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The One-Step Synthesis of Dense

Titanium-Carbide Tiles

R.V. Raman, S.V. Rele, S. Poland, J. Lasalvia, M.A. Meyers, and A.R. Niiler

INTRODUCTION

The reaction between particulate materials in a self-propagating mode is an at-
tractive alternative to conventional materials processing techriques due to the sim-
plicity of the process, the low-energy requirement, the higher purity of the products,
and the possibility of one-step synthesis and densification. The self-propagating, high-
temperature synthesis (SHS) process continues to generate interest because of the
significant number of current and potential 2pplications, including:

o Heating elements (MoSi.).

Shape memory alloys (TiNi). )

High-temperature structural alloys (NiAl.

Armor materials (TiB, and TiC).

Powders for structural ceramics (Si;N,, TiC, and TiN).

Coatings for the containment of corrosive media and liquid metals (products of
iron and ALO, in a thermite reaction).

U.S. materials manufacturing industries have not vigorously pursued the com-
merdialization of the SHS procucts for commercial and defense applications because
of two major limitations in SHS-processed materials: the high cost of the starting pure-
metal ingredients and the significant amount of porosity in the resulting material.

The first problem is being addressed! through the use of cheaper starting ma-
terials—TiO, instead of pure titanium, for example. The TiO, is reacted with magne-
sium and TiC to form TiC-MgO composites. Another example is the use of CrO, in
reaction with boron to form CrB,.

The problem of significant intergranular voids and agglomerates in the SHS-
processed material is inherent to the SHS process, which is a gasless reaction of the
powder ingredients to form TiC. The known efforts to improve density include the
application of hydraulic pressure*by scientists in the former Soviet Union withlimited
success. Synthesis and densification have been attempted in a single process by hot
pressing, hot rolling, hot isostatic pressing (HIPing), and high-temperature shock
waves while the reaction is occurring.’* Lawrence Livermore National Laboratory has
produced TiB,/Fe composites to 95 percent of theoretical density.* The use of expen-
sive processes suchas HIPingand hot pressingisnot attractive because of the extended
processing times and the degradation of the material due to phase decomposition.

THE CERACON PROCESS
The Ceracon process is 2 low-cost powder metallurgy process for achieving full-

density, near-net shape paris.t It is a simple consolidation technique that utilizes a
conventional powder metallurgy setup. The Ceracon process is a quasi-isostatic, hot-

Table |. EHects of Cold Iscstatic Pressure on the Ignition Characteristics and
) Density of the (Titanium + Carbon) Preform
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* Thevretica] Density = 3.811 g/cm’.
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$ Combustion synthoized not cunsolidated.
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Self-propagating, high-temperature sun-
thesis (SHS), which is an attractive process
for forming alloys, cermels, ceramics. and
composites, has been combined with a rapid
quasi-isostatic consolidation technoicgy
called the Ceracon™ process. This ones-siep
synthesis and densification route has reen
applied to the rapid fabrication of large 15 ¢cm
x15 cm x 2.5 om titanium carbide tilzs. A
cost analysis of this process based on yroto-
type quantities shows that the cost oF the
process is 30-350% of that of current munu-
facturing processes.
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Figure 1. The elfect of cold iscstatic pressure
on green density.
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consoli¢ ztien technique much like HIPing, except that it utilizes a ceramic particulate
material 25 2 pressure transmitting medium (PTM) instead of the gas medium used in
HIPing. Fressures up to 1.24 GPa can be used, and materials can be processed at
unlimited upper temperatures. The process consists of four steps: fabrication of green
preform, trensfer (after heating) of the part and grain to a Ceracon die, consolidation
of part thztis immersed in the hot PTM column, and part removal and grzin recycling.

The low temperatures in conjunction with the short-time consolidation capabilities
of the quasi-isostatic, hot-consolication, high-pressure process have been used to
consoliczte a broad range of material systems, including steel; Al, Ti, Cu, Zr, W, Nb,
and their alloys; Ni and Co superalloys; ceramics, including 1TO, TiC, AIN and
superconductors; intermetzllics such as aluminides and silicides; glassy and amor-
phous mazterials; and composites.

By combining the combustion synthesis and Ceracon forging processes intoa single-
step technique (CS/CP), the hot particulate in the Ceracon forging process serves asa
combustion initiator and pressure transfer medium. This technique has been success-
fully appiled at Ceracon, with the US. Army Research Laboratory’s support, to
fabricate large 15 em x 153 em x 2.5 em TiC tiles.

PROCEDURE
Selecting Precursor Powders

Ultrz &ne microtitanium (20 um) from Micron Metals of Salt Lake City, Utah, was
found to be suitable for fabricating small TiC specimens (i.e., <25.4 mm ciameter and
height) and this was validated in a separate study by the US. Army Research
Laboratory. Larger specimens of TiC with dimensions of 5 cm x 5 ¢m x 2 cm or more
were found to exhibit a more violent reaction with an increased speed-of-combustion
wave trzvel, including a flare and 2udible explosion. Because of the higher cost of the
ultrafine microtitanium, the safety issues arising from storing and hancling the very
fine titanium powder, and the higher rate of oxidation. Therefore, coarse titanium
powder was selected and used successfully in the program. Also, literature from
resezrch in the former Soviet Union indicates that cozrse titanium powder slows dewn
the velocity of the combustion wavefront and results in parts having significantly
reduced cacking? ..

Powder Blending

Both wet bzll milling and dry milling have been used to blend the titanjum and
carbon powders. Wet milling of larger batches becomes Jess desirable than dry milling
due to the additional effort required in complete evaporation of the solvent (ethanol);
increased cost, Jonger milling, and longer evaporation time; possibilities of oxidization
of the titanium during drying; and increased hazard during the evaporazion process.

Aluminum jers 30 cm long x 17.5 em diameter with an zpproximate volume of 7.5
L were lined with silicone rubber. Zirconia cylinders 1.2 cn x 1.2 cm Jong were used
2s media znd filled approximately 30 vol.% of the mill jar. Titenium and cardon
powders in a 1:0.9 molar ratio (corresponding to §1.58 wt.% Ti) were weighed out in
a protectiv e atmosphere. The mill jars were rotated at 60-80% of the critical speed for
four to six hours. Each mill jar produced 2 kg of blended TiC powder. The blenced
powcers were stored in sezled containers under argon immediately zfter separation
from the media.

Cold Isostatic Pressing

lended powders were cold isostatically pressed at various pressures (33-380 MPz)
into discs epproximately 4.5 cm dizmeter x 1 cm. The effect of the cold isostatic
pressureonthe greendensity isshowninFigure 1. These green preforms wereinserted
intca furnzce preheated 10 1,200°C with zn zir environment. A videotape camera was
used to record the combustion wave propagation and characteristic behavior. Aster
insertion of the preform disc into the furnace, a wave was seen initzting ;Tom the top
edge of the disc. This wave traveled through the disc, which showed a pronounced
conflagration. Teble I shows the time of the wave from ignition to flare-up and the
amount of wave trave] before the flzre.

With an increase in cold isostatic pressure, the density of the preform increases and
it tzkes longer for the preform to ignite. This is in accordance with the litzrature from
the former Soviet Union,*® where researchers noted inceased thermal conductivities
withincreased green densities. This results in 2 channeling 2way of the heat, resulting
inlonger times for ignition. With increasing green densities, the time from ignition to
conflagrztion is also reduced, causing increzsed violence during the flare-up. The
viclence during flare-up increases the degree and probability of cracking or brezking
curing combustion synthesis. At Jower densities, the green preforms of ~lended TiC
powders had poor strengths, producing problems during handling pricr to ignition.
They also showed a propensity towzrds cracking before and during the C5/CF cycle.
These results corroborated the calculations that preform densities of arcund 65-75%
produced by cold isostatic pressures of 55-67 MPa would be optimum. Cold isostatic
pressures below 33 MPa produced very fragile and difficult-to-handle preforms,
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lmiting testing tolower density samples.

In-situ CS:CF of TiC

During thein-situ CS,/CF process, the
PTM is heated !0 1,200°C. The medium
is then poured into the Ceracon process
die, which is heated to temperatures
around 200°C. The green preform is in-
<orted into the column of the hot PTM.
“nce the preform tile reaches the igni-
.on temperature, a wave initiates, fol-
Jowed by a very distinct conflagration.
After the conflagration, there is a slow
burn. Shortly 2fter the burn concluces,

ressure is applied and released sec-

onds later. Figure 2 shows a time-tem-

perature profile for the TiC part upon

ignition. Temperatures of 2,850°C are

reached uponignition. The partis quickly

rermoved from the column of PTM and cooled to room temperature for several hours.
PROPERTIES

X-ray diffraction of the as-consolidated material reveals that the reaction product is
phase-pure titanium carbide. The peaksare identified in Figure 3.Co-Karadiationwas
used, and the lattice parameter was calculated tobe equal 10 0.433 2 0.0078 mm. The
lattice parameter can be correlated to the stoichiometry of the final product. Reference
11 provides a plot listing the data of numerous investigators. The C/Ti atomic ratio
varies from 110 0.5 (there is a wide homogeneity region for TiC in the phase dizgram),
and the lattice prameters vary, correspondingly, from 0.433-0.430 nm. The results,
displayed in Figure 3, indicate that the C/Ti refio is 0.9. This is, in essence, the initiel
composition used in the experiments reported.

Optical micrescopy of sample cross-sections (surface perpencicular to mzjor &i-
mensions of disk) revealed an equizxed grain stucture with significant differences in
grain size. The maximum grain size increased with the size of the specimen. Figure 4
shows plots of grain size versus position 2long the cross-section of the 6.4 cm and 10.2
cm compacts; the thickness of the compacts are2 ¢ and 2.4 cm, respectively. Thegrain
size variation is clearly evident and is larger for the 10.2 em compact, because of its
slower cooling rates. The density of the CS/CF TiC tiles is around 5% of theoreticzl.

The microhardness was measured across and zlong the cross-sections of the speci-
mens. Figure 5 shows the results for the 10.2 cm compact. The regions close to the top,
bottom, 2nd lateral surfzces display higher hardness values. The harness within th
compact is corresponcingly lower.

Fracture toughness measurements were maceby mezsuring crecks emanzting frem
the indentztion produced by a microhardness lester. The indentation diagonals zre
equal t0 0.02 mm when a Vickers indenter with 2 Joad of 300 gf wes used. The average
crack size was 27 mm. The fracture toughness is obtzined from the following equation
2nd is characteristic of a well-bonded ceramic:

K= 0.16Hac** = 0.16 x 0.47 Pc¥? = 1.7 MPa-m' ®
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Ceramic machining and grinding using dizmond wheels znd blaces proved tobethe
most economiczl route with the Jezst amount of grinding damege that could be
incorporated in production. Figure 6 shows a2 {ypical 10ecmxi0cmx1.25em titanium-
carbide tile fzbriczted through the CS/CF process.

A cost model ceveloped for manufacturing 1,000 tiles per year using the CS/CF
technology showed a significant cost reduction compzred to conventiorally hot
pressed or HIPed materizl. The manufacturing cost would be reduced to 30-30% of

conventionzlly prepared tiles.
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Figure 6. Sizning powder and a CS/CF titznium carbide tile.
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