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A novel process for the manufacture of dense titanium car-
bide is described. Titanium carbide is produced by the reac-
tion synthesis methed, while densification and near-net
shaping is accomplished by a high-velocity forging step.
Disks with 10-cm diameter were produced with densities
over 96% of the theoretical density. The major problem en-
countered in this study has been thermal shock. Use of insu-
lation and furnace cooling has decreased the severity of this
problem. Optical and scanning electron microscopy obser-
vations of the resulting microstructure reveal equiaxed
grains with an average size of 44 um. Quasi-static and high-
strain-rate compressive strength measurements yield values
greater than 1.7 and 2.2 GPa, respectively. The morphologies
of thermally induced (slow) and rapidly propagating cracks
were characterized and the fracture modes were found to be
intergranular and transgranular, respectively. The addition
of Ni (5 and 25 wt%) yielded a ceramic—metal composite with
a favorable microstructure. [Key words: titanium carbide,
combustion synthesis, forging, thermal shock, strength.]

I. Introduction

EACTION synthesis, also commonly referred to as self-
ropagating high-temperature synthesis (SHS) or combus-
tion synthesis, is a materials processing technique by which
monolithic ceramics, ceramic-matrix composites, and inter-
metallic compounds can be produced. Taking the classic ther-
mite (exothermic) reaction as an example of the process,
Fe,0; + 2Al1 —=Al,0; + 2Fe, iron oxide powder is mixed
with aluminum powder. In order for the reaction to occur,
energy must be initially supplied to overcome the activation
energy barrier for the reaction. The amount of energy sup-
plied has to be sufficient to convert a fraction of the reactants
to the final product(s). The subsequent energy release by the
conversion of the reactants to the final product is sufficiently
large to continuously propagate the reaction in the surround-
ing mixture. The reaction continues until all of the reactants
have been consumed, hence the term self-propagating. Ex-
amples of materials that have been produced by this method
include carbides, borides, cemented carbides, ceramic-matrix
composites, intermetallics, nitrides, and hydrides.'
The Soviet Union has by far the most developed SHS re-
search program, which was initiated in 1967 by Merzhanov.? It
has been estimated that researchers in the Soviet Union have
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synthesized over 300 (conservative value) different materials
by this method, with many being produced on an industrial
level.> Reviews on SHS have been made by Frankhouser
et al.,* Munir and Anselmi-Tamburini,* Hardt,* McCauley,’
Holt,* and Merzhanov.’

Fig. 1 is a scanning electron micrograph of a reaction-
synthesized titanium carbide microstructure obtained in this
study. The lighter regions are titanium carbide, while the
darker regions are voids. As can be seen from this micro-
graph, the porosity is approximately 50%. This final porosity
results from the initial green body porosity, the lower specific
volume of the final product compared to the reactants, and
the volatilization of impurities. The porosity represents the
failure of liquid-phase (transient) sintering mechanisms to
successfully densify the body.”

A number of techniques are being studied or employed to
densify the final product. In the Soviet Union, these tech-
niques include hot-pressing, extrusion, and explosive com-
paction.” In Japan, pressure-assisted reactive sintering
(RHIP) is being studied.”>* In the United States, pressureless
reactive sintering,'®!’ pressure-assisted reactive sintering
(RHIP)," hot-pressing,'®* rolling,? and explosive com-
paction” % are being investigated.

This report describes a new densification technique which
has been applied to reaction-synthesized titanium carbide
(Hoke et al.? are studying the application of this technique to
reaction-synthesized titanium diboride). This technique uses
a high-velocity forging machine which has traditionally been
used for hot-working metal alloys. An important criterion
that the material being forged must meet is the ability to flow
plastically (possibly large plastic deformations) without fail-
ure. Ceramics usually do not exhibit any significant bulk plas-
ticity due to the nature of their atomic bonding. However, if
they are raised to a high enough temperature, plastic defor-
mation is possible. Indeed, for titanium carbide, this brittle-
to-ductile transition occurs somewhere between 800° and
1200°C.7-?® Experimental temperature measurements of the
reaction producing titanium carbide yield values much greater
than 1200°C.2 Adiabatic temperature calculations predict a
peak temperature of 3060°C (melting point of TiC) with 33%
of the product melted.” Therefore, it seems plausible that the
forging technique can be used in conjunction with reaction
synthesis to produce fully dense titanium carbide.

II. Experimental Procedure

The powders used in this study consisted of elemental ti-
tanium (Micron Metals Inc., Salt Lake City, UT), nickel
(Aldrich Chemical Co., Milwaukee, WI), and carbon (in the
form of graphite; Consolidated Astronautics, Smithtown,
NY). The particle sizes for the titanium, nickel, and carbon
powders were 44 (325 mesh), 3, and 2 um, respectively. The
titanium and carbon powders (i.e., manufacturers and size)
were chosen on the basis of earlier research conducted by
Niiler and co-workers® on the reaction synthesis of titanium
carbide and titanium diboride.
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Fig. 1. Microstructure of reaction-synthesized TiC.

The powders were mixed according to the following reac-
tions:

Ti + 0.9C — TiCq, (€]
Ti + 0.9C + (5 wt%)Ni — TiCqs + (5 Wt%)Ni )
Ti + 0.9C + (25 wt%)Ni — TiCoo + (25 Wt%)Ni  (3)

In each of the reactions, excess titanium was used for two
reasons. First, because of the often violent expulsion of impu-
rities (i.e., outgassing) associated with this process, some tita-
nium is inherently expelled from the compact.*® Second, yield
strength measurements at elevated temperature show that
nonstoichiometric TiC has a lower yield strength than stoi-
chiometric TiC.* The majority of the results (microstructural,
mechanical, fracture characterization) in this paper are for
reaction (1), while preliminary results (microstructure) con-
cerning reactions (2) and (3) are briefly given. It should also
be mentioned that there is experimental evidence that the
products of reactions (2) and (3) may not be as indicated.
Rogachev et al.* in their study on the interaction of Ti, C,
and Ni during reaction found that the binder consisted of Ti-
Ni compounds depending upon the initial reactant composi-
tion. Wong ez al.*® examined reaction (3) using a time-resolved
X-ray diffraction technique. They also determined that a Ti-
Ni compound formed during the reaction. Thus, based upon
these experiments, the final product consists of a Ti-Ni com-
pound (binder) and TiC grains closer to stoichiometry than
indicated.

The powders were dry mixed in a ceramic grinding jar
under an argon atmosphere. During the dry mixing process, a
ceramic grinding medium was used. The grinding medium
consisted of small cylindrical pellets composed of burundum
(alumina/silica). Initial experiments were conducted without
the use of the grinding medium. However, sectioning of the
specimens after forging revealed large carbon agglomerates.
In addition, an extensive network of cracks was observed to
emanate from these agglomerations. Use of the grinding
medium eliminated the presence of the carbon agglomerates
and the related crack networks.

After mixing for approximately 4 h, the powders were
compacted in a stainless steel die using an axial stress of
about 55 MPa. This corresponded to a green density of ap-
proximately 60% of the theoretical value. The diameter of the
cylindrical green compacts was approximately 9.5 cm. The
mass of the Ti + C compacts was varied between 400 and
600 g. The mass of the green compacts with the Ni additions
was approximately 400 g. It was determined experimentally
that 60% of the theoretical value for the green density per-
mitted the handling of the green compacts, as well as ease of
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ignition. Higher green densities resulted in green compacts
that proved more difficult to ignite and, in some instances,
difficult to sustain the reaction. This observation can be ex-
plained in terms of the green compact bulk (or local) thermal
conductivity. Essentially, the bulk thermal conductivity in-
creases with increasing green density due to the increase in
the number of contact points between particles, as well as to
the enlargement of contact areas between particles. The
higher the thermal conductivity, the faster the energy re-
leased in the reaction wave is conducted into the unreacted
material ahead of it (called the heat-affected zone). In order
for the reaction wave to propagate continuously, the unre-
acted material in the heat-affected zone must be raised to the
so-called “ignition” temperature (the temperature at which
the conversion of the reactants to the final product(s) is
greatly accelerated). However, if the thermal conductivity of
the unreacted material is sufficiently high, this temperature
will not be attained because the energy released by the reac-
tion will be distributed over a larger volume of unreacted ma-
terial. Thus, the heat-affected zone is effectively enlarged
while the maximum temperature of this zone is effectively
reduced. This leads to the extinction of the reaction.

The forging operation was performed using a modified Dy-
napak machine, Model 400. This machine was originally de-
veloped by General Dynamics/Electro Dynamic, Avenel, NJ,
during the late 1960s for metal alloy forming applications.
Figure 2 shows a schematic representation of the machine in
the “safe” and “impact” positions. The main component of
the machine is a gas-propelled hammer, where the potential
energy stored in compressed nitrogen gas is transformed into
the kinetic energy of the hammer. Hammer velocities typi-
cally range between 5 and 15 m/s at impact, depending upon
the nitrogen gas pressure and stroke length. During normal
operations, this machine can forge small billets (or blanks)
into engineering parts 20 times per minute at the maximum
rated safe energy output of 17 kJ (at a nitrogen pressure of
13.8 MPa and a stroke length of 23 cm). For our research pur-
poses, this machine was slightly modified. The hydraulic sys-
tem was originally operated off of three hydraulic pumps.
These were replaced with a 5-hp hydraulic pump and 5 gal
oil/nitrogen accumulator. Other modifications include the in-
stallation of an exhaust cleaner and enclosing the work area
of the machine. The exhaust cleaner is used for removing the
outgassing impurities from the laboratory air. Enclosing the
work area of the machine decreases the chance for hot debris
being scattered about in the laboratory. The energy output of
the machine was increased to approximately 25 kJ by operat-
ing at a maximum nitrogen gas pressure of 20.7 MPa.

During the forging operation, the compact is contained in a

_ specimen containment fixture which is shown schematically

in Fig. 3. The purpose of the specimen containment fixture is
to fully contain the reaction-synthesized product during both
the reaction and the forging process. It also serves the addi-
tional purpose of protecting the lower die cavity walls from
the extreme heat evolved during the reaction and excessive
wear due to forging. The main components of the specimen

- containment fixture are a tapered steel ring and refractory

insulation (Zircar Products, Inc., Florida, NY). The steel ring

« is tapered to allow easy removal from the cavity after forging.

The refractory insulation is glued to the inner radius of the
steel ring. Initial designs used zirconia felt (Zircar Products)
instead of the refractory insulation. However, the zirconia felt
failed to provide adequate thermal insulation. The hard re-
fractory insulation serves two purposes. The first purpose is
to prevent the compacts from cooling too rapidly during forg-
ing by heat conduction from the compact to the lower die.
The lower die is heated to a temperature between 100° and
200°C; however, this is done only to increase its toughness
rather than decreasing compact heat losses. The second pur-
pose is to provide lateral confinement of the compact during
forging. This is especially important, since with lateral con-
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Fig. 2. Dynapak high-velocity forging machine: (a) loading position; (b) impact position.

finement the pressure within the compact can attain a higher
value (thus aiding densification) than that possible when no
lateral confinement is used. A layer of grafoil (Union Carbide
Corp., Electronics Division, Cleveland, OH) was used be-
tween the compact and the refractory insulation. This grafoil
layer serves as a lubricant and diffusion barrier between the
compact and refractory insulation during forging.

The technique used to ignite the green compacts was origi-
nally developed by Niiler and co-workers.? It consists of plac-
ing uncompacted reactant powder on the top surface of the
green compact. This uncompacted powder is then ignited by
using an “electric” match (i.e., rocket ignitor; Estes indus-
tries, Penrose, CO). The energy released from the uncom-
pacted powder is then sufficient to ignite the top surface of
the green compact. Once the reaction is initiated, it quickly
propagates (velocity approximately 2 cm/s) in the form of a
reaction wave through the remaining unreacted material. The
amount of uncompacted powder used in an experiment was
typically one-tenth the mass of the green compact.

After the green compact has been fully converted into the
final product, the resulting porous microstructure (as shown
in Fig. 1) is collapsed by the forging process. Earlier densifi-
cation studies recognized a time “window” in which success-
ful densification could be accomplished.”” This window is
typically measured in seconds, and is highly system depend-
ent. For our system, densification typically occurred between
5 and 10 s after ignition. After densification, the compact is

placed in a 1100°C furnace with argon atmosphere for con-

trolled cooling. The compact is allowed to cool over a 12-h
period. Finally, the compact is removed from its containment
fixture and machined.

Stainless Steel Containment Ring
Tapered 1 inch per foot

Fig. 3. Schematic diagram of the specimen containment assembly
with green compact.

Sl

Refractory Insulation

Bulk density measurements were made using the water im-
mersion technique and a theoretical density of 4.88 g/cm®
for the reaction-synthesized TiC (theoretical density for the
product TiCys). The machined compacts were sectioned for
metallographic examination and mechanical measurements.
Specimens for optical examination were polished using col-
loidal silica (0.05 pm) and etched with a solution consisting of
2 parts nitric acid, 1 part hydrofluoric acid, and 1 part acetic
acid for approximately 30 s. Grain size measurements were
made by the line-intercept method. Here, the as-measured
linear intercepts were multiplied by a numerical factor of 1.5
to convert to a “true” grain size.* Vickers microhardness
measurements were conducted using a load of 300 g. A mini-
mum of 30 measurements were made on each compact that
was examined. Quasi-static and dynamic compressive strength
measurements were conducted at IFAM on cubical-shaped
specimens with 6-mm sides. The quasi-static tests were per-
formed at a strain rate of 10™* s™'. Dynamic compressive
mechanical tests were conducted in a drop hammer machine.
A strain gage attached to the specimen provided the fracture
load; the strain rate was approximately 10? s™*, In both the
static and dynamic tests, careful attention was made to ensure
that the specimen-loading axis alignment and the flatness of
the load-bearing specimen interfaces were sufficient to
provide a nearly homogeneous compressive stress distribution
within the specimens. Tool steel plates hardened to 62 HRC
with MoSi, lubrication in a fixture developed at IFAM were
used for both quasi-static and high-strain-rate mechanical
tests.®® The reaction-synthesized TiC with Ni addition speci-
mens were metallographically examined. Final polish was ac-
complished using 0.25-um-diamond paste.

A commercially produced piece of TiC (Cercom Ing., Vista,
CA) produced by hot-pressing was obtained for the purpose
of comparison with the reaction-synthesized/forged TiC.
Metallographic examination and Vickers microhardness meas-
urements were also performed.

IIL. Results and Discussion

() Compact Integrity

The measured bulk and center densities for the 10.16-cm
compacts after forging are shown in Fig. 4 as a function of
specific energy (i.e., machine energy divided by the mass of
the compact). The specific energy listed represents an upper
bound for two reasons. The first reason is that in operating
the machine at nitrogen pressures greater than those nor-
mally used, the energy in the machine was estimated from the
energy vs pressure data (which is linear) for the machine by
assuming a continued linear variation at the higher pressures.
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Fig. 4. Density as a function of specific energy.

The second reason is that in any forging process, the machine
energy is not fully converted into deformation energy. Some
energy is inherently lost because of elastic deflections within
the machine itself. As can be seen in Fig. 4, the bulk densities
are consistently lower than the center densities. Based upon
the fact that the flow strength of the material is temperature
dependent and that there are heat losses taking place before
the forging operation, one could reason that the porosity near
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the surface of the compact would be higher than in the bulk.
This is indeed confirmed by both visual and light microscope
examination. The porous layer near the top and bottom sur-
faces is typically 2 mm thick, while near the lateral surfaces,
it is normally several millimeters thick. The maximum bulk
and center densities approached 97% (4.73 g/cm®) of the theo-
retical. Further increases in specific energy did not result in
higher densities. Examination of these compacts revealed
partial extrusion between the hammer and the inner wall of
the specimen containment fixture. The compressive strength
of the refractory insulation is approximately 100 MPa. As the
specific energy is increased, the pressure within the compacts
correspondingly increases. This pressure is transmitted to the
refractory insulation by the specimen. Eventually, the pressure
on the refractory insulation is sufficient to cause its failure,
thereby increasing the annular gap between the refractory in-
sulation and the hammer. This increase in the gap permits a
path of least resistance for the compact to follow.

Shown in Fig. 5(a) is an early attempt to densify a TiC com-
pact. The most severe problem encountered in this work has
been cracks that extend through the thickness of the com-
pacts. These cracks appear to be the result of thermal shock
and possibly overforging (exceeding the ductility of the mate-
rial in tension). The evidence for overforging is seen in cracks
which start at the lateral surface and propagate toward the
center of the compact (i.e., tearing). In addition, an engineer-
ing radial strain of approximately 7% is experienced by the
compact during the forging process (in going from a diameter

Fig. 5. (a) Initial compaction results. (b) Later compaction results. (c) Circumferential cracks. (d) “Healed” hot-tearing cracks.
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of 9.5 to 10.16 cm). This strain, if not accommodated, can
lead to residual stresses and an increased likelihood of crack
formation. Solution to this problem would require providing
enough lateral confinement so as not to allow circumferential
strains from exceeding the critical rupture strain in tension.
A solution to the thermal shock problem requires the promo-
tion of a uniform temperature distribution within the com-
pact both during and after the forging operation (postforging
cool-down period). This can be done by combining the use of
insulation with heating of the compact surroundings. Heating
of the compact surroundings should ideally be included dur-
ing forging (i.e., hot-forging) and during cooling. We have
chosen the latter because of laboratory restrictions. Fig-
ure 5(b) shows the results of the combined use of insulation
and furnace cooling. The severity of the thermal shock prob-
lem has been reduced.

Three types of macrocracks are observed to be dominant.
All three are a major consequence of nonuniform cooling. In
some instances, overforging may also be an important factor
in their development. The first type is the radial crack. This
is shown in Fig. 5(b). This type of crack is the most com-
monly observed. Because of the axisymmetry of the reaction
synthesis/forging process, the largest variations in tempera-
ture within the compact will occur in the radial direction (the
outer surface being cooler than the interior of the compact).
Since strength is temperature dependent, the outer surface
being cooler (hence, stronger) constrains the contraction of
the interior as it begins to cool. Because the interior is unable
to contract, both radial and tangential stresses develop. The
tangential stresses are tensile and, therefore, provide the nec-
essary driving stress for the development of the radial cracks.
The second type is the circumferential crack. This is shown
in Fig. 5(c). Two types of circumferential cracks have been
observed. One type appears to separate regions of high poros-
ity and nearly dense material. They are typically found within
several millimeters from the lateral edge of the compacts. The
other, as shown in Fig. 5(c), forms farther away from the lat-
eral edge of the compacts. It has been observed that the for-
mation of the circumferential cracks suppresses the formation
of the radial cracks. The third type of crack is unlike the
other two types in that it does not extend through the thick-
ness of the compact. They are found on the top and bottom
surfaces of the compacts, and extend only a couple of milli-
meters into the compact. Because of heat losses, these surfaces
become hardened. During forging, these surfaces become
fragmented. This phenomenon is usually referred to as “hot-
tearing.”* Because these hardened surfaces fragment, the more
ductile bulk material is able to flow into the tears, thereby
healing them. Figure 5(d) shows “healed” hot-tearing cracks.
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By tailoring the insulation around the compact, it is pos-
sible to alter the configuration of the cracks and eventually
eliminate them. The circumferential cracks were found to be
caused primarily by differences in heat transfer between the
radial and axial directions. Figure 6(a) shows a schematic of
the densified TiC compact enclosed within the specimen con-
tainment assembly. Also depicted are the top, bottom, and
lateral insulations, with heat transfer directions indicated by
the respective arrows in regions I, II, and III. When the heat
losses I and III (axial) are increased (by decreasing the thick-
ness of the top and bottom insulation) with respect to II (ra-
dial), the position of the circumferential cracks changes,
moving closer to the external lateral surface. This is clearly
shown in Fig. 6(b). Conversely, by decreasing the thickness of
the insulation along the lateral surface of the compacts with
respect to the top and bottom insulation, the circumferential
cracks form closer to the center of the compacts. The lateral
insulation thickness to radial insulation thickness ratio was
eventually reduced to one-half, leading to the elimination of
the circumferential cracks.

(2 Microstructural Characterization

Optical microscopy revealed that the microstructure of the
reaction-synthesized/forged TiC consists of equiaxed grains
approximately 44 um in size. Figure 7(a) is an optical micro-
graph showing the microstructure; the dark “spots” are resid-
ual porosity. The equiaxed grain structure clearly shows that
the grains formed after the deformation process; if they were
formed prior to densification, they would be correspondingly
distorted (i.e., elongated). Figure 7(b) is an optical micro-
graph which shows the microstructure of the commercially
produced TiC. The grain size of the commercially produced
material was determined to be approximately 30 um. As
can be clearly seen in this figure, a uniform distribution of
intragranular voids appears throughout the microstructure.
Figure 8(a) is a scanning electron micrograph of the reaction-
synthesized/forged TiC showing the porosity at higher magni-
fication. Two types of voids are commonly observed: large,
irregularly shaped voids and small, faceted voids. A large, ir-
regularly shaped void is shown in Fig. 8(b). The large voids
appear to be remnants of the porous microstructure associ-
ated with the reaction synthesis process because of their ir- .
regular shape. The majority of these voids are found to be
located at grain boundaries. The smaller voids are thought to
be due to the presence of dissolved impurity gases; however,
it is also a possibility that they are formed because of the
differing reactant and product densities. These voids are
mainly found in the interior of grains. Figure 8(c) is a scan-
ning electron micrograph showing the porous microstructure
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Fig. 6. (a) Schematic representation of heat loss from compacted specimen in directions I, II, IIL (b) Effect of the radial to axial heat loss

on the location of circumferential cracks in compact.
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Fig. 7. Optical micrographs of (a) reaction-synthesized/forged TiC microstructure; (b) commercially produced TiC microstructure.

of the commercially produced TiC more clearly. In addition
to intragranular voids, grain boundary separation and voids at
grain boundary triple points are seen (incomplete sintering).
While density measurements of this material provide values
in excess of 99% of the theoretical (4.92 g/cm’), the apparent
porosity would seem to indicate that it is actually lower. Elec-

tron dispersive spectroscopy of this material has revealed the
presence of minute quantities of both Fe and Co (the Co peak
was much larger than the Fe peak). Co is often used as a
sintering aid for TiC.*” The quantities of both elements that
were detected appear to be too small to have any real effect
on the overall density of the material. However, if the void

Fig. 8. Scanning electron micrograph showing the residual porosity in (a) reaction-synthesized/dynamically compacted TiC; (b) irregularly
shaped void in the reaction-synthesized/forged TiC; (c) commerciaily produced TiC. )
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volume percent is estimated to be approximately 2%, than the
Co volume percent necessary to ach:evg a_measurcd densnt.y
in excess of 99% of the theoretical density is only 2.5%. This

corresponds to a Co mass percent of approximately 4.5%.
Thus, not much Co would be needed to obtain a density meas-
urement close to the theoretical. The substructures of both the
reaction-synthesized/forged and commercially”produccd TiC
are examined in more detail by Vecchio et al.

The effect of additions of 5 and 25 wt% Ni on the reaction-
synthesized/forged TiC microstructure is shown in Figs. 9(a)
and (b), respectively. Porosity is clearly seen in Fig. 9(a). The
reason for this porosity is not clearly understood since it is
expected that the Ni is in a beneficial transitory liquid phase
during the reaction synthesis process. This liquid phase
should facilitate the collapse of the porous microstructure
during the forging process since it cannot support shear. A
possible explanation for this porosity is that the reaction had
not undergone completion when the compact was forged. Aside
from the porosity, the TiC grains appear to be equiaxed with
a thin layer of Ni (arrow A) located between the grains. The
Ni layer does not appear to be continuous. Increasing the Ni
addition to 25 wt% results in smaller spheroidal-shaped TiC
grains embedded in a Ni (or Ti-Ni compound) matrix. The
composite appears to be fully dense. Because of the incom-
plete wetting of the TiC grains by the Ni melt during synthe-
sis, coarsening of the TiC grains can be seen. The addition of
Mo leads to better wetting and the elimination of grain coars-
ening.® It is of interest to note that while the reaction wave
for the 5 wt% Ni addition was observed to propagate in a
stable manner, the reaction wave for the 25 wt% Ni addition
propagated in an unstable manner. During the reaction, two
bright “spots” on the lateral surface of the compact appeared
to propagate in a helical manner down the compact. One spot
moved in a clockwise direction, while the other moved in a
counterclockwise direction. This propagation mode has been
experimentally observed in a number of systems.*™*

An upper bound estimate of the flow stress for reaction-
synthesized TiC can be made by assuming that all of the me-
chanical energy is converted into plastic deformation energy.
The Carroll and Holt model*® (also referred to as the “hollow-
sphere” model) predicts satisfactorily the energy required to
consolidate a porous material. This model predicts that the
energy per unit mass required to collapse a ductile porous
body is given by

E= gg;ay[ao Inag— (@ = 1) In (ag — 1)

—alna+ (@=1)In(a@-1)] 4

Vol. 75, No. 3

where E is the deformation energy per unit mass, p is density
of the matrix, o, is the flow stress of the matrix, a is the
initial ratio of the specific volume of the compact to the
specific volume of the matrix, and « is the final ratio of
the specific volume of the compact to the specific volume of
the matrix. For a density of 96% of the theoretical, from
Fig. 4, E is approximately 74 x 10° J/kg. For a, equal to 2
(50% dense) and a equal to 1.04 (96% dense), Eq. (4) yields an
estimate of the flow stress for the reaction-synthesized TiC
equal to approximately 370 MPa. This is quite high since
Katz et al.” measured the flow stress at 1700°C to be close to
100 MPa, while Toth” reports that the flow stress is approxi-
mately 50 MPa at 1800°C. Given that the maximum tempera-
ture for the reaction-synthesized TiC is in excess of 2000°C,
the high flow stress estimate using Eq. (4) could be due to a
strain-rate sensitivity of the material. The initial strain rate
imparted to the material during forging is approximately
10° s7!, while the measured flow stresses are for much lower
strain rates (107 to 10~ s™!). However, as mentioned previ-
ously, not all of the energy stored in the machine is converted
into deformation energy. The actual usable energy depends
upon the characteristics of the forging operation. A forging
operation is normally associated with a blow efficiency (actual
energy delivered to the workpiece/energy stored in the ma-
chine). Blow efficiencies typically range from 0.2 to 0.4 for
“hard” blows and from 0.8 to 0.9 for “soft” blows.* Hard
blows are characterized by high loads and small displace-
ments, while soft blows are characterized by low loads and
large displacements. Based upon a displacement of 1.5 cm
and an estimated maximum load of 1.335 MN (150 tons), we
believe that we are in the “hard” blow forging regime. This is
substantiated by the study of Dorofeev and Prutsakov*’ on
the energy absorption of metal powders during high-velocity
forging. They measured blow efficiencies between 0.1 and 0.4,
depending upon the initial porosity and velocity of the ham-
mer (decreasing blow efficiencies for increasing initial poros-
ity and increasing hammer velocity). Based upon these
experimental data, if we assume a blow efficiency of 0.4, a
flow stress of 148 MPa is obtained.

(3 Mechanical Measurements

The variation of the mean Vickers microhardness number
with density is shown in Fig. 10. Both minimum and maxi-
mum recorded values, as well as the standard deviation of the
measurements, are also shown. The standard deviation, as ex-
pected, decreases with increasing density because of the de-
creasing probability of void-measurement interaction. The
mean Vickers microhardness number for the 96%+ dense
compact was 2257 HVN with a standard deviation of 193.

Fig. 9. (g)gytical micrographs showing the effect of Ni additions on the reaction-synthesized/forged TiC microstructure for (a) 5 and
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Fig. 10. Vickers microhardness as a function of density.

For comparison, the mean Vickers microhardness number for
the commercially produced material was 2235 HVN with a
standard deviation of 248. Several Vickers microhardness
profiles across the cross section (top to bottom) of the 96%+
dense compact were made in order to determine whether or
not the microstructure was homogeneous. Because of the pos-
sible large temperature gradients within the compact, the
microstructure was not expected to be homogeneous. Indeed,
light-microscopy examination showed smaller grains near the
surface and larger grains in the central region. The average
value of the profiles is shown in Fig. 11. There is a noticeable
oscillation, as well as a slight increase going from the top sur-
face to the bottom surface in the profile. The oscillation in
the profile is not due to the averaging of the profiles; each
profile consistently exhibited this oscillation (averaging does
make the oscillations more noticeable). This oscillation was
later confirmed by etching; bands parallel with the top sur-
face were observed. These bands constituted areas which
were etched more severely than the rest of the cross section.
This is shown in Fig. 12. The true nature of these bands is
not known since they were not observed in every compact,
and could be an artifact introduced during machining. How-
ever, it has been observed experimentally* and shown by
theoretical modeling® that the reaction wave can propagate
in a number of unstable modes. One such mode is character-
ized by oscillations in the temperature profile. It is therefore
possible that the bands revealed by chemical etch are the re-
sult of this unstable reaction wave propagation mode. The
slight increase in the microhardness of the material in going
from top to bottom may be explained by the fact that the
bottom surface of the compact cools down more rapidly than

VICKERS MICROHARDNESS
:
B
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Fig. 11. Vickers microhardness cross-sectional profile.

the top surface because of heat losses through the bottom
insulation sheet and because the reaction wave propagates
from top to bottom. This might result in a slight decrease in
grain size or an increasing dislocation density between the
top surface and the bottom surface.

The results of the static and dynamic compressive strength
measurements as a function of density are shown in Fig. 13.
The maximum quasi-static compressive strength was meas-
ured to be 1.79 GPa at a strain rate of 10™* s~'. A maximum
high-strain-rate compressive strength of 2.29 GPa was ob-
tained at a strain rate of 10?s ™. In both cases, the compressive
strength increases with increasing density, as expected. There
is a clear strain rate dependency on the compressive strength.

(4) Fracture Characterization

Figure 14(a) shows a scanning electron micrograph of a
fracture surface obtained during a high-strain-rate loading
test for the reaction-synthesized/forged TiC. The cracks propa-
gated primarily in the transgranular mode with some evi-
dence of the intergranular mode. The crack propagation di-
rection was found to be parallel to the loading axis (i.e., axial
splitting). Figure 14(b) shows the fracture surface at higher
magnification. Clearly seen is an irregularly shaped void

Fig. 12. Banded regions on the reaction-synthesized/forged TiC
that have undergone severe reaction to the chemical etching
process. :
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Fig. 13. Compressive strength as a function of density and strain rate. Quaéi-static and high-strain-rate loading at 10™* and 10° s™, respec-
p pe

tively.

which was not collapsed during the forging process. The frac-
ture morphology for the commercially produced TiC obtained
under impact loading conditions is shown in Fig. 15. Intra-
granular porosity is clearly seen.

Fracture produced by thermal gradients (thermal gradients
caused by heat loss from the compact during processing), on
the other hand, exhibits a markedly different morphology.
The fracture mode was primarily intergranular, as shown in
Fig. 16(a). Profuse oxide growth on grain surfaces and grain
boundaries is clearly seen. Oxidation probably occurred dur-
ing cooling, after the opening of the cracks exposed these
surfaces to the air. Figure 16(b) shows the oxide growth at
higher magnification. According to Voitovich and Golovko,*”
the oxide growth is connected to the formation of titanium
oxycarbides by the solution of oxygen ions (low oxygen
concentration) into the titanium carbide lattice via grain
boundaries and dislocation lines. The formation of titanium
oxycarbides is said to be followed by the precipitation of tita-
nium at grain surfaces and grain boundaries. These precipi-
tates are subsequently oxidized, normally forming lower
oxides of titanium. Figure 16(c) shows the oxide growth in
the grain boundaries (arrow A). The oxide growth at the
grain boundaries has appeared to coalesce together, forming
a continuous grain boundary oxide layer. Figure 16(d) shows
cracks located at grain junctions. The formation of these
cracks is possibly not unlike the spallation of an aluminum
oxide film on aluminum. Here, oxidation induces tensile
stresses at grain junctions. Grain junctions, being inherently

Fig. 14. (a) Scanning electron micrograph of TiC fracture surface obt

at higher magnification showing an irregularly shaped void.

weaker than the bulk material, fail when these tensile stresses
reach a critical value.

IV. Summary

A new technique for simultaneous densification and form-
ing of ceramic materials is being studied. The ceramic materi-
als are produced by reaction synthesis, while the densification
and forming is accomplished by a high-velocity forging ma-
chine. This technique was used to produce dense titanium
carbide disks 10.16 cm in diameter. The highest density
achieved was greater than 96% of the theoretical density.
Loss of lateral confinement during forging has prevented the
achievement of higher densities.

The microstructure consists of equiaxed grains approxi-
mately 44 um in size. Porosity consisted of large, irregularly
shaped voids (residual initial porosity) located at grain
boundaries and small, faceted voids located predominately
within the grains. ’

Vickers microhardness measurements indicate values com-
parable with a commercially produced material. Quasi-static
(107* s™") and high-strain-rate (10 s™') compressive strength
measurements yielded values greater than 1.7 and 2.2 GPa,
respectively. )

The major problem encountered in this work has been ther-
mal shock, with overforging a possible contributing factor.
Use of insulation in the specimen containment assembly and
inert-atmosphere furnace cooling have decreased the severity

ained after high-strain-rate loading. (b) Transgranular fracture surface
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Fig. 15. Fracture morphology of commercially produced TiC ob-
tained under impact loading conditions.

of this problem. However, this problem remains to be solved
(at least for titanium carbide). Recent work has indicated that
the inert-atmosphere furnace cooling is not very effective, at
least, for this experimental setup. This indicates a different
solution strategy than the one pursued in this paper, such as

Densification of Reaction-Synthesized Titanium Carbide by High-Velocity Forging 601

by combining the reaction synthesis/forging process with the
CERACON™ technique.

Preliminary results with the addition of 5 and 25 wt% Ni
were also presented. The TiC grains are primarily equiaxed in
the 5 wt% composite, while in the 25 wt% composite they
are spheroidally shaped. Porosity was observed in the 5 wt%
composite, while the 25 wt% composite appears to be fully
dense. Because of incomplete wetting of the TiC grains by the
Ni melt, grain coarsening is observed.
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