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Combustion Synthesis/Dynamic Densification of a TiB,-SiC Composite
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The Ti + 2B exothermic chemical reaction was used in
combination with a high-velocity forging step to produce
dense TiB,~ 20 vol %)SiC composites. Densities in excess of
96 % of the theoretical were achieved for both SiC particu-
late and fiber additions. X-ray diffractometry revealed the
products of the reaction to be TiB, and SiC. The microstruc-
tures are composed of spheroidal TiB, phase, a highly con-
tiguous SiC binder phase, and an apparent eutectic between
TiB, and SiC located at regions of preexisting SiC additions.
These microstructural features suggest that SiC underwent
a peritectic phase transformation. Thermodynamic analysis
predicts that at least 41 vol% SiC addition is needed to
prevent the loss of the starting morphologies by the peritec-
tic reaction.

I. Introduction

Txu\:mm DIBORIDE (TiB.) and TiB,-based composites have
received considerable attention in recent years due to their
relatively low specific gravities (4.3-4.6 g/cm?), high Vickers
hardness values (15-36 GPa), relatively high fracture toughness
values (K, = 6-8 MPa-m'?), good electrical conductivities
(p = 9~15 pQ-cm at 25°C), and excellent chemical resistance
to molten nonferrous metals.'™ These characteristics make TiB,
and TiB,-based composites attractive materials for land-based
armor. cutting tool, wear resistant, Heroult—Hall cell, and vac-
uum metallization applications.'-

One major drawback of these materials is their high cost of
production. Large bodies of dense TiB, and TiB.-based com-
posites are produced from presynthesized powders which are
densified by sintering, hot pressing, or hot isostatic pressing
(HIPing) techniques. Recently, significant progress has been
made in the effort to develop reliable, low-cost manufacturing
alternatives to the traditional powder metallurgy techniques in
general. One such alternative combines combustion synthesis
with a densification step.*'® Numerous densification- methods
have been investigated: hot pressing,' exglosive compaction,'"*?
modified HIP."*** and impact forging.'s-!

Impact forging has been successfully combined with com-
bustion synthesis to produce dense TiC.'* TiC-Ni.'® TiB,,"” and
AlLO,~TiB," materials. The focus of this investigation is on the
synthesis and subsequent densification by the impact forging
technique of a TiB,~(20 vol%)SiC composite. SiC was chosen
because of its potential as a reinforcing phasé in ceramic com-
posites."** Particulate and fiber morphologies for SiC were
used to examine their thermal stability, as well as their effect on
the microstructures for these maierials.
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High-purity powders (>99%) of Ti (Micron Metals, Salt
Lake City, UT), crystalline B (Hermann C. Starck, Berlin, Ger-
many), and SiC (CERAC, Milwaukee, WI) were used in this
investigation. SiC fibers (Nippon Carbon, Tokyo, Japan) with a
purity of approximately 90% were also used. Particle sizes were
—325 mesh (~44 pm), while the fiber diameters were 10—
14 um. The powders were dry mixed in polyethylene bottles
with a ceramic grinding medium for 24 h under an Ar atmo-
sphere. The composition of the powder mixture corresponds to
the chemical equation

Ti + 2B + 0.31SiC — TiB, + 0.31SiC (§))]

The SiC content corresponds to 20 vol% in the final product.
After mixing, green compacts were produced by uniaxially
pressing the powders in a stainless steel die, using an axial
stress of 55 MPa. The inside diameter of the die was lined with
graphite foil (Union Carbide, Electronics Division, Cleveland,
‘OH) as a lubricant. The resulting cylindrical green compacts
had a density of approximately 60% of the theoretical value.
Combustion wave velocity and temperature measurements
were made on compacts approximately 3.2 cm in diameter and
1.27 cm in height. This was done to quantify the time of
completion for the reaction, as well as the cooling rate. The
experimental setup for the combustion wave velocity and tem-
perature measurements is shown schematically in Fig, 1. This
setup is similar to the one used by Dunmead et al.?! It consists
of an enclosed combustion chamber, data acquisition system,
and varible transformer. During an experiment, the green com-
pact is placed within an insulated 4.9 cm diameter steel ring to
minimize heat losses and simulate the actual assembly used
during densification. The insulation consists of ALO,-SiO,
refractory board (Zircar Products, Florida. NY). The refractory
board is fixed to the inside of the steel ring with AL O, cement.
This assembly is vacuum cured for 24 h at 300°C. Two W-Re
thermocouples (W~-5%Re vs W-26%Re, Omega Engineering,
Stamford. CT) are inserted through holes drilled in the side of
the assembly such that they are positioned at the top and bottom
surfaces of the compact as shown in Fig. 1. These thermocou-
ples are capable of short-time exposures up to 2760°C in an
inert atmosphere. The bead size of the thermocouples is approx-
imately 600 wm. During preliminary experiments, the compacts
would expand, resulting in a greater than 100% elongation.
Because this expansion can damage the thermocouples, the
entire steel ring assembly is sandwiched between two graphite
plates. Initiation of the reaction is accomplished indirectly by
the ignition of 5 g of loose Ti + 2B powder mixture using an
electric maich placed on top of the compact. An IBM PS/2
model 25 computer interfaced with a Metrabyte DAS-8 (Metra-
byte, Taunton. MA) data acquisition board is used to acquire
the output from the W-Re thermocouples. The data acquisition
system is configured to collect voltage data at a rate of 10~ s
per point from two separate channels. Before ignition of the
loose Ti + 2B powder. the reaction chamber is isolated and
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pumped down to approximately 20 mmef Hg and then back-
filled with Ar to atmospheric pressure®tailed description of
this procedure is reported elsewhere.*

Combustion synthesis/dynamic desfication experiments
were conducted on compacts 9.5 cm immeter and 2.3 cm in
height. The compacts were contain within a specially
designed containment assembly duringie reaction and densi-
fication procedures. The assembly corsied of a tapered stain-
less steel ring with an Al,0,-SiO, refsgory insulation board
fixed to its inner surface by Al,O, cerm This assembly with
compact was placed in the workpiexarea of the forging
machine, remotely ignited using thEsame procedure as
described above, and then densified #r a fixed time delay.
Details about the forging machine aseported elsewhere.”
Following densification, the assemblyammediately removed
from the forging machine and cooled imermiculite for 24 h.

Bulk densities of the densified mexials were measured
by the water immersion technique. BBhed surfaces of the
as-synthesized and densified materiadwere observed using
optical and scanning electron microscap(SEM). Substructure
of the densified materials was observedsng transmission elec-
tron microscopy (TEM).

III. Results and Disssiosr

(1) Thermodynamic Considerations

Calculating the adiabatic tempessre for the reaction
described by Eq. (1) is somewhat comiicated by conflicting
thermodynamic data concerning SiC.*®According to Ref. 23.
SiC undergoes a peritectic reaction @ “melt™) at 2818 K.
while Ref. 24 indicates that it occursa#103 K. The products
of the peritectic reaction are C and a hmegeneous liquid solu-
tion of Si and C. Further difficulty is imsfuced by the possibil-
ity of interactions between SiC and% (i.e., formation of
carbides and silicides of Ti).**’ Forikulating the adiabatic
temperature. the reaction products aresumed to be given by
Eq. (1); consideration of the formationsficarbides and silicides
of Ti will be discussed later. Two adiitic temperatures. T,
and T,,,, will be calculated assuming ththe peritectic reaction
occurs at 2818 and 3103 K, respectivebfhe heat of reaction at
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Fig. 1. Experimental configuration foremperature measurement
tests illustrating sample confinement and dmocouple placement.
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Fig. 2. Adiabatic temperature T, and T, calculation assuming the
peritectic reaction to occur at 2818 and 3103 K, respectively.

2818 K is determined by assuming that the products are an ideal
solution of C and liquid Si; heat of mixing is assumed negligi-
ble. The enthalpy-temperature variation for Eq. (1) is shown in
Fig. 2.7+ The adiabatic temperatures T, and T,,, are 3105
and 3190 K, respectively. Figure 2 indicates that the SiC addi-
tion is predicted to completely decompose into a solution of C
and liquid Si regardless of the peritectic reaction temperature.
Evidence for the SiC peritectic reaction will be shown later.
Figure 3 shows the variation of adiabatic temperature with
SiC content assuming the peritectic reaction temperature to
be 2818 K. For SiC contents less than 26.6 vol%, complete
decomposition is predicted, while for contents greater than 41.4
vol%, no decomposition is predicted. From this analysis, if the
peritectic reaction occurs at 2818 K, it is expected that the SiC
additions to the Ti-B reaction should “melt.”

(2) As-Synthesized Materials

Figure 4 shows the X-ray diffraction spectra of both the
starting and as-synthesized materials. Before the reaction, the
SiC phase is predominately composed of the 6H polytype, with
trace amounts of the 3C and 4H polytypes detected. However,
after the reaction, only the 6H polytype is detected. It is known
that the 6H polytype is thermally more stable than either the 3C
or 4H polytypes in the temperature range 2200°-2600°C.* This
suggests that both the 3C and 4H polytypes were transformed
to the 6H polytype.

The resulting highly distended microstructure of the as-
synthesized material is shown in Fig. 3. The light areas are the
TiB, phase, while the dark regions are voids. The SiC phase can
be distinguished within the TiB, matrix as gray regions. This
highly distended microstructure is due to several factors:*'-?
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Fig. 3. \ariation of adiabatic temperature with volume percent SiC
addition assuming the peritectic temperature to be 2818 K.
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Fig. 4. X-ray diffraction spectra of (a) unreamt powders. and
(b) reaction-synthesized composite illustrating cmpletz conversion
to TiB,-SiC.

(1) initial porosity. (2) lower specific volumaf the products
compared to the reactants, (3) capillary flowa#ast refractory
constituent. and (4) expulsion of volatilized imsrities.

The as-synthesized microstructures for tigarticulate and
fiber morphologies of SiC are qualitatively dil#ent. and this is
believed to be due to differences in purityFgure 6 shows
optical micrographs of polished and etched ;ss sections for
both the particulate and fiber morphologies. #can be seen in
Fig. 6(a), the resulting microstructure for peiculate SiC is
characterized by spheroidal TiB, particles (inddted by arrow).
SiC binder phase between the TiB, particlesad an unidenti-
fied eutectic occurring in regions of apparemageexisting SiC
particles. The SiC binder phase between theiB. paricles is
evidence that the SiC phase underwent the pectc reaction
and later resolidified. Further evidence that#SiC particles
underwent the peritectic reaction is seen by tlmesence of the
eutectic. To the author’s knowledge, no eutectmicrostructure
between SiC and TiB, has been observed. Hwver. this does
not rule out its existence. since both Si—C = Ti-B binarv
phase diagrams exhibit eutectic points.**-** Euzeic microstruc-
tures have been observed between various dmdes and car-
bides.**” Another possible explanation for themecsic is that it
is the result of reactions between Ti and SiC. Rsrions between
Ti and SiC and their products are well known Tkz products
of the reactions include carbides (TiC, Ti,Sikand Ti.Si,C,)
and silicides (TiSi. TiSi,, and TiSi,). The famstion of these
phases is not surprising, since they are thmwdynamically
favored. Furthermore. the formation of a eutemk :s possible.

Fig. 5. Electron micrograph of reaction-synthesized TiB,—20 vol%
SiC composite.

since both the Ti—C and Ti-Si binary phase diagrams exhibit
eutectic points.**** The following chemical reactions and their
enthalpies of formation (per mole of Ti) resuiting in the forma-
tion of TiC and Ti silicides* are possible:

Ti + 2B — TiB, AH, = —323.8 kJ/mol (2)
Ti + 0.58iC — 0.5(TiC + TiSi)

AH, = —124.1 kJ/mol 3)
Ti + 0.67SiC — 0.67TiC + 0.33TiSi,

AH, = —122.0 kJ/mol @)
Ti + 0.375SiC — 0.375TiC + 0.125Ti,Si,

AH, = —115.9 kJ/mol ©)

Ti + SiC = TiC + Si AH;= —115.6 ki/mol (6)

Thermodynamically, reaction (2) is the most favorable; how-
ever. reactions (3)—(6) are also exothermic and may therefore
occur, especially at contact regions between Ti and SiC. How-
ever, given that reaction (2) is much more exothermic (per mole
of Ti) compared to reactions (3)-(6), it is expected that TiB,
and SiC will be the main reaction products if there is no Kinetic
inhibition (e.g., melting). One characteristic of the combustion
synthesis process is the formation of a liquid phase, or “melt.”
which not only accelerates the reaction between components,
but also enhances the microstructural and chemical homogene-
ity of the resulting products.®® For the particle sizes used in this
investigation, kinetic inhibition due to melting and subsequent
capillary flow is not expected.*' The X-ray diffraction spectrum
shown in Fig. 4(b) shows only TiB, and SiC peaks and therefore
supports the above thermodynamic discussion. The dominant
mechanisms involved in the formation of the resulting micro-
structure are not known; however. based upon previous studies
on the micromechanisms of combustion synthesis, a possible
model can be described.”? Assuming that verv little reaction
product is formed within the heat-affected portion of the com-
bustion wave, the first major physical change will be the melt-
ing and capillary spreading of Ti or Ti~B eutectic.** Interfacial
reactions between Ti and B, as well as Ti and SiC will occur.
As a result. both TiC and Ti silicides will form. However, the
formation of Ti silicides also results in the enrichment of the
existing melt with Si, because their melting points are much
lower than the adiabatic temperature (e.g., TiSi, and Ti.Si,,
1773 and 2403 K, respectively.”®) If TiC precipitates from the
melt. it will be converted to TiB. plus free C. since the melt
contains some B in solution and TiB, is more stable than TiC.
This free C then reacts with the Si in the melt to form SiC. As a
result. only TiB, and SiC are formed.
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Fig. 6. Optical micrographs of reaction-synthesized TiB.-20 vol%
SiC composites (a) particulate and (b) fiber reinforced. Lighter phases
are TiB,. darker phases are SiC, and black areas are porosirty.

Figure 6(b) shows the resulting as-synthesized microstruc-
ture using the SiC fibers. As can be seen. the eutectic micro-
structure also exists between the SiC fibers, as well as within
the preexisting fiber regions. According to Ref. 43. the major
impurities in the SiC fibers (i.e.. Nicalon) are free C and SiO,.
These impurities are uniformly dispersed within the fiber. Evi-
dently. during the reaction. the SiO, impurities melt and flow
into the region surrounding the fibers. SiC is expected to form
by the reaction of the SiO, melt with the free C. since this
reaction is thermodynamically tavorable. Again. the main reac-
tion products are TiB, and SiC.

13) Combustion Synthesized/Dynamically Densified
Materials

As can be seen in Fig. 5. the as-synthesized materials are
highly porous and thus require densification. Experimental
measurement of the temperature history during and after the
reactions is useful for the establishment of a time window for
Jensification. as well as the combustion wave velocity and
remperature. A typical temperature history profile for the
as-svnthesized material is shown in Fig. 7. Data from the top
and bottom thermocouples are represented by the solid and
Jashed lines. respectively. As can be seen. the profiles exhibit a
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Fig. 7. Experimentally determined temperature vs time profiles for
reaction-synthesized TiB,-20 vol% SiC.

sharp rise, indicating the arrival of the combustion front, fol-
lowed by gradual cooling. The average combustion wave veloc-
ity is approximately 8.4 cm/s. The maximum temperature is
approximately 2673 K. Given the size of the therrmocouple
bead, as well as other reasons,* an error in the maximum
temperature of several hundred degrees is likely.** Surface tem-
peratures drop below the TiB. ductile-to-brittle transition tem-
perature, ~2073 K.*® within 10 to 15 s after ignition. Thus,
assuming that the densification behavior is dependent only on
the physicomechanical state of TiB., the time window for suc-
cessful densification is 515 s after ignition.

The measured bulk densities of the densified materials is
shown in Fig. 8 as a function of specific energy. The specific
energy is defined as the energy stored in the Dynapak forging
machine divided by the mass of the compact (changes in spe-
cific energy were accomplished by varying the mass of the
compacts, 200 to 300 g). As can be seen. the bulk densities
ranged from about 86% 1o 96% of the theoretical density (i.e.,
4.29 g/cm’, as calculated from the rule of mixtures). The densi-
fication behavior of the TiB,~SiC material (independent of SiC
addition morphology) is similar to that of combustion synthe-
sized/dynamically densified TiB. and TiB.~1.5 wt% Ni materi-
als obtained earlier."”

The highest density (>96% of theoretical density) was
obtained at a specific energy of approximately 0.076 J/kg.
Increasing the specific energy beyond this value actually
resulted in a decrease in density. The decrease in density is
thought to be mainly due to the loss of specimen containment
during densification. However, the as-synthesized material
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Fig. 8. Bulk density vs specitic energy for SHS/DC TiB.-20 vol%
SiC.
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integrity is also believed to affect the resulting density (for a
fixed specific energy). Material integrity was generally main-
tained after synthesis: however, the volume of the compact
increased substantially by expansion perpendicular to the com-
bustion wave propagation direction, thereby creating an open
skeletal structure. While this expansion reduced the heat loss
due to heat conduction. it increased the heat losses due to both
convection and radiation. At such high temperatures, radiative
heat loss is dominant. The material cools more rapidly and. as a
consequence, its strength increases. Thus. for a fixed deforma-
tion energy. assuming the material to be perfectly plastic with a
temperature dependent flow stress, the resulting density will be
lower. Current efforts are aimed at minimizing this expansion
through constraint and the addition of inert diluents.

As mentioned above. the main reason that increasing the
specific energy did not result in an increase in density was the
loss of specimen containment. This problem was experienced
in previous work on TiC's and TiB,."” During densification. the
material deforms in both the axial and radial directions. This
radial deformation is allowed. due to a small gap between the
compact and the refractory insulation. However, after this gap

(b)

Fig. 9. Microstructure of SHS/DC TiB,-20 vol% SiC (a) low mug-
nificaton. und - b) high magnification. illustrating melting of SiC parn-
cles and tormzuon of small (3—4 um) TiB. grains (arrow A).
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has been eliminated by the radial deformation. the stress state
(i.e., hydrosuatic and deviatoric magnirudes) within the compact
increases, resulting in a corresponding increase in the densifi-
cation rate. Eventually, the normal stress at the interface
between the compact and the insulation reaches a level that
exceeds its swrength, resulting in the partial collapse of the
insulation (i.e., permanent deformation). This creates a small
gap between the insulation and the hammer. enabling part of
the compac: to extrude out. The zilure of the insulation and
subsequent (0ss of containment rasults in a decrease in the
stress levels within the compact. As a consequence, the densi-
fication rate is reduced to zero. :nd no further increase in
density is ottained. An alternative method of confinement has
been investizated.'® This method consists of completely sur-
rounding the compact with a granular medium which, during
densification. transmits and redistr:>utes the applied load such
that the compact exists in a statz of quasi-isostatic stress.’
The use of Z1e granular pressure =:nsmitting medium for the
densification of combustion-synitssized materials was pio-
neered by rzsearchers in the forms: Soviet Union™ and in the
United States.”

Scanning :lectron micrographs I the dynamically densified
materials ar2 shown in Fig. 9. As can be seen in Fig. 9(a),
the microstrictures are the same 2s those observed for the
as-synthesizad materials, with the 2xception of the reduced
porosity. In zddition, the lamellar rz:rures were much finer than
those of the zs-synthesized materiais and were not visible under
optical examr:nation. This is believeZ to be the result of a higher
initial coolir:z rate caused by the dezsification process. A close-
up of aregicz consisting of a mixru—2 of SiC and TiB, is shown
in Fig. 9(b). Small TiB. grains oz the order of 3—4 wm) are
evident within this region (marked >v arrow A). Figure 10 is a
transmission zlectron micrograph :iowing the substructure of
these materizis. The faceted SiC —ains are submicrometer in
size and show evidence of plastic Z2formation (high density of
dislocations :nd twinning) as a cons:quence of the densification
step. Excelleat wetting behavior o7 the SiC “melt” on the TiB,
particles is i ustrated in the backsc:ered electron micrograph
shown in Fig. 11.

IV. Conclusions

It has been demonstrated that Z:nse TiB,~SiC composites
can be produced utilizing the Ti — 2B combustion synthesis
reaction wit:: a dynamic densificat:n step. Densities in excess
of 96 of iz2 theoretical densiry “ere obtained. Microstruc-
tures consist=d of spheroidal TiB. rzticles, a nearly continuous
SiC binder. :nd an unidentified ¢::actic (possibly TiB,~SiC)
located at rezons corresponding 1o creexisting SiC particles or

Fig. 10. Truz:imission electron m:o-. zmuph of SHSDC TiB.-20
Vi SiC.
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Fig. 11. High-magnification backscaries. electron

image of
SHS/DC TiB.-20 vol% SiC illustrating thesterfacial region between
TiB, and SiC.

fibers. The regions near the preexistgs SiC additions were

qualitatively different for the particulsrand fiber morpholo-
gies. This difference is believed to bedié to the difference in
purity of the starting materials. TheseZures suggest that the
SiC particles “melted.” Thermodynamanalysis predicts that
41 vol% dilution with SiC additions®needed to lower the
adiabatic temperature below the peritefreaction temperature
and therefore prevent the loss of their steing morphologies.
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