 3 dominant from
530-760°C (990-1400°F), and Zrl 2 dominant at temperatures above 760°C (1400°F).

Graphing the metal content of the gas relative to halide content shows a maximum
ratio that is characteristic of multiple-valence metals, and indicates the
temperature and pressure at which the zirconium content of the gas is maximized.
At temperatures above and below this value, zirconium would precipitate from the
vapor by decomposition or disproportionation, respectively.

To confirm the theoretical model based on zirconium, the burn rate of hafnium
metal in iodine vapor was measured at 600, 800, 900, and 1000°C (1110, 1470,
1650, and 1830°F). This was accomplished by evaporating iodine in flowing argon,
then passing the iodine vapor over a static bed of heated hafnium metal and
measuring the weight loss after 30 minutes of reaction. The results, illustrated
in Figure 7, show that at temperatures below 1000°C (1830°F) the Hf/I ratio
remained below 0.25, indicating that kinetic factors, rather than equilibrium,
dominate the iodination of hafnium below 1000°C. The significance of the 0.25
ratio value is related to the fact that the stable compound is HfI 4.

4.2 CVD Powder Coating

100-g batches of 5.0-pm and 13.6-pm tungsten powder were fluidized and coated
with hafnium in the fluidized-bed reactor. Process development of titanium
deposition was left for follow-on work, in order to concentrate more fully on
hafnium deposition.

The hafnium deposition process began with the in situ formation of hafnium
tetraiodide (Hf14), the hafnium precursor, via the iodination of hafnium metal
chips (99.99% pure) with iodine vapor (99.999% pure) by the following reaction:

Hf + 212 ----- > HfI 4

The HfI 4 vapor was then transported to the fluidized-bed deposition zone via an
argon carrier gas, where it thermally decomposed in accordance with the following
reaction to deposit hafnium metal on the tungsten powder substrate:

Hf14 - - - - - > Hf + 212

The heated tungsten powder particles act as nucleation sites for the growth of
continuous hafnium films. Figure 8 shows micrographs of hafnium-coated 5.0-pm
and 13.6-pm tungsten powder, respectively. The presence of hafnium in these
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specimens was confirmed by EDX microanalysis, as shown in Figure 9. External
analysis by optical emission spectroscopy determined the composition to be
W:2.lHf (±0.105%).

The amount of hafnium deposited was significantly less than the desired 10 wt%,
due to difficulties encountered in the mechanics of the reactor itself. The
relatively high deposition temperatures (I000-1500°C/1830-2730°F), caused
difficulties with regard to deposition on the reactor walls. In addition, this
temperature region led to a small degree of sintering if the powder charge was
not well-fluidized throughout the entire run. The increased temperature for
hafnium deposition, however, is not anticipated to create a tendency for solid
solution formation between the hafnium and tungsten. There should be no
interaction between the metals even at these temperatures, because residence time
for the powder charge is 60 minutes maximum. The difficulties with both reactor
wall deposition and sintering may be substantially reduced through the use of a
newly designed fluidized-bed reactor.

4.3 Consolidation

Two Hf/Wp compositions were consolidated by the Ceracon process. Using
proprietary process conditions, 1.0" diameter x 0.3" long specimens of the first
composition, 2 wt% CVD Hf/Wp, were consolidated to a density of 18.97 g/cm3 ,
which is 99.2% of theoretical. The consolidated material was then delivered to
Caltech for Hopkinson bar testing, with test specimens cut by electrodischarge
machining (EDM).

1.0" diameter x 0.3" long specimens of the second composition, 2 wt% CVD Hf:8 wt%
mixed PM Hf powder/Wp, were consolidated (again using proprietary process
conditions) to a density of 18.15 g/cm3 , which is 98.5% of theoretical. This
material also delivered to Caltech for Hopkinson bar testing. The density of all
materials was estimated through water immersion (densitometer). Ultramet has
found this method to be typically accurate to ±0.2%. The oxygen contents of the
composite materials were not determined following consolidation.

4.4 High Strain Rate Testing

Kaman performed high strain rate testing on commercially available specimens of
annealed titanium alloy (Ti(6A1-4V)) and pure hafnium, with the procedures and
results described in Appendix C. Caltech tested Ultramet-coated/Ceracon-
consolidated Hf/Wp composite specimens in compression and shear, as described in
Appendix D.

Figures 10-15 are optical micrographs showing the microstructures in various
regions of Kaman-tested hafnium specimens. The micrographs reveal areas that
appear to have undergone localized deformation, resulting in the formation of
shear bands. Similarly, although not as evident, shear bands were found in
Kaman-tested Ti(6AI-4V) material, as shown in Figure 16.

The Kaman testing appears to have confirmed the presence of adiabatic shear in
the proposed matrix materials, hafnium and titanium, and will provide a baseline
for the composite metals derived from coated powders. Pure hafnium specimens
exhibited a stress-strain curve that was consistent with plastic flow and failure
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by a localized shear mechanism. Two hafnium specimens in compression exhibited
a high strain hardening rate.

The Hopkinson bar testing of Hf/Wp composites at Caltech was designed to expose
the composite material to the same strain rate regime that had been used during
the testing at Kaman. An advantage of the Caltech testing was that it required
much less material, so that more specimens of each composition could be tested.
In addition, some specimens of pure hafnium were tested to verify that the
testing conditions used at Kaman were recreated.

Details of the Caltech high strain rate experiments are provided in Appendix D,
including strain rates and flow stresses for both 2 wt% CVD Hf/Wp and 2 wt% CVD
Hf + 8 wt% mixed PM Hf powder/Wp composites. The 10 wt% hafnium specimens were
more prone to failure than the 2% hafnium (coated powder only) materials.
Moreover, the failure of the 10 wt% hafnium specimens was brittle in nature
compared to that of the 2 wt% Hf/Wp. Preliminary micrographic results, shown in
Appendix D, indicate poorly bonded and porous regions with much intragranular
failure. Consistent with microscopic evidence, the macroscopic failure of the
10 wt% Hf/Wp specimens was also brittle in nature.

9



5. CONCLUSIONS AND RECOMMENDATIONS

In this program, Ultramet identified the presence of localized shear bands in
monolithic hafnium and titanium alloy (Ti(6AI-4V)) materials tested at high
strain rates. In addition, the feasibility of coating individual 5 . 0 -Am and
1 3 . 6 -am tungsten powder particles with hafnium by CVD was experimentally
demonstrated, although the achieved deposition rate and efficiency of the process
were not sufficient for fabrication of the desired 10 wt% Hf/WP composition.

The accomplishments of both this program and Ultramet's previous work for AMTL,
comprising the development of CVD processes for coating tungsten powder,
characterization of coated powder, preliminary consolidation studies, and
characterization of consolidated billets for physical and mechanical properties,
have all contributed to the establishment of a well-defined approach to follow-on
work.

The key issues to be examined in future work are process optimization for the
deposition of hafnium and titanium coatings on tungsten powder, the amount of
each constituent required in the eventual WP composite, consolidation of the
coated powders, and the degree of post-consolidation mechanical working required
to produce high-performance ballistic penetrators, as well as the effects of each
on microstructure and high strain rate behavior. The specific technical
objectives suggested for such work include the following:

Modification of existing fluidized-bed reactor designs to allow for
continuous processing at the high deposition temperatures of
interest, offering the potential for significantly reduced
processing costs through a reduction in the amount of labor and
precursor material required.

Integration of the newly developed fluidized bed with optimization

of the in situ synthesis of the metal iodide precursors (HfI and
TiI 4 ) for subsequent deposition of hafnium and titanium on 13.6-Am
tungsten powder. This study would include further examination of
the dissociation and/or thermal decomposition of the metal iodides.
The ease of high temperature deposition would be increased through
use of the redesigned fluidized bed.

Simultaneous precursor study to determine the feasibility of

depositing hafnium and titanium from their respective chlorides
(HfCl4 and TiCl 4 ). These chlorides are extremely stable; however,
they are more readily reduced than the iodides, therefore offering
the possibility of deposition at a lower temperature. HfCl 4 may be
reduced through the disproportionation of an active metal subhalide.
Disproportionation is a process by which a lower valence molecule
reacts to form both a zero valence atom and a higher valence
molecule. Titanium dichloride (TiCl 2 ) and aluminum monochloride
(AlCl) can be used as reducing agents, as in the following reactions
for hafnium deposition from HfCl,:

HfCl 4 + 2TiC12 ----- > Hf + 2TiC14
HfCl4 + 2AlCl ----- > Hf + 2AIC1 3

10



Contamination of the resultant hafnium deposit with titanium or
aluminum is very possible. However, both titanium and aluminum have
been shown to exhibit adiabatic shear behavior, so their presence
may not be detrimental. The chloride process has the added benefit
of utilizing readily available precursors. Organometallic
precursors, which offer the possibility of deposition at much lower
temperatures, could also be investigated.

Investigation of various solid-state consolidation techniques,
including the Ceracon process and hot isostatic pressing (HIP).
Although both of these processes can produce fully dense billets,
they differ greatly and produce distinct microstructures.

Evaluation of the effects of mechanical working of sintered
penetrator material tht,.ugh swaging of Hf/Wp and Ti/Wp billets
derived from consolidated coated powder and subsequent four-point
bend testing. The goal would be to achieve 10-15% areal reductions
through swaging.

Characterization of high strain rate (=104/sec) shear deformation
mechanisms through Hopkinson bar testing.

Fabrication and testing of quarter-scale ballistic test specimens

(L/D-10) of each optimized composition for evaluation of tensile and
ballistic performance.

The proposed program would involve an iterative process, in which the combined
effects of CVD powder coating, consolidation, mechanical working, and high strain
rate behavior would be evaluated three times during the program. This approach
would yield substantial data from which conclusions pertaining to the feasibility
of inducing localized shear in tungsten-heavy alloys may be drawn.

Ultramet would like to acknowledge the interest and support of the AMTL program
monitor, Robert J. Dowding. Ultramet would also like to extend thanks to Scott
Doane and Richard Keefe of Kaman Sciences for their assistance in the area of
high strain rate shear testing, and to Dr. G. Ravichandran of Caltech for his
efforts in Hopkinson bar compression testing.
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Figure 5. Schematic of Ceracon consolidation process
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Table I. Powder Coating Programs at Ultramet

Description (coating on powder) Application

3-4 wt% nickel/l-2 wt% iron on 12-pm tungsten Ordnance

5-50 wt% copper on 100-pm AIN High-conductivity composites

10-30 wt% aluminum on 5-pm TiB2  Dispersion strengthening

TiB2 on 5-pm aluminum Dispersion strengthening

80 wt% tungsten on 150-pm A120 3  Proprietary

10 wt% A1 2 0 3 on 100-pm SiC Ceramic composites

20 wt% titanium on 100-jm A1 2 0 3  Proprietary

5 wt% iron on 100-pm WC Cutting tools

3 wt% cobalt on 10-pm WC Cutting tools

3 wt% iron on 20-500-pm diamond Cutting tools

10-20 wt% hafnium and titanium on 12-pm tungsten Ordr.ance
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Table II. Procedures, Reporting Limits, and Precision for Chemical Analysis

Estimated Normal low
Element Procedure relative reporting

precision limits
M() (ppm)

Carbon Combustion/IR: combustion of sample
in oxygen, measuring evolved CO2 by 5 30
infrared

Oxygen IGF/GC: inert gas fusion with gas
chromatograph separation of gases 5 50
using thermal conductivity or
infrared readout

Tungsten OES: optical emission spectroscopy 5 25

Hafnium OES 5 25

Titanium DCPS: direct current plasma source 5 35
spectroscopy
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Appendix A.

Specifications for M-68 De-Agglomerated Tungsten Powder



SYLVANIA
Chemicals/Metals

GTE Prcduc15 Corporalion
Hawes Slreel
Towanrda PA 1S8
717 265-2121
TWX 51C 671 -561

Ult ramet T,ot No. WA68-409C

12173 Hontague Street Sales Order No. T-35399
Facoima CA 91331 Purchase Order No. 3253

Quantity: 4.000 kg.
Date: July 12, 1991

TUNGSTEN POWDER ANALYSIS

RT04000 Analytical RT04000 Analytical
Element Limits Result Element Limits Result

ppm Al N/A <1 ppm FSSS pm 12-14 13.6 pm

Ca N/A <1 ppm B.D. g/in3 N/A 146.7 g/in3

Cr N/A 27 ppm LOR ppm N/A 500 ppm

Cu N/A <1 ppm H1o ppr N/A 14 ppm

Fe N/A 53 ppm 02 ppm 275 max 175 ppm

K N/A <10 ppm

11g N/A <I ppm

UIn N/A 1 ppm

Ni N/A 41 ppm ]
Si N/A 3 ppm

Sn N/A <1 ppm

Na N/l 65 ppm

The above information covers the physical and chemical analyses of the
Tungsten Powder shipped to you.

"Hicrotrac attached"

Sc n e d B y ,'N~/2-. --... A

"J. J. Fenk)unas
Manager, Quality Coi-,trc!

0, ; -- Eo C



DATE: 7/ 8/1991

PHYSICAL TESTING LABORATORY MICCRTRAC

SAMILE - WP WA68-409C 10032720

SIZE PANCE -REQ CtI4I

176.0 100.0
176.0- 125.0 .0 100.0
125.0- 88.0 .0 100.0
88.0- 62.0 .0 100.0
62.0- 44.0 2.3 97.7
44.0- 31.0 10.9 86.8
31.0- 22.0 17.6 69.2
22.0- 16.0 18.5 50.7
16.0- 11.0 19.4 -1.3

11.0- 7.8 14.9 16.4
7.8- 5.5 9.9 6.5
5.5- 3.9 4.5 2.0
3.9- 2.8 .9 1.1
2.8- 1.9 .9 .2

1.9- 1.4 .2 .0
1.4 .0

I•AN 18.43
S'GMA 2!2.08
S}iw .96
P z-AK 3.58

VOLUME -J.AN 18.5
90TH PR-TILE SI:E 34.8
,-EDIAN 15.8
10Th r PEIR=II SIZIE 6.3

CAJC. SPECIFIC SUPIAc= APFA .496
wU,,ALIBRA.,D SM-1LE VOLUE DATA .184



Appendlx B.

Specifications for Annealed Ti(6A1-4V) Alloy
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Appendix C.

Kaman Sciences Test Report
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TEST PROGRAM TO PRODUCE
ADIABATIC SHEAR BANDS IN

TITANIUM AND HAFNIUM
(monthly progress report)

1.0 INTRODUCTION

An adiabatic shear band program was initiated at Kaman Sciences
Corporation in support of Ultramet's SBIR contract with the Army Materials Test
Laboratory (AMTL). The purpose of the program was to design and conduct
tests which produce adiabatic shear bands in titanium and hafnium nmate'ials.

2.0 BACKGROUND

Adiabatic shear occurs when large amounts of energy are quickly
deposited in a localized region in a material, resulting in its thermal softening
and the formation of narrow zones of highly displaced material. The deformed
zones of material act as a permanent record of the plastic flow which occurred
and are referred to as adiabatic shear bands.

3.0 APPROACH

Strain rate Is a crucial factor in the formation of shear bands since low
strain rates allow dissipation of the energy by thermal conduction. Tests must,
therefore, be designed to rapidly deposit large amounts of shear strain energy in a
small area of the test sample. The tests must also be designed to minimize other
deformation mechanisms such as bending stresses.

The tests conducted at Kaman are designed to produce high strain rates in
the samples. The strain rates produced In our samples can be calculated by

.v
'"

e=
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2

where i is the strain rate, Is

v is the velocity, in/s
r is the gap between the central mass and the collar, in

An impact velocity of 2400 in/s (200 ft/s) and a gap of 0.025 inches

produces a strain rate of 1 x 105 in the test sample. This strain rate deposits )a. 3e

she.r sb'ain energy in the test sample.

ABAQUS, a finite element computer code, was used to design the test

samples. ABAQUS provided verification that the test design produced maxiimum

shear stress and mn-imal bending stress in the test sample. The importance of this
design was to insure that damage produced in the samples was caused by shear,
rather than bending stress.

3.0 TEST SAMPLES

Titanium and hafnium bar stock was provided to Kaman by Ultramet. The

titanium bar was 1.5 inches In diameter, while the hafnium bar stock was a
smaller 1.2 inch diameter. Kaman fabricated the raw bar stock into the test

sample geometry.

The test sample and test geometry of each material is shown in Figure 1

and Figure 2. As shown in these figures, two test geometries were employed for

each material. The distinguishing feature of the two geometries was the 300 and
450 angle of the notch cut in the test samples. The purpose of the notch was to

produce pure shear stress In the test samples.

4.0 TEST TECHNIQUE

Kaman used its gas gun facility to launch a projectile carrying the test

sample. The test sample, damped by a annular collar fabricated from Vascomax,

is driven into a stop. The collar quickly stops upon striking the stop while the
central mass of the test specimen continues. Since the gap between the central
mass and the collar is small, the test technique rapidly deposits a high level of

shear energy,-y in an extxemely small area of the sample. This approach addresses
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each crltlcal issue necessary to produce adiabatic shear bands. 3

4.0 TEST RESULTS

Four adiabatic shear tests were conducted on titanium and hafnium

samples. Test parameters associated wIth each shot are listed in Table 1.

Adiabatic Shear Band Shot Summary

Shot Sample Overall Notch Impact
Number Material Sample Dia. Angle Velocity

(inch) (deg) MIs)

1515 Ti 1.5 45 204.7

1516 Hf 1.2 45 213.2

1517 Ti 1.5 30 207.0

1518 HW 1.2 30 231.0

The four tested samples have been sectioned by Kaman and sent to
Ultramet for metallurgical analysis. Initial examinations suggest the hafnium
samples may have exhibited adiabatic shear, while the titanium samples did not.
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2nd Generation Adiabatic Shear Samples
Titanium Samples and VASCOMAX Clamp

Scale: 2X

A' 1.500"

* .. .. .... ... 45 angle on tool

..... ..... .. . . . ... *. ... .. .

U, -0

4- 1.50000

30 angle on tool

'4 -.. 31000"

Jtap for 1/4-20, C, MjaCýAS e o-derpe ..hoje..pnatern~



0~5/06/s 1 11 :37 KAMAN 'SCIENCES COLD SP-'S M~t4 33

2nd Generation Adiabatic Shear Samples
Hafnium Samples and VASCOMAX Clamp

Scale: 2X

..... ..... 5 angie on tool

0.00
0.00

30 angle on tool

0.0

3.0006

tap for 1/4-1* 6 places on 60 degree hole pattern
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GRADUATE AERONAUTICAL LABORATORIES

CALIFORNIA INSTITUTE of TEciNOLOGY
PASADENA, CALIFORNIA 91125

FIRESIDNE FUGHT SCIENCES Mail Stop: 105-50

LABRATORY Telephone: (818) 356-4525

February 20, 1992

Mr. Brian Williams
ULTRAMET
12173 Montague Street
Pacoima, California 91331

Dear Brian:

We have completed the split Hopkinson bar experiments on the W/2%Hf and the
W/10%Hf composite specimens provided by you. These experiments were performed by Dr.
Subhash Ghatuparthi, Research Fellow at Caltech using our High-Strain-Rate facilities. I am
enclosing a summary of the results on the tungsten composites. From these preliminary
experiments, it appears that the W/2%Hf material may be more promising for potential
applications. If you have any questions, please do not hesitate to contact me.

Sincerely yours,

G. Ravichandran
Assistant Professor, Aeronautics

Enclosure

cc: Dr. S. Ghatuparthi



High Strain Rate Behavior of Tungsten-Hafnium Composites

1. INTRODUCTION

This report provides a summary of results on high strai - rate behavior of tungsten-hafnium
composites provided by Ultrarnet. The preliminary results provided here were obtained using a
split Hopkinson pressure bar at the Graduate Aeronautical Laboratories in the California Institute of
Technology. The fracture surfaces were examined using a scanning electron microscope.

2. MATERIAL

The materials that were tested include a W/2%Hf and a W/10%Hf tungsten composites.
Ultrasonic wave velocity measurements were carried out to determine the wave velocities in the
samples using a Panametrics ultrasonic analyzer together with longitudinal and shear wave
transducers and a high sampling rate (1 GSa/s) digital oscilloscope. The wave velocities were used
to determine the bulk elastic properties. The physical properties for the two compositions
mentioned above and pure tungsten are shown in Table I.

Table I: Physical Properties of Tungsten/Hafnium Composites

Material W/2%Hf W/10%-f W
Relative Density 18.50 17.44 19.30
Longitudinal Wave Speed ft/s 15,910 16,533 17,300
Shear Wave Speed ft/s 8,960 9,290 9,500
Young's Modulus, E Mpsi 50 51 60
Shear Modulus, G Mpsi 19.8 20.1 23
Poisson's Ratio 0.27 0.26 0.29

3. EXPERIMENTS

3.1. Split Hopkinson Pressure Bar

A high strain rate technique that is commonly used in the characterization of ductile metals at
high strain rates is the split Hopkinson pressure bar (SHPB) (also referred to as the Kolsky

pressure bar). The concept originally developed by Kolsky, has found widespread applications in
testing ductile metals at high strain rates of up to 104 s-1.

A schematic of the basic SHPB is shown in Fig. 1. When the striker bar impacts the incident
bar at a given velocity, an elastic compressive pulse (typical rise times of 10-20 gs) propagates
along the incident bar. The pulse duration equals the round-trip time of an elastic longitudinal bar
wave in the striker bar. When the pulse reaches the specimen which is placed between the incident
bar and the transmission bar (see Fig.1), part of the pulse is reflected back and the remaining part



is transmitted through the specimen t, the transmission bar. The strain gages provide time-
resolved measures of the signals in the incident and the transmission bars. From the reflected
signal the axial strain in the specimen is estimated, and t!e transmitted pulse pro•,ides a measure of
the axial stress in the specimen.

One dimensional calculations show that the strain rate t in the specimen can be estimated
using,

2c°
C = E1 '(1)

where I is the original length of the specimen, Er is the timc.-dependent reflected strain, and co is
the longitudinal bar wave velocity in the incident bar which is given by

= (2)

where E is the Young's modulus and p is the mass density of the bar material. The axial stress a
in the specimen is estimated from

Ao
a ='As Ect

As (3)

where As is the cross-sectional area of the specimen, and et is the time-dependent strain in the
transmission bar of area A0 . All the foregoing calculations are based on the assur.,?tion that the
specimen undergoes homogeneous deformation.

3.2. Experimental Facility

The experiments were conducted in a split Hopkinson pressure bar facility at the Graduate
Aeronautical Laboratories at Caltech. The SHPB consist of a light gas gun for propelling the
striker bars, the incident bar, the transmission bar, and a momentum stopper. The pressure bars
are each 4 feet long and 3/4 in diameter, are made of high strength maraging steel. The striker bars
are also made of the same mate ial and same diameter as the pressure bars. The striker bars range
in lengths from 4 to 12 inches. The uniaxial yield strength of the bars is approximately 350 ksi.
The momentum stopper consists of a momentum trap bar and a shock absorber. The momentum
trap bar which is in contact with the transmission bar during the experiment is made of maraging
steel and is 18 inches in length. The transmitted compressive pulse upon reaching th.: nterface
between the transmitter bh-r and the momentum trap continues to propagate in to the momentum
trap. This compressive pulse in the momentum trap reflects as a tensile pulse from its free surface
and upon reaching its interface with the transmission bar causes it to unload and separate, thus
carrying away the momentum in the transmitted pulse. Thus the specimen is not subjected to
repetitive loadings due to reflections with in the transmission bar. This facilitates the recovery of
specimens for further observations. The strain gages that are used on the bars have resistances of



1000 ! and are connected to four arm Wheatstone bridges with temperature compensation. The
excitation voltage applied to the bridge is 30.0 Volts and no pre-amplifiers or filters are used on the
signals from the bridge. The strain gage signals are recorded directly on a four channel Series 400
Nicolet digital oscilloscope (sampling rate of 10 MSa/s) and are tfen analyzed using equations (1)
and (3).

3.3. Results

Five specimens from each composition were tested at strain rates ranging from 350/s to
3,600/s. The results are summarized in Figures 2 and 3. Table II provides a summary of strain
rates and flow stresses from the experiments shown in these figures. Figures 2 (a)-(f) summarize
the results obtained from experiments on the 2%Hf material. Figures 3 (a)-(e) summarize the
results from experiments on the I 0%Hf material.

Table II: Summary of Preliminary Experimental Results

Material Experiment Nominal Strain Rate Flow Stress, o1i@5%
s'1 ksi

W-2Hf-3-Load 1 350 250
W-2Hf-3-Load 2 650 260

W/2Hf W-2Hf-4 2000 275
W-2Hf-2 2500 280
W-2Hf-5 3600 295

W-lOHf-3 750 275
W-10IHf-1 1700 280

W/lOHf W-lOHf-4 2000 290
W-10Hf-2 2200 280
W-IOHf-5 3000 300

The W/2%Hf material deforms plastically and appears to be fairly rate sensitive. Most of the
specimens were recovered without any visible failure. The flow stress levels achieved in the
samples are about 300 ksi and the maximum strains achieved in these specimens was about 16%.
The W/10%Hf material appears to be less rate sensitive than the W/2%Hf material but the flow
stress and maximum strains achieved were approximately the same as the W/2%Hf samples.
However, the W/10%Hf samples failed completely upon reaching the maximum strain in a brittle
failure mode, i.e. axial splitting. The maximum strains and the flow stress levels achieved in these
experimental W/Hf alloys are comparable to the conventional liquid phase sintered WHA (e.g.
W/Ni-Fe) alloys.

From these preliminary results, the W/2%Hf material show promise and might be able to
undergo further plastic deformation through the flow of hafnium phase at the grain bobndaries and
is corroborated by the electron micrographs of the failure surfaces.



4. FAILURE MODES

The fracture surfaces from the failed specimens were examined using scanning electron
microscopy to identify the failure modes associated with high strain rate deformation of tungsten-
hafnium composite sam1les. Microscopic observations revealed the following distinct failure
modes for the two compositions of specimens: (i) mostly cleavage (transgranular) failure in W/2Hf
accompanied by some ductile tearing at grain boundaries and (ii) multiple axial splitting, with
predominantly intergranular failure in W/l0Hf specimens together with cleavage of some tungsten
particles.

Figures 4 (a) and (b) are the secondary and back scattered scanning electron micrographs of
the planar fractured surface from W/2Hf composition. These micrographs reveal the faceted
fracture surface and indicate that the failure occurs by transgranular cleavage. Also the irregular
surface observed indicate that there may be ductile tearing associated with hafnium coated on the
grains. Figures 5(a) and 5(b) show secondary images of W/10%Hf fracture surfaces. These
micrographs reveal that the failure is predominantly intragranular (grain boundary failure) which is
can be deduced from the irregular fracture surfaces but at the same time, there appears to be a small
fraction of grains that have undergone cleavage.

The issues related to strain rate sensitivity, possibility of localized shear in W/Hf alloys and
associated micromechanisms of deformation and failure deserve further detailed study. These can
be accomplished through controlled high strain rate experiments as the ones described here and
analytical (transmission) electron microscopy.
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Figure 1: Schematic of a Split Hopldnson (Kolsky) Pressure Bar.
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