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1. FOREWORD

This is the final report of work completed under DARPA/ARO Contract DAAL
0387-K-0073, [June 1, 1987 - August 31, 1990], to perform research on the controlling
fundamentals of High-energy High-rate materials processing using pulsed power sources.
The work was performed by the Center for Materials Science and Engineering, and the
Center for Electromechanics, Bureau of Engineering Research, The University of Texas at

Austin, Austin, TX 78712.

Special materials were provided for this research by outside laboratories. Tungsten

powders were received from Los Alamos National Laboratories, NM. (H. Sheinberg), and
from GTE. Titanium aluminide powders (y-TiAl and o-TizAl-based) were provided by

Ralph Anderson's group at Pratt and Whitney, FL.

Project monitors were E. Farnum, DARPA, and A. Crowson, ARO.
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4A. STATEMENT OF THE PROBLEM STUDIED

The objective of this three-year effort was to develop an understanding of the
controlling fundamentals in high-energy high-rate materials processing using pulsed
power. The primary powder materials systems selected for study were tungsten, titanium
aluminide, and copper-graphite. Other systems were investigated to define specific niches

where this type of processing could be advantageously applied.

('
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4B. SUMMARY OF THE MOST IMFORTANT RESULTS

INTRODUCTION

This final report is a summary and compilation of published research results. The
research was funded by DARPA and monitored by ARO. The research was aimed at
understanding the con ~lling fundamentals in high-energy high-rate powder processing.
In this process, pressurized conductive powders are densified by the Joule (I2R) heating
obtained from a current pulse. The large current pulse is provided by the discharge of a
Homopolar Generator (HPG).

This section summarizes the findings of the research into the controlling
fundamentals in High-Energy High-Rate Processing. In section 4.1, the processing
method is compared to the global set of powder consolidation processes. In section 4.2, its
historical development is traced. In section 4.3, the methodology associated with the
application of the technique in laboratory research is described. In section 4.4, the observed
mechanisms that control densification are discussed. Factors pertinent to the evolution of
this process into a manufacturing technology are indicated in section 4.6. In section 4.7,

results obtained on specific materials systems are described.




41 mparison with Other Pr

Efficient densification of metallic powders can be achieved by the simultaneous
application of temperature and pressure. Uniaxial vacuum hot pressing, hot isostatic
pressing, and hot large-strain deformation processing such as powder rolling and powder
extrusion which exploit this approach are well-established processes for making fully dense

materials from powder.

High-energy High-rate processing for powder consolidation belongs to the group
of processes in which electrical energy is dissipated within the powder mass to cause a rise
in temperature. When combined with pressure application, this process leads to rapid

densification.

In powder consolidation, the pressure-assisted densification processes have been

differentiated by the magnitude, duration, and directionality of the applied pressure.

Table 4.1. A comparison of pressure-assisted densification processes [1].

PROCESS MAGNITUDE DURATION (s) DIRSCTIONALITY
(GPa) OF LOADING
Hot pressing 0.01-0.03 103-104 Uniaxial
Hot Isostatic Pressing 0.10-0.30 103-104 Isostatic
Hot Extrusion 0.10-1.00 102-10% Complex
HEHR 0.10-0.50 1-10 Uniaxial
Explosive 10-100 ~ 106 Complex
3




Table 4.1 provides a comparison of several of the mature powder consolidation
processes with the High-Energy High-Rate (HEHR) Process. It is observed that a key
feature of the HEHR process is the short duration of the time at elevated temperature. By
careful matching of a pressure application profile to the temperature developed within the
powder mass, efficient pressure-assisted densification can be obtained by plastic flow.

Appendix A-1 provides an overview of the metallurgical approach to the application
of pulsed power to materials processing. The interaction time and power density mapping
of a variety of materials processes are mapped in Figure 1. Overlaid is the regime labelled
PPP1 in which most of this research was performed. PPP2 is the regime for capacitor-
bank powered consolidation. Less conductive materials such as the YBCO superconductor
powders were processed in this regime [see Appendix G-2 for details].

From a metallurgical standpoint, the manipulation of time-at-temperature is the
common approach to control of transformations. Figure 2 indicates the potency of HEHR
processing in controlling transformations by limiting the time at elevated temperature.

Appendix A-2 discusses some of the engineering aspects associated with

implementation of this type of processing.
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4.2 Historical Backgroun

Powder-based metallic materials and metal-ceramic composites can be produced by
a variety of methods including the use of large electrical currents. For over fifty years it
has been known that the direct electrical resistance heating of conductive metallic powder
materials can cause densification. The mechanism by which this densification proceeds is
material specific and is related to time at temperature during processing. The interest in the
use of electrical current for heating of powders has been sporadic [2-5] and has been

handicapped by the absence of a well-matched power source.

Over the last decade, devices for the production of pulsed electrical power have
enjoyed a developmental thrust. In particular, homopolar generators (HPG) based upon
the Faraday disk have been successfully engineered and commercialized [6]. The
availability of these niachines as pulsed power sources has fostered the development of

novel powder processing approaches for metals and metal-ceramic composites.

At the University of Texas at Austin, powder processing powered by a homopolar
generator has been devcloped as a high-energy high-rate (HEHR) materials processing
technique [7]. The 'l MJ in 1s' pulsed energy delivery from a 10 MJ HPG has been
employed in a wide-ranging series of processing experiments, including welding, billet

heating, and powder consolidation.




4 imental A

In laboratory research, the two key components in the apparatus are a powder

heating source and a powder pressurization source. These are shown schematically in

Figure 3 in conjunction with the die. The powder mass is maintained under pressure in the

die between two electrodes which also deliver the electrical current for heating.

As indicated earlier the powder heating occurs by pulsed Joule Heating
[proportional to the product of the square of the current and the resistance of the powder
mass (I2R)]. The heating source is therefore a high current delivery system - a Homopolar
generator. The basic principles of these rotating electrical machines as pulsed power
supplies have been discussed and compared to other pulsed power systems by Weldon {8].
For powder consollidation, these machines are capable of delivering high stored energies
via currents at 106 Ampere levels. Their low voltage (< 100V) is sufficient for the

processing of most metallic-conducting systems.

The pressure is provided by a hydraulic press with 100 ton capacity. By
incorporating customized accumulators and timers into a basic system, it was possible to
increase the pressure at a time during the temperature cycle corresponding to the peak
temperature, thus obtaining plastic-flow induced densification at minimum flow stress.
While the system employed in this research was based upon preset values of pressure vs
time, a fast-response system wiiii feed-back based upon changes in resistivity of the
powder mass may be easily engineered into a system for a specific industrial application.
An example of the clear changes in resistivity during the processing of metallic glass

powders is presented in Figure 4 and discussed in Appendix E-3.
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resistivities, see Appendix E-3 for a detailed discussion.
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Different material-specific mechanisms were observed to operate in the single-
residence conversion of loose powders into a consolidated mass of near full density. Three
broad classes are distinguished: (i) single-phase systems processed in the solid state, eg.
W, (ii) two-phase systems in which deformation occurs preferentially in the lower strength
phase, eg., W-Cu, (iii) multiphase systems in which a transient liquid phase is formed
during processing either by a solid—-liquid phase change of one constituent, or by the
formation of a reaction product with lower melting temperature than the parent phases, eg.,
W-Ni, W-Ni-Fe + B4C. Most of this research was conducted with systems in which the
materials were maintained in the solid state, and in which the densification occured by
plastic-flow. This type of HEHR processing is essentially a single-residence closed-die
powder forging operation in which the elevated exposure temperature is limited to very

short times.

From a materials synthesis standpoint, the processing of multi-phase systems in
which new liquid phases are produced offers many exciting possibilities. From an
engineering standpoint however, the containment of liquids at high pressures requires
considerably more effort in die design and in the selection of die materials that resist attack
by liquid metals. One interesting approach to this problem is to utilize the liquid formed in
an exfiltration mode. In this 1iiethod a controlled volume of liquid is formed well within the
hot pressurized mass and forced outward in all directions becoming solid again before it

can exit from the consolidated mass.

11



4. Manufacturing Technol

HEHR powder processing is still a research laboratory technique awaiting industrial
deployment. The vehicle for such deployment is expected to be a product which utilizés the
technique at its full potential. Two such products are now under consideration, both of
which have origins in this research. These are a high-speed, high-current sliding electrical
contact based on copper-graphite, and a wear-resistant mining tool based upon cem:ated
tungsten carbide. Both of these attempt to exploit a unique feature of HEHR processing:
the ability to consolidate powders and to bond the consolidate onto a wrought mandrel all in

the same process.

12
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The focus of the program has been an experimental effort to define processing/
microstructure/property relationships. Although the emphasis was on understanding the

processing science, several materials systems of varying complexity were studied.

Three major materials systems were studied: tungsten; titanium aluminides; and
copper-graphite composites. The highlights of the results are given here. Details are
provided in the published papers which are appended. Table 4.2 is a compilation of the
many materials systems that were investigated and the sources in which the results are

documented.

Table 4.2. Materials Systems Studied in this Research and Published Sources

MATERIALS SYSTEM PUBLISHED SOURCE
Al-SiC Appendix G-3, Appendix G-4
TiAl Appendix C-2, Appendix C-3
TizAl Appendix C-1, Appendix C-2, Appendix C-3
Fe-Si-B Appendix E-1
Co-Fe-B Appendix G-5
Ni-Mo-Fe-B Appendix E-2, Appendix E-3
Cu-C Appendix D-1, Appendix D-2, Appendix D-3
Cu-W Appendix F-2
Cu-W-WC-C Appendix F-4
YBayCuz07.« Appendix G-2
w Appendix B-1, Appendix B-2, Appendix B-3, Appendix B-4
W-Ni Appendix B-3
W-Cu Appendix D-3
W-Nb Appendix B-3
W-Ni-Fe + B4C Appendix B-1, Appendix B-2, Appendix B-3
13
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In the case of the tungsten processing, a fully integrated approach was developed
that included the synthesis of ultrafine metallic powders from oxide precursors. These
ultrafine powders provided excellent matching to the process since the resistance of the
powder mass constituted therefrom had a large constriction resistance contribution. This
particle-size controlled component of the resistance improved the efficiency with which the
powder mass could be heated, and allowed the achievement of the high temperatures

necessary for tungsten consolidation. Results are detailed in Appendix B-1 to B-4.

The initial effort on the titanium aluminides examined the processability of y-TiAl
powders, and of Nb-stabilized Ti3Al. Because of their inherent low ductility, the y-TiAl
disks produced were always cracked, often in a radial pattern. Crack-free disks of Nb-
stabilized Ti3Al were produced at near-full density. The latter composition was then
employed as an intermetallic matrix and reinforced with ceramic powders such as SiC,
TiBj and AIN. The interfaces produced in these systems showed a variety of reaction
products indicating that these reinforcements were not stable at high temperatures. An
effort to produce a composite of TiAl dispersed in Ti3Al matrix showed a more stable

interface. Details are given in Appendix C-1 to C-3.

The effort on copper-graphite composites was aimed at the consolidation of fully
dense material from elemental copper and carbon powders. It was anticipated that such
binderless consolidation would allow these materials, as sliding electrical contacts, to
surpass the 200m/s barrier that had been observed in conventionally processed materials
which contained Pb-Sn additives. This performance objective was met by the materials
consolidated by this method [9]. A continuing program funded by the State of Texas is
now underway to commercialize this class of wuaterials for high performance sliding

electrical contact applications.



Other significant effcrts were in the areas of metallic glass processing [see
Appendix E] and in the area of solid armatures/electrotribology [see Appendix F]. The
effort on metallic glasses led to the discovery of a new eta-boride phase, (see Appendix
E-2), and the understanding of the influence of degree of crystallinity upon the heat evolved
during processing and its effect on the microstructure of HEHR consolidated material
(Appendix E-3). The solid armatures/electrotribology area provided interesting insights
into how materials respond to large pulsed currents in electromagnetic launch technology
and contributed to the understanding of the possibilities in multi-phase materials processing
using pulsed power. These insights have also produced some new initiatives aimed at the
development of specially tailored materials for these high performance electrotribological

applications (for example, see Appendix F-4).

15




Summary

This study was conducted to determine the controlling fundamentals in the high-
energy high-rate (1 MJ in 1s) processing of metal powders. This processing utilizes a large
electrical current pulse to heat a pressurized powder mass. The current pulse was provided
by a homopolar generator. Simple short cylindrical shapes were consolidated so as to
minimize tooling costs. Powders were subjected to current densities of 5 kA/cm2 to 25
kA/cm?2 under applied pressures ranging from 70 MPa to 500 MPa. Disks with diameters
of 25 mm to 70 mm, and thicknesses of 1 mm to 10 mm were consolidated. Densities of
75% to 99% of theoretical values were obtained in powders of tungsten, titanium
aluminides, copper-graphite, and other metal-ceramic composites. Extensive
microstructural characterization was performed to follow the changes occuring in the shape
and microstructure of the various powders. The processing science has at its foundation the
control of the duration of elevated temperature exposure during powder consolidation. The
goal was a fuller understanding of the interrelated electrical, thermal and mechanical
interactions that occur during the observed rapid densification. Three major densification
mechanisms were observed. These were: plastic flow at elevated temperature in single-
phase systems such as tungsten; plastic flow of a minor low-temperature phase in a two
phase non-interacting system such as tungsten-copper; and liquid-phase-assisted
densification via the production of a small quantity of liquid within the consolidated mass.
The process appears particularly well-matched to the elevated temperature, solid state
consolidation of powders of metals, and of metal-matrix composites such as copper +
graphite, in which exothermic reactions are absent. With the continued maturation of the
now commercially available homopolar generator pulsed power sources, the materials
processing technology flowing from this research will find specialized niches in the
production of components that fully exploit its potential for single-residence conversion of
powders to finished parts. High performance sliding electrical contacts provide one

example of such a process-product match in which technology transfer is now imminent.
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APPENDIX A

'PROCESSING OVERVIEWS

A-1. High-Energy High-Rate Materials Processing

A-2. Single Residency Sintering and
Consolidation of Powder Metal Alloys,
Intermetallics, and Composites by Pulsed
Homopolar Generator Discharge
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HIGH-ENERGY, HIGH-RATE
MATERIALS PROCESSING

High-energy, high-rate processing, driven by fast discharging
stored energy devices, offers new potential for producing
materials that are otherwise difficult to create, and for the
secondary processing of materials such as those derived
from the rapid solidification technologies.

H.L. Marcus, D.L. Bourell, Z. Eliezer, C. Persad and W. Weldon

University of Texas at Austin

The consolidation microstructures of molyb-
denum alloy TZM PREP powders processed
in about one second at increasing energy
inputs up to 4,300 kJikg.

INTRODUCTION

During the development of kinetic
energy machinery at the Center for
Electromechanics at the University of
Texas, it became apparent that the
devices are potentially exciting sources
of energy for high-energy, high-rate
«HEHR) processing. The availability
of the pulsed energy sources allowed
exploratory programs in butt welding
of heavy cross sections of metals, high-
rate billet heating, powder consoli-
dation, coating of mixed materials and
localized heating. The key result of
the exploratory work was that HEHR
processing offers several unique
processing advantages, with the po-
tential of creating interesting mate-
rials not easily produced in other ways.
Nevertheless, the technique holds its
own set of processing problems that
must be solved before becoming com-
mercially competitive,

FUNDAMENTALS

The availability of pulsed power,
high-energy kinetic energy storage
devices offers an opportunity to per-
form a wide range of experiments. The
power density/interaction time plot
shown in Figure 1 gives the regimes
where the processing has the most po-
tential. Processing approaches can be
divided between direct and indirect
techniques.

The discussed studies were per-
formed using a 10 MJ homopolar gen-
erator as the pulsed power processing
energy source. The homopolar gen-
erator is an electric machine that con-
verts stored rotational kinetic energy
into electric energy using the Fara-
day effect. A low-voltage, high-cur.
rent device. it is an excellent power
supply for applications that require
short-time, high-energy puises.'*
Coupling of the homupolar generator
to an inductor alows production of
current pulse widths down to tens of
microseconds. Small-scale experi-
ments are powered by capacitor banks

linked into fast, low-impedance, pulse-
forming networks. Taken together.
these pulse sources offer a variety of
processing possibilities with short-time
power densities of up to 10*W cm- over
large areas, with interaction times of
10 * to several seconds. Figure 1 shows
the operational fields of these pulse
power systems as superimposed on a
broad materials processing map.

Direct Processing

Direct processes rely on converting
stored energy into megampere level
electrical currents and passing these
currents through the materials in a
prescribed manner in terms of pulse
time and current distribution, in con-
junction with other processes such as
application of pressure

Time-Temperiture-Transfurma-
tion VI"T'T concepts provide the basis
for a fundamental understanding of
the potential advantages of the direct
pulsed power processing Because of
the inherent control of the times to
reach peak temperature, of the order

(=)
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of the interaction times shown in Fig-
ure 1, the duration at the tempera-
ture developed can be held to relatively
short times. This regime limits the
conversion of metastable phases to
their equilibrium counterparts and can
be well below that required for grain
growth even in simple single-phase
systems. Depending upon the method
of applying the pulsed power, the
temperature rise time can be from 10
microseconds to one second. By using
a pulsed preheat or postheat in con-
junction with the high-temperature
pulse, more detailed microstructural
control in the workpiece can be ex-
pected. A conceptual TTT diagram for
a two-component powder system with
a pulsed power processing thermal
cycle is shown in Figure 2. The ex-
ample represented by Figure 2 is a
transient liquid phase, A, leading to
full densification of an A + B blend.
A and B could be refractory metals
with melting temperatures such that
Tua < Typ (e.g.,Moand W, or Nb and
W). This could be considered a high-
temperature brazing process where no
low-temperature materials are in-
volved. Alternatively, for a system
with component B alone, it represents
fast heating to just below Ty, in con-
solidating a powder for example. For

single component systems with heat-
ing rate dependent phase transfor-
mations, the HEHR pulsed power
processing could allow the phase
transformation to proceed in a desired
manner. For example, consolidation
of metallic glass particulates would
allow the final state of crystallization
to be controlled. In a microcrystalline
solid with processing-dependent met-
astable phases, controlled pulse power
processing could permit a range of
structures to be produced by control-
ling the processing parameters.

The TTT diagram also indicates
other regimes of powder consolidation
potential for the HEHR pulsed power
processing. The primary considera-
tion is that the consolidation process-
ing allows both the introduction of the
power and the application of exter-
nally applied stresses. The ability to
go to very high homologous temper-
atures would allow deformation to take
place at much lower stresses and at
much higher rates. This can then lead
to more complete consolidation with-
out the primary microstructural
changes that would normally take
place when processing for extended
times at the elevated temperature. In
addition, the higher temperature could
also serve as the starting point for in-
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Figure 1. A power density versus interaction ime plot indicating the fields of HEHR procussing

research. PPP1 and PPP2 indicate the fields of current exploratory HEHR processing research
PPP3 is the regime for pulsed power sources now under development.
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Figure 2. A TTT diagram demonsttates the
potential advantage of HEHR consolidation
in producing non-equilibrium structures. A
two-phase powder assemblage is shown
thermally cycled in a short (<1 s) ime ex-
posure.

place extrusion or hot forging of the
consolidated material to enhance the
properties. This secondary processing
that, in many cases, will be required
to obtain acceptable mechanical prop-
erties, would also be done on a cold
wall basis with minimum time at
temperature.

Consolidation can range from a
green compact to a cast condition de-
pending on the relationship between
+pecific energy input and the applied
stress. This and the information sug-
gested by Figures 1 and 2 is the basis
of HEHR pulsed power processing.
Figure 3 shows the fineness of struc-
ture which can be obtained with this
method of consolidation. In Figure 3a,
prior particle boundaries are evident
in a compact consolidated with low
energy input by a powder forging
mechanism. With high energy input,
a finely distributed hard boride phase
becomes evident (Figure 3b). The
fineness of structure maintained by
HEHR processing contributes to the
increased comparative hardness: HRC
46-47, hot isostatic pressing (HIP'.
ing): HRC 47-50, hot extrusion; HRC
55-60, HEHR processing, Addition-
ally, HEHR processing can produce
densities comparable to HIP'ing and
hot extrusion.*

Direct processes require that the
power, in terms of electrical current,
be placed at the appropriate region of
the processed material to obtain the
desired properties and microstructure
taroughout the workpiece. For ox-
ample, the ability to concentrate a
major fraction of the energy into a thin
segment of the material using a very
short electrical current pulse, which
behaves as a very high frequency cur-
rent tskin effect), allows localized
phase and grain structure changes ta
take place without changing the bulk
of the material. Case hardening via
sKin effect experiments on 1040 steel
has been demonstrated as well as skin
heating of copper. leading to grain
growth and lower strength.’
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indirect Processing

Indirect HEHR processing ap-
proaches involve the delivery of the
power into a secondary process that
then causes the material processing
to proceed. Figure 4 shows the gen-
eral experimental scheme associated
with railgun processing. The HEHR
processing power source applies cur-
rent through the rails and accelerates
the material as a plasma, possibly
transporting with it liquid droplets
and/or solid particles at very high ve-
locities. This material is then directed
at a substrate. The velocities reached,
which can be greater than 10 km/s,
then induce interactions between the
propelled materials and the sub-
strate. The velocities make it possible
for a thin layer of the interface be-
tween the substrate and the deposited
material to be either locally im-
planted or mechanically mixed to form
a graded interface. Multiple deposits
offer the potential of a wide range of
chemically graded, layered surface
coatings. General surface modifica-
tion is a possibility of this technique.

‘The railgun approach is also the
basi> for shock loading HEHR
processing. In this case, the acceler-
ated projectile operates as a shock
loading ram that impacts the mate-
rials to be processed. This offers the
possibility of consolidation of noncon-
ducting materials as well as the po-
tential for inducing very high pressure
stable phase transformations compa-
rable tc explosive loading approaches.

The third indirect HEHR process-
ing approach invalves application of
large induced magnetic field forces
associated with the large currents in
the process. These magnetic-related
forces have the potential to be used
for various deformation processing
methods, including localized defor-
mation and the consolidation of non-
conductors.

POWDER CONSOLIDATION

HEHR processing is a potentially
useful approach to powder consolida-
tion for two reasons. The first is that
the speed asscciated with the process-
ing offers the opportunity to maintain
the fine microstructure associated with
the original powders in the consoli-
dated material. This fine structure
could be either a non-equilibrium mi-
crostructure or a fine grain or subgrain
structure. The second is that the
heating is concentrated at the inter-
faces of the conducting particles. This
acts as a self-limiting heating region
due to the resistivity increase at the
interface shunting the current. In ad-
dition, the containment die operates
in a cold wall configuration which
serves to assist in accelerated cooling
after the current is removed. Special
advances in enhanced cooling are also
required to optimize this approach. As
schematically shown in Figure 2, the
ability to complete the processing in
times shorter than the transforma-
tion times or with little growth of the
transformed phases allows investi-
gation of a wide range of materials
consolidation processes.

Process Control

One feature of consolidation using
the homopolar generator is that the
consolidation sequence can be moni-
tored through in-process data. In me-
tallic glasses, for example, the as-
received powder consolidation power
spectra show three peaks. The first
peak arises from initial consolidation
between powders that causes reduced
contact resistance and an accompa-
nying reduction of power. The powder
then undergoes the first crystalliza-
tion with the associated exothermic
reaction. This reduces the material's
specific resistivity and induces higher
current from the still-discharging
homopolar generator. This in turn re-

Figure 3 Strucwre comoansons of METGLAS* 7025 procucec oy HEHR ccrschicaton fa)
Low energy input (700 «J kgj and (o) hig energy input (6600 kJ hg)

sults in a second peak on the power
spectrum. The thard peai tias a sin-
ilar origin as the second peak, only
due 1o the second crystallization. The
exothermic reaction of crystallization
acts as another heat source for final
consolidation. Therefore, it is nro-
posed that to accomplish metallic glass
compaction with minimal degrada-
tion of the initial powder microstruc-
ture, current should be cut off using
a closed loop control process that in-
itiates a by-pass current path inter-
locked with discharge controlling
devices after the first power peak.
Other materials systems have shown
similar characteristics.

Refractory Molybdenum Alloy

TZM PREP powders have proven
difficult to consolidate by conven-
tional methods. In particular, HIP'ing
at 1600°C at 30 ksi for three hours
has not produced full densification.
Densification was a vital aspect of this
work. Densification of TZM powder to
about 99% of the theoretical density
without extensive melting has been
accomplished, making the process
unique.® For TZM PREP, the trends
indicate that density increases with
increasing energy input and applied
pressure. Figure 5a shows a repre-
sentative structure of TZM PREP
powder consolidated at 4300 kJ kg and
270 MPa. High density is obtained
with no visible evidence of melting.
Densification at the higher specific
energy inputs ( ~ 9000 kJ/kg) may have
been accelerated by local interparti-
cle-interface melting.

The fracture study showed all of the
failures to be by brittle cleavage as
was the case for the HIP'ed material.
There did not appear to be any grain
boundary fracture, even in the highly
dense regions. Powder particle shape
outlines were distinguishable to
varying degrees in the consolidated
product. The inhomogeneity of the as-
received powders masked the effect of
the processing on grain growth. How-
ever, there was little evidence of
melting and no massive grain growth.
Also. there was no evidence of coar-
sening in the carbides of the consoli-
dated samples. Both high- and low-
input energy samples has Mo,C and
TiC particles of the same size,

Nickel-Based Metallic Glass

Metallie glasses created in thin sec-
tions at cooling rates of ~ 10K s pose
peculiar secondary processing prob.
leins. The structure stabiluy is so
fragile that most practical vonsohda.
tion approaches to make thicker sec-
tions utilizing elevated temperature
and pressure lead to sigmificant
degeneration in structure. Deserting

o 4
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the pristine objective of amorphous
bulk materials, a more pragmatic
approach has been espoused which
involves the derivation of micro-
crystalline materials by controlled
processing 'of metallic glass powders.
The HEHR processing applied to con-
solidation of metallic glass powders is
based on this approach. Macrostruc-
ture of as-consolidated samples from
as-received metallic glass powder
shows a heterogeneous structure along
the axial dimension. There is nugget
formation in the middle of the sample
where high temperatures are gener-
ated due to high contact resistance and
the exothermic reactions of crystalli-
zation. This processing problem may
be solved by controlling local current
density in the compact.

Heat treatment after consolidation
at 700°C for 50 hours produced an or-
dered phase (Ni,Mo) which precipi-
tated on twin boundaries and increased
the hardness about 20% over as-con-
solidated material. This ordered phase
becomes metastable and disappears
after further heat treatment. A new
transformed phase forms, eta boride,
which is fec with a large lattice pa-
rameter (a = 1.08 nm). This new phase
has not been reported by researchers
who consolidated HiP'ed or hot ex-
truded METGLAS?® 7025 heat treated
to the same condition. A very stable
Ni,Mo ordered phase and the P or
sigma TCP phases have been found
with the same heat treatment as that
of this study. It is not clear whether
or not the ordered phase acts as a pre-
cursor for new phase formation. There
might be a metastable compositional
fluctuation in the Ni-Mo solid solu-
tion during consolidation, which can
subsequently transit to an ordered
phase or to the new phase with post-
consolidation heat treatment. The de-
tailed phase transformation evolution
is still under investigation.

Tribological Applications

HEHR processing was applied to the
development of high-temperature tri-
bological materials that cannct be
produced by conventionalmeans. Tri-

e &

F:gure 4. A schematc of the railgun process-
irg concept. Shown are the ratls, the con-
cucting charge and the power soutce.

d 50 um

Figure 5. Representative microstructures produced 