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Introduction:

During the first three months of the contract, considerable progress was made in
fabricating and characterizing hollow spheres and foams from Ti-6Al-4V. The basic
process consists of forming hollow spheres from titanium alloy hydride powders using
the coaxial nozzle process, firing the spheres in an inert atmosphere to decompose the
hydride to the Ti-6-4 alloy and sinter the shell wall to high density, and finally the foam
is fabricated by bonding the spheres together at points of contact with the hydride
powder. A final firing decomposes the hydride powder bond and diffusion bonds the
foam by sintering the bond phase. The hydride powder has been characterized by
measuring particle size distribution, studying decomposition and sintering behavior with
thermogravimetric analysis, differential thermal analysis, dilatometry, x-ray diffraction,
and metallographic examination using stereological quantification of microstructure.
Most of this was published in an article, C. Uslu, K.J. Lee, T.H. Sanders, J. K.
Cochran, “Ti-6Al-4V Hollow Sphere Foams”, Proceedings of Synthesis of Light Weight
Metallic Materials, 1I, Edited by Malcolm Ward-Close, TMS, Warrendale, PA, Feb.
1997, which was presented at the TMS Annual meeting in Orlando, FL , Feb 9, 1997
and also provided to UTRC in February. In addition, a presentation of this project was
made at the DARPA/ONR Ultra-Lightweight Metals Review on March 18, 1997 in
Washington DC. A hard copy of view graphs from that presentation is enclosed for
distribution.

From the enclosed presentation, please note that individual spheres of Ti-6-4 at
1.2 glce had diametrical compressive strengths of 23 MPA. This is a high strength for a
material which is 25% of theoretical density. Unfortunately, these spheres had a high
oxygen content (~2%) which made them brittle. However, if strengths of this level are
maintained as ductility is increased, quality structural foams should result. We are
working to drastically reduce oxygen contents.

In addition to the technical work, a considerable effort is being devoted to
improving fabrication and firing facilities, raw material source for hydride and master
alloy powders, and improved grinding equipment. Firing and grinding equipment are
being purchased with matching funds provided by Georgia Tech for this contract.

aw Materi urces
Currently, raw material for titanium sphere production is from Reading Alloys, Inc
(RAI). a supplier of master alloys for the titanium industry. At the start of this effort, a
sizable supply of Ti-BAl-4V hydride powder was in stock and available from RAl. That
source was exhausted and our effort is not large enough to justify producing more. A
better solution is to use pure TiH, powder, which RAI processes on a regular basis and
is available. To complete the Ti-6-4 composition, master alloy powder, (60AI-40V), will
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be added to TiH, slurries at the 10% level to provide Ti-BAl-4V after sintering.
Potentially, (See Table 1) this is a cleaner route to low oxygen content alloy because
both the TiH, and 60AI-40V are more oxidation resistant than Ti-6Al-4V hydride. The
alloy hydride has a much lower hydrogen content than the pure Ti hydride and a
higher H, content better protects the metal from oxygen. For the master alloy, the
much higher Al content provides oxidation resistance. The master alloy is very brittle
and can be ground as fine as the hydride. Therefore it is compatible with our
processing.

To complete the raw material source, we are investigating grinding powders with
an impact mill using liquid argon as a coolant and inert atmosphereTwenty pounds of -
325 mesh TiH, powder from RAI were received today and samples are being sent to
Vortec, Inc in CA to test this method of grinding. The Vortec mill permits atmosphere
control, use of liquid Ar or N2, a high feed rate, and will grind to the 1-10 micron size
range we need for slurry processing. Assuming this approach works well, the mill will
be purchased ($17K) using matching funds and will be in place in 10 weeks. This
should provide a stable source of titanium precursor raw materials for our process. We
are also searching for additional sources of TiH, powders.

Equipment Refurbishing:

In addition to addressing raw materials, both firing and sphere fabrication
facilities are being improved. We are currently investigation purchasing a vacuum
atmosphere furnace with 1.5 - 2 cubic feet of firing space. We have located several for
under $50K and are trying to decide the best furnace for our needs. This will allow
producing sizable prototype pieces as required for this effort. This will be purchased
with matching funds for a soon to be issued supplemental DARPA/ONR contract
entitled “Advanced Processing Hollow Sphere Titanium Foams”.

Table 1. Comparison of Processing Attributes of Ti Alloy hydride and Ti Hydride

[I; __|_Ti6A4VHydride |  TiHydride ]
H, Content

<30% 4.0%

Availability Fair Good

Oxidation Fair Good
Resistance (Being Tested) (Being Tested)

IL_Grindability Far |  Good
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Introduction:
Early in the contract, Ti-6Al-4V hollow spheres were successfully produced from

hydrided Ti-6AI-4V powders. Unfortunately in month three, these spheres were found
to have a high oxygen content (~2%) which made them brittle. Thus, the second
trimester (months 4-8) of the contract, the major effort was devoted to reanalyzing
each step of the Ti hollow sphere process in an attempt to reduce oxygen contents to
acceptable levels. At the start of this effort, a sizable supply of Ti-8AI-4V hydride
powder was in stock and available from Reading Alloys, Inc., RAI. That source was
exhausted and this project usage is not large enough to justify producing more. A better
solution is to use pure TiH, powder, which RAI processes on a regular basis and is
available. To complete the Ti-6-4 composition, master alloy powder, (60AI-40V), can
be added to TiH, slurries at the 10% level to provide after sintering. Thus, as
described below, competing reactions were evaluated to produce dense Ti-6Al-4V
from four precursor reactions based on (1) thermal stability and resistance to oxidation
for each reactant and (2) ability of the sintering reactions to product a minimal porosity
microstructure.

The basic process consists of forming hollow spheres from titanium alloy hydride
powders using acetone slurries and the coaxial nozzle process, firing the spheres in
an inert atmosphere to decompose the hydride to the Ti-6-4 alloy and sinter the shell
wall to high density, and finally the foam is fabricated by bonding the spheres together
at points of contact with the hydride powder. A final firing decomposes the hydride
powder bond and diffusion bonds the foam by sintering the bond phase.

Slurry processing required producing powders in the 1-10 um range. All the
reactant powders were much larger particle size with avenge size being 30 to as large
as 80 um. Therefore, various powder size reduction techniques were evaluated for pure
titanium hydride, hydrided Ti-6Al-4V, vanadium hydride, and master alloy (60AI-40V,
35AI-65V) precursors to be used in the coaxial nozzle slurry process. XRD, SEM with
chemical analysis, particle size, density and surface area measurements and thermal
analysis techniques were used to characterize as-received and processed powders.

In order to produce usable acetone slurries, powder stability, morphology, dispersion,
and rheology of the slurries were studied as a function of powder properties. Various
polymers were evaluated for their effectiveness in providing stable dispersions. The
viability of producing Ti-6AI-4V from four reactions were compared in terms of reaction
kinetics, chemical stability, and particle size reduction. All these findings were
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incorporated into formulating a new powder slurry for use in the coaxial nozzle
technique to develop the titanium hollow sphere technology.

Much of these investigations are described in a recent dissertation by Canan U.
Hardwicke which was completed in August, 1997. A copy of the dissertation has been
forwarded to Dr. Anthony Giamei of UTRC. The conclusions of that work are
highlighted below and divided into sections on:

Particle Size Reduction

Reactions to Produce Ti-6Al-4V

Rheological Properties of Ti-6Al-4V Hydride and TiH,
For complete details, the reader is referred to Dr. Hardwicke's dissertation.

article Size Re ion :

Because the as-received hydrided powder sizes and size distributions were too
large to be used in the coaxial nozzle technique, the first step was to reduce the
powder size. Four different types of milling were evaluated for the as-received
precursor powders (TiH,, 60AI-40V, 35A1-65V, VH, 5, and H/Ti-6AI-4V): jet milling,
VORTEC milling, wet milling in water and acetone, and dry ball milling in air.

Processing millimeter sized hollow spheres of titanium alloy using the coaxial
nozzle powder slurry technique required the use of smaller particle sizes and size
distributions (1-10 mm) than the commercial powders available. The powder size
reduction step was crucial because the purity and particle size of the powder affect
subsequent processing steps (slurry formulation, rheological properties of the slurry,
etc.) and set limits on the final properties of sintered spheres. The impurity level of the
powder is the minimum impurity level in a sintered wall and the maximum particle size
will define the minimum grain size of the sintered sphere wall. Therefore, particle size
reduction was investigated using ball, jet and Vortec milling techniques. Fine powders
also provide a homogeneous powder distribution and thus more homogeneous and
dense final product. However, as the particles become higher in surface area, the
contamination problem becomes more serious. Therefore, means of eliminating mainly
oxygen, carbon and nitrogen during milling are necessary for obtaining a powder of
acceptable impurity. The milling techniques were evaluated below in terms of powder
size reduction as well as efficiency and economy.

The changes in average hydride powder size after each milling process were
summarized in Table 4.1 (Page 85). The particle size distribution of H/Ti-6Al-4V after
three passes through a 2" cone type jet mill (air) each at a rate of 1.5 kg/hr was
between 1-40 pm with a ds,=9.5 um. A smaller particle size and narrower distribution
were obtained by jet milling of TiH,, mostly because of its smaller as-received size and
size distribution. Jet milling reduced the powder to small sizes depending on the feed
rate (a minimum of 47.6 g/hr rate produced ds,=3.5 um, with a range of 0.4-10 pm, in
one pass). However, jet milling in air resulted in a higher concentration of oxygen,
nitrogen and carbon in the hydrided alloy as confirmed by an elemental chemical



analysis.

Jet milling in Ar was also done on all of the precursor powders to control the
reaction of freshly fractured surfaces with the environment. Jet milling uses high kinetic
energy particle-particle interaction to create high impact forces in the opposing high
velocity Ar gas stream. Even though size reduction obtained was comparable to the
other methods, the production rate was low and the amount of Ar consumption was not
economical. Qur estimates for Ar consumption were in the range of 200 ft*/kg of TiH,
milled. The jet mill powder size reduction rates (grams per minute powder feed rate)
were measured for the as-received H/Ti-6AI-4V powder.

Water and acetone ball millings of 50 cm® slurries with no dispersant were
conducted and the contamination levels for O, C, N were unacceptable for 63 hours of
milling (6 um).

Dry ball milling in Ar produced the smallest particle sizes and cleanest powders
in an economical way, compared to jet milling in Ar and Vortec milling (2X) in nitrogen.
Since dry ball milling occurs in a closed system, it is relatively easy to mill in an inert
gas such as Ar.

Reactions to Produce Ti-6Al-4V :

In order to assess the viability of using various hydride and master alloy powder
mixtures to obtain Ti-6AI-4V spheres and foams, three different powder mixtures were
prepared using twice VORTEC milled TiH, (8 um, 0.6 m?g), as-received Al (19 um, 0.3
m?/g), dry ball milled master alloys 60AI-40V (13 um, 0.9 m%g) and 35A1-65V (23 um,
0.3 m?g), and dry ball milled VH, 4, (12 um, 0.4 m?/g) in proper wt.% amounts as shown
in the parenthesis below with the four reactions. Hydride alloy powder was also
compacted into pellets of 9.52 mm diameter using 187 MPa pressure and the changes
observed upon firing at various temperature and time combinations were compared.
The time between pressing pellets and furnace firing was minimized since swelling of
the fourth powder mixture pellet was observed after several hours in air. The four
reactions carried out were of the powder mixtures of:

1) HITi-6AI-4V (100%) :

2) TiH, + 60AI-40V (90% + 10%)

3) TiH, + Al + 35A1-65V (90% + 3.85% + 6.15%)

4) TiH,+ Al + VHy g, (90% + 6% + 4%)

Densification for the reaction pellets on sintering at various temperatures for zero hold
time is shown in Figure 4.30. At 1200°C for O hr sintering, as much as 90%
densification was obtained in both TiH, and Al-V master alloy mixtures (reactions 2 and
3). As the holding time at 1200°C was increased to 2 hrs, 94% densification was
measured for reactions 2 and 4. Even though partial oxidation of the pellet surfaces
Created some ambiguity to the absolute density numbers, the rates of sintering in
powder mixtures are different and some speculations can be made as follows.

The difference in the sintering rates of the four reactions can be due to particle
size (or surface area) effects, environment (oxygen) effects, difference in internal pore
structures, lattice and grain boundary diffusivity differences, the difference in the



oxidation rates of the compacts, or any combination of these. In summary, reaction 2
was selected as the optimum reaction route from not only rapid sintering considerations
but also from the best oxidation resistance. The fastest densification was observed in
the (TiH,+60AI-40V) mixture. This can be due to more efficient packing of the powder
compact, chemical inertness and the highest surface area of the master alloy powder.
The densification difference between the reactions 1 and 2 can be explained by the
better chemical stability of the TiH, (richer in H) than the hydrided alloy. Forthe
reactions 2, 3, and 4, in addition to densification, alloying takes place during the
sintering process by diffusion and produces a consistently homogeneous alloy in the
sphere walls.

heological Properties of Ti-6Al-4V Hydride and TiH, :

Producing good rheological properties for organic liquid, powder slurries
depends on providing a dispersant which will adsorb o the particle surface and provide
repulsion between adjacent particles. For acetone slurries containing Ti-6Al-4V
hydride, PMMA was a dispersant which provides low viscosity at relatively high solids
contents. When acetone slurries of TiH, were prepared, it was found that PMMA would
not provide dispersion. A two month search was required to locate a dispersant, PS3,
which would provide electrosteric stabilization.

Rheological behavior of slurries made from the size reduced hydride powders
and two different dispersants was compared using a Brookfield LV type viscometer.
Viscosities, n, of acetone slurries were measured as functions of hydride content, shear
rate, and amount of dispersant. For the PMMA dispersed powder slurries of Vortec
milled (2X) TiH, and air jet milled H/Ti-6Al-4V powders. , viscosity increased with the
solids content, ®, at a much faster rate than is typical of good rheological powders,
Figure 4.37. The same relation (n vs ®) is also shown for a PS3 dispersed dry ball
milled (dbm) TiH, powder/acetone slurry. Compared to the jet milled H/Ti-6Al-
4V/IPMMA/acetone slurries, the critical particle volume concentrations ( CPVC) are
higher for the slurries dispersed by PS3. Even though the surface area for the dry ball
milled powder was more than two times higher than the Vortec milled (2X) powder,
dispersing it with PS3 provided almost two orders of magnitude lower viscosity.
Therefore, high solids content slurries with low viscosity can be made with dry ball
milled powders dispersed with PS3 for use in coaxial nozzle powder slurry process.

Future Work:

Work is continuing on the rheological properties of TiH,/ acetone slurries to
provide more uniform wall thickness. This involves adjusting viscosity vs polymer
concentrations such that the shell walls will increase in viscosity faster on drying to
more quickly harden the liquid shells . Hopefully this will provide more uniform wall
thickness.

Firing facilities are still a problem but a large (27 ) vacuum furnace has been
located and will be installed by the end of November. This should provide the firing
flexibility to produce large sample quantities for testing.



Table 4.1 Average Size (um), Surface Area (m¥g), and Apparent Density (p,) of the
Powders as a Function of Milling Technique.
Powder Condition dyp, dgg, dg, SA, m¥g P, glem’
H/Ti-6Al-4V as-received 11, 41, 76 0.421 3.568
Vortec 1X 5, 14, 32 0.686 3.581
Vortec 2X 4, 10, 21 0.690 3.571
dbm 2, 9,25 1.410 3.525
jet (air) 3, 9,27 1.104 3.393
TiH, as-received 8, 27, 47 0.213 3.552
Vortec 1X 4, 9,19 0.511 3.335
Vortec 2X 4, 8 15 0.575 3.424
dbm 2, 6,19 1.554 3.493
B jet (Ar) 2, 4, § 098 3.286
VHg,, as-reccived 11, 28, 49 0.236 3.194
Vortee 1X 8, 23, 42 - -
B Vortec 2X 7,22, 40 - 4.956
dbm 4,12, 27 .390 5.028
B Jet (Ar) N 6, 20, 40 - -
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The objective of this effort was to develop methods for fabricating sandwich panels from
hollow sphere foam cores and bonded face plates. The original intent was to make the
demonstration panel from titanium hollow sphere foams but due to two factors the material was
change to stainless steel with a 405 type composition. First, considerable progress has been made
in fabricating and sintering titanium hollow spheres but processing results in oxygen levels
sufficiently high to prevent ductile behavior. Progress is being made to reduce oxygen contents
but not to the extent that a demonstration should be fabricated. Second, rapid advancements have
been made in processing stainless steel as documented in recent reports and publications. Thus, a
small demonstration panel, 0.8 x3.0x 3.2 cm., was made from 0.1 cm. thick stainless steel face
plates and a stainless steel hollow sphere foam core. The foam core had a composition of
88%Fe/12%Cr with a density of 1.4 g/cc. This resulted in a sandwich panel with a total resultant
density of 3.0 g/cc. The foam was made in a larger piece and sliced into a rectilinear core. Face
plate bonding was accomplished by applying a thin layer of carbon to the face plates, positioning
the core and plates together, and heating in argon to 1400°C for 6 hours. Thus joining was by
transient liquid phase sintering. Photographs of the panel are attached and the panel was hand
delivered to Dr. Anthony Giamei at the Materials Research Society Symposium on Porous and
Cellular Materials for Structural Applications in San Francisco, CA on April 15, 1998, When
larger demonstration panels are fabricated in the future, samples will also be delivered to United
Technologies Research Center. Detailed descriptions of processing and properties of these
materials are presented in:

KM Hurysz, J. L. Clark, A.R. Nagle, C. U. Hardwicke, K.J. Lee, J. K. Cochran, and T H.
Sanders, Jr. “Steel and Titanium Hollow Sphere Foams"”, Porous and Cellular Materials for
Structural Applications, a. Evans, D. Schwartz, D. Shih, and H. Wadley, ed., MRS Proceedings,
V-521, 13 pages, Pittsburgh, PA, April, 1998, in press.
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INTRODUCTION

Structural foams, formed to near-net-shape by bonding hollow metal spheres at points of
contact, offer the possibility of fabricating strong, light-weight, reasonably priced materials for
use in stiffening and energy absorbing systems for aerospace and automotive vehicles. The
technology in this program forms monosized (+ 4%), thin-wall spheres of high perfection from
acetone based powder slurries where sphere diameter is in the mm size range. Near net shape
foams are formed by bonding the spheres at points of contact with fillets of bonding material.
Compared to other foaming techniques, the uniformity of cell size produced by this technology
should provide structural reliability not currently available. These foams have continuous inter-
sphere porosity of 40%, a porosity of 52% in the sphere cavities, and a solid volume in the sphere
walls of only 8%. In titanium, foam densities of 0.4 g/cc are likely, and conventional aluminum
alloys should produce foams with densities of 0.25 g/cc. Metal hollow sphere foams should be
significantly stronger than other low density geometries since foams from hollow spheres in
ceramics are 2-3 times stronger than other ceramic foams of similar density from the same
material. The large volume fraction of continuous interstitial porosity produced by point contact
bonding results in high permeability through the structure which lends itself to active cooling.

Titanium hollow spheres are fabricated from titanium hydride, TiH,, powders and the
powder shells are heat treated to decompose the hydride and sinter the titanium to high shell wall
density. Early in this program, Ti-6Al-4V foams were fabricated from Ti-6Al-4V hydride as
described in Appendix A. These foams were brittle due to the combined effect of aluminum and
interstitial oxygen impurities reducing ductility. To improve ductility, three approaches have
been taken. The first is to determine the point in the process that oxygen is being introduced and
to alter processing to reduce oxygen pickup. The second approach is to find more oxidation
resistant reactants to produce titanium alloy foams and four compositions based on TiH, have
been investigated and are reported below. The third is to reduce aluminum content by using only
TiH, rather than the hydrided Ti-6Al-4V alloy. An extensive study to understand dispersion and
surface properties of TiH, in acetone was completed and is presented in Appendix B. Because of
delays in assembling all the components to produce successful titanium foams, an investigation
to fabricate stainless steel foam was initiated and significant progress has been made in this area.
Development of stainless steel foams is reported in Appendix C. It should be noted that
Appendices A was published in a TMS proceedings and Appendices B and C are being submitted
for journal publication.

Finally it must be noted that the monosized feature of these spheres allows fabrication of
ordered foam structures (FCC and HCP) in addition to random foams. The random structure can



be fabricated easily in any size, the HCP arrays are fabricated with a tetrahedron as an aid, and
the FCC array uses a starting square array. Scaling to large sizes should be straight forward for
either of the ordered arrays. Certainly an ordered array should be attractive from a mechanical
viewpoint in that the large localized shear stresses normally present at geometrical
inhomogeneities in random foams should be absent in ordered foams.

HOLLOW SPHERE FOAM TECHNOLOGY

The technology presented here will be focused on powder forming since both the
titanium and steel alloy development is powder based. (In aluminum or other low melting alloys,
hollow sphere formation development would be directly from the liquid metal.) To form hollow
powder spheres, slurries containing the powder are injected through the outer tube of a coaxial
nozzle with gas passing through the center, Figure 1 The slurry exits the nozzle in the form of a
hollow cylinder, which closes from surface tension and hydrostatic forces. The inner gas
pressure inflates the bubble until the inner sphere pressure is less than the hollow cylinder
pressure. At this critical pressure, the bubble closes, separates from the liquid cylinder, and is
hardened in free flight by rapid liquid evaporation. Rapid evaporation is provided with acetone
based slurries and, as noted below, large quantities of ceramic spheres are being manufactured
currently using these acetone based slurries. The resulting dried spheres are polymer-bonded
powder shells, which are similar to unfired tape-cast ceramic substrates. A fluid dynamic model
for the sphere forming process has been developed. The model considers liquid viscosity,
surface tension and density, nozzle dimensions, and flow rates for the gas and liquid, and
provides accurate prediction of the 3,000-15,000 spheres/min formed from a single nozzle. The
model allows rapid adaptation to changes in composition and slurry density, which is particularly
critical to understanding the behavior of slurry compositions being developed here.

Foams from hollow spheres can be made to near net shape with tolerances of 0.2%
achievable in large sizes. Hollow powder spheres are first fired to sinter the sphere walls to high
density and high strength, which shrinks the shells to particles of stable dimensions. A slurry of
the same composition is lightly coated on the spheres and the bonding slurry forms fillets at
sphere points of contact when the mix is cast in a mold of final dimensions. On refiring,
sintering of the bond produces a high strength foam with little dimensional change because the
pre-fired spheres are dimensionally stable. In this process, a minimum of bond phase is used
and, because the bond phase is of the same chemistry as the spheres, no reduction in properties or
undesirable differential thermal expansion stresses are introduced. The different stages of foam
production are shown in Figure 2, which illustrates hollow sphere cross sections, point contact
bonding, and a final near shape of large dimension. Certainly, the versatility available from this
technology in both composition, formation of complex, near-net shapes, and a structurally mass
efficient geometry make the process ideally suited for structural metal foams.



TECHNICAL PROGRESS

Early in the contract, Ti-6Al-4V hollow spheres were successfully produced from
hydrided Ti-6A1-4V powders, Appendix A. Unfortunately in month three, these spheres were
found to have a high oxygen content (~2%) which made them brittle. Thus, the major effort of
the contract has been devoted to reanalyzing each step of the Ti hollow sphere process in an
attempt to reduce oxygen contents to acceptable levels. At the start of this effort, a sizable
supply of Ti-6Al-4V hydride powder was in stock and available from Reading Alloys, Inc., RAI
That source was exhausted and the projected demand is insufficient to justify producing more. A
better solution is to use pure TiH, powder, which RAI processes on a regular basis and is
available. To complete the Ti-6Al-4V composition, master alloy powder, (60A1-40V), can be
added to TiH, slurries at the 10% level to provide after the correct composition sintering. Thus,
as described below, competing reactions were evaluated to produce dense Ti-6Al1-4V from four
precursor reactions based on (1) thermal stability and resistance to oxidation for each reactant
and (2) ability of the sintering reactions to product a minimal porosity microstructure.

Hollow sphere slurry processing requires powders in the 1-10 um range. All the titanium
reactant powders were much larger particle size with avenge size ranging from 30 to 80 um.
Therefore, various powder size reduction techniques were evaluated to grind pure titanium
hydride, hydrided Ti-6Al-4V, vanadium hydride, and master alloys 60A1-40V and 35A1-65V.
As-received and size reduced powders were characterized by XRD, SEM with chemical analysis,
particle size determination, density and surface area measurements and thermal analysis
techniques. In order to produce usable acetone slurries, powder stability, morphology,
dispersion, and rheology of the slurries were studied as a function of powder properties. Various
polymer dispersants were evaluated for their effectiveness in providing stable dispersions. The
viability of producing Ti-6A1-4V from four reactions were compared in terms of reaction
kinetics, chemical stability, and particle size reduction. All these findings were incorporated into
formulating a new powder slurry for use in the coaxial nozzle technique to develop the titanium
hollow sphere technology.

Much of these investigations are described in a recent dissertation by Canan U.
Hardwicke which was completed in August, 1997. A copy of the dissertation has been forwarded

to Dr. Anthony Giamei of UTRC. The conclusions of that work are highlighted below and
divided into sections on:

Particle Size Reduction

Reactions to Produce Ti-6A1-4V

Rheological Properties of Ti-6Al-4V Hydride and TiH,
For complete details, the reader is referred to Dr, Hardwicke's dissertation.

Particle Size Reduction

Because the as-received hydrided powder sizes and size distributions were too large to be
used in the coaxial nozzle technique, the first step was to reduce the powder size. Four different
types of milling were evaluated for the as-received precursor powders (TiH,, 60A1-40V, 35Al-
65V, VH, , and H/Ti-6A1-4V): jet milling, Vortec milling, wet ball milling in water and
acetone, and dry ball milling in air and argon.






