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Abstract

Combustion synthesis followed by densification
was utilized in producing monolithic TiC and TiBj
materials, and TiC-Ni, TiB,-Ni, TiB-Al,03, and TiB3-
SiC ceramic composites. Static and dynamic densification
equipments were developed with the loading applied
immediately after the synthesis reaction was completed
and the ceramic/composite was ductile. All the ceramics
exhibited an equiaxed grain structure with alternating
regions at high and low dislocation densities, indicating
that recovery/recrystallization mechanisms are prevalent.
The grain boundaries were, as far as could be established,
devoid of impurities and second phases. Quasi-static and
dynamic mechanical testing were performed and revealed
that the materials exhibited strength levels comparable to
conventionally produced materials. Instrumented
densification experiments were conducted and a
temperature-dependent constitutive model was applied for
plastic deformation of the porous combustion synthesis
product.

Introduction

Reaction synthesis (or combustion synthesis, or
SHS) is a method by which ceramics, intermetallics,
alloys and their composites can be produced. The large
enthalpy released when the reactants (solid, liquid, or
gaseous) react results in the formation of a combustion
front propagating through the material. The subject has
been reviewed recently by Munir and Anselmi-Tamburini
[1] and Merzhanov [2]. The mechanisms of reaction
synthesis are given by Munir [3] and Yi and Moore [4].
Extensive research efforts in Russia and other countries of
the former Soviet Union by Merzhanov and co-workers [5-
8] have led to the industrialization of this method and to
the synthesis of hundreds of materials. In the U.S., the
early efforts in SHS are by Holt and Munir [9] at
Lawrence Livermore National Laboratory, Niiler and co-
workers [10-12] at BRL, Munir and co-workers [13] at the
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University of California, Davis, and K. Logan [14] at
Georgia Institute of Technology. Whereas SHS has been
used to produce compounds which, subsequently, are
further processed (hot pressing, hot isostatic pressing) to
yield monolithic compounds, the potential of using SHS
in conjunction with densification and plastic deformation
of the reaction products is considerable. A one-step
synthesis-densification process would have significant
benefits because advantage is taken of the high
temperatures generated by reactions, that render ceramics
workable.

At UCSD, a research effort was initiated in 1988 to
dynamically densify the products of combustion synthesis
using a high-speed forging machine [15-19]. This
research program has yielded TiC [15, 17] and TiB7 [16]
compacts with a density higher than 96 pct of the
theoretical value. In concurrence with this experimental
program, the mechanical properties of TiC [15],
TiB2 [16], and TiB2-A1203 [19] composite were
assessed. TiB2-SiC composites were also evaluated.
More recently, the effort has focussed on identifying the
mechanisms of deformation of the hot and porous
ceramics during densification; a simple constitutive
equation was successfully used. In this paper a summary
of the results obtained to date is presented. The reader is-
referred to publications 15-18 and to the dissertations by
LaSalvia [20], Hoke [21], and Jamet [22] for greater
details.

Synthesis and Densification

Three basic reactions were investigated:
Ti+ C - TiC ¢))
Ti+ 2B — TiB2 ()}
3TiB2 + 2B203 + 10Al — SA1203 + 3TiB) 3)
Reactions (1) and (2) have been extensively studied and
served as an excellent starting point. The adiabatic
temperature rises are on the order of 2,000 K, with the
product close to the melting point. Nickel was added in
order to decrease the flow stress of the product while



Figure 1. Porosity of as-reacted powders; (a) TiC; (b) TiB2; (c) TiB2-A1203; (d) TiB2-SiC.
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Figure 2.  Sequence of events occurring during dynamic
consolidation of the reaction synthesized material.
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Figure 3.  Bulk density achieved in high-speed forging
machine as a function of specific energy for (a) TiC and
(b) TiB2, TiB2 + inert TiBp, and TiB7 + Ni.



improving the properties of the products. The addition of
nickel yielded very attractive microstructures and a decrease
in post-densification cracking, as will be discussed in
Section 3. For the Ti + 2B reaction, pre-synthesized TiB2
was added (20%) to decrease the intensity of the reaction.
And experiments are under way in which SiC powder is
added to the Ti + 2B powder mixture to determine whether
a composite with good interfacial properties can be made
by this route. Reaction (3) uses raw materials that are
technologically much more attractive than the Ti + 2B and
Ti + C reactions due to the significant cost savings. The
cost of B2O3 is only a small fraction (< 1/100) of that of
boron, and TiO7 is considerably less expensive (< 1/10)
than titanium. Logan and co-workers [14] developed this
reaction and applied it, in a two-stage process (SHS +
grinding + hot pressing) to the production of the TiB2-
Alp03 composite. The following are the particle sizes of
the starting powders: Ti (<44 um), B (<44 um), C (<2
pm), TiO2 (0.3 pm), Al (< 20 um), B2O3 (<40 pum),
Ni (< 3 um). These powders were mixed in the
stoichiometric proportions indicated by reactions 1-3 under
argon atmosphere in a glove box and ball milled in a PVC
jar with alumina cylindrical pellets for several hours in
order to achieve homogeneity. These powder mixtures
were subsequently compacted to 70% of the full density
by uniaxial quasi-static pressing. Subsequent to pressing,
the compacts were ignited by placing loose reactant
powder on top of them and inserting in this powder an
electric match. The electric current from a battery ignited
the loose powder, which then transmitted the combustion
wave through the compact. The products of combustion
synthesis are highly porous because of three principal
reasons:

(@) initial porosity of reactant mixture

(b) shrinkage associated with reaction, since

products have higher density than reactants

(c) trapped gases and gas escape routes generated

during combustion.
Figure 1 shows the porosity for four different combustion
products. The density varies from 30 to 50 % of the
theoretical value, and pores have a spherical morphology
and are interconnected.

Densification within a time interval of 1-4 seconds
after the completion of reaction was carried out
dynamically, in a high-speed forging machine, and quasi-
statically, in a uniaxial (screw-driven) mechanical testing
machine. The high-speed forging machine is shown in
Figure 2. This machine uses a forging hammer driven by
compressed nitrogen gas, at velocities varying between 5
and 15 m/s. The forging hammer has a punch which
impacts the sample, contained in a closed die and insulated
from the surroundings (Figure 2(b)). Upon consolidation,
the forging hammer is raised and an ejector removes the
sample from the die (Fig. 2(c)). Slow cooling in a
furnace was used in order to minimize thermal stresses and
associated cracking. Disks with 10 cm diameter were
successfully forged by this method and densities in excess
of 96% of the theoretical value were obtained. The final

density increased as the specific energy imparted by the
hammer to the sample increased. Figure 3 shows the
density of compacts as a function of machine kinetic
energy. This energy is calculated by dividing the kinetic
energy of hammer at the beginning of compaction by the
mass of specimen. It is, of course, recognized that the
conversion process is only partial and that substantial
fractions of energy are transferred to the machine frame.
Nevertheless, it is possible to estimate the flow stress of
the hot ceramic from a simple analysis, based on the
Carroll-Holt equation [23] for porous plastic materials.

E=-32-o,;[aolnao-(ao- 1)In(00-1)- o In o]
P
Eq.1

E is the plastic deformation energy, oQ and o are the
initial and final distentions, respectively, (distension is
defined as the ratio between the specific volumes of
compact and densified material), p is the material density,
and Gyg is the flow stress of the material. This model is
based on an ideally plastic material with Gyg constant.
For a value of the kinetic energy of the hammer of 74 J/g,
and assuming a "flow efficiency" between 0.1 and 0.4 (as
observed by Dorofeev and Prutsakov [24]), the values
obtained from Eqn. 1 are in the range 35-150 MPa for the
flow stress of TiC. The initial and final densities were
taken as 0.5 and 0.96 of the theoretical value,
respectively, in accordance with Figure 3(a). Dorofeev and
Prutsakov [24] estimated that only between 10 and 40% of
the hammer energy was absorbed by the powders. The
values of flow stress for TiC reported by Katz et al [25]
and Toth [26] are 100 MPa/1700°C and 50 MPa/1800°C,
respectively. By comparing the results obtained from the
Carroll-Holt [23] computation with the results of Katz et
al. [25] and Toth [26], one may conclude that they are, to
a first approximation, compatible.

The quasi-static experiments were devised to
develop a better quantitative understanding of the
mechanical response of the combustion synthesis
products. It should be realized that quasi-static
experiments are far from isothermal. Calculations
conducted by Jamet [19, 22] for a 2.54-cm diameter
cylinder of Alp03-TiB2 laterally insulated and confined
yield the curve shown in Figure 4. For comparison
purposes, the measured temperature vs. time curve for a
1.9-cm diameter TiC (+25% Ni) cylinder is plotted in the
same figure; these results were obtained by Dunmead,
Munir, and Holt [27]. The two curves show similar
trends, and the temperature of the reacted compact is
reduced to one half of its original value for a time between
25 and 80 seconds. The time interval during which the
specimen is deformed in dynamic forging is approximately
0.1-0.3-seconds and the process can be assumed to be
isothermal; in quasi-static testing, on the other hand,
times vary between 3-30 seconds. The results of Figure 4



show that temperature drops to as high as 500°C can be
observed within this time period.

Quasi-static densification experiments were
performed in a screw-driven Instron machine (capactiy:
20,000 1bs.). Figure 5(a) shows the assembly. Two
types of testing configurations were used: a confined test
(Figure 5(a)) and a punching configuration (Figure 5(b)).
Whereas the confined geometry enables a uniaxial strain
experiment, cooling is rapid because of the extensive
surface area of container walls and the temperature is not
uniform within the specimen during testing. The punch
(indentation) configuration has a much larger thermal
mass and the plastic deformation process is confined to the
central region. It also enables the identification of the
micromechanical deformation modes, which will be
discussed later in Section 4.

Microstructural Characterization

The microstructures produced may be compared
with those produced with the help of SHS reactions in
Dunmead et al. [28] and Miyamoto [29]. A brief pictorial
description of the microstructures obtained is presented in
this section. Optical, scanning, and transmission electron
microscopy were used to characterize the materials.

Figure 6 shows the microstructure of (a) TiC and
(b) TiC + 25 wt% Ni. TiC is equiaxed and some
intergranular porosity is evident. The average grain size,
as determined from the linear intercept, is 44 um. The
addition of 25 wt% Ni creates a continuous metallic phase
enveloping the TiC grains, which acquire a spheroidal
morphology. Transmission electron microscopy (Figures
7 and 8) reveals the features in greater detail. Noteworthy
is the presence of dislocation arrays in some TiC particles
(Figs. 7(b) and 8(a)) and their absence in nickel (Figs. 7(b)
and 8(b)). The nickel phase was considerably damaged by
ion milling but is shown to exhibit very large grains
devoid of dislocations. The grain boundaries are clean and
free of impurities; this is a positive microstructural
feature.

Titanium diboride exhibited a microstructure
characterized by more irregular grains, with a tendency
towards greater diversity of grain size. The addition of 25
wt% inert TiB2 powder to the reactive mixture (in order to
decrease the energy evolved in reaction) undoubtedly
contributed to this, and the bonding between these
powders was not always optimum; Figure 9(a) shows
these features with regions in which bonding is not
optimum, marked by arrows. The addition of 1.5 wt% Ni
resulted in significant microstructural improvement,
Figure 9(b). Nickel forms a thin layer at the grain
boundaries, acting as an effective binder. Transmission
electron microscopy showed a mixture of annealed and
deformed grains. The grain in the center part of Figure 10
is highly dislocated, while the one on the right top side is
annealed. This mixture of annealed and dislocated grains
seems to be indicative of recrystallization processes taking
place after plastic deformation.
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The product of reaction 3, Al1203 + TiB?, is shown
in Figure 11. The two phases are characterized by a large
difference in grain size and morphology. The TiB7 phase
is heterogeneously distributed in an Alp03 matrix with
the calculated proportions: TiB2 (27 vol%) and Al03
(71 vol%). The TiB) phase is formed as clusters and long
needles with a diameter of ~1 pm. The Alp03 phase has
a much larger grain size (on the order of 50 pum). Figure
11(a) shows a scanning electron micrograph of a fracture
surface, depicting TiB2 and A103 phases, as indicated by
A and B, respectively. Figure 11(b) shows a polished
section, in which the rod-shaped TiB2 and clusters of TiBp
grains embedded in the Al203 matrix are clearly visible.
This microstructure is characterized by a continuous
AlR03 phase in which TiB2 reinforcements are embedded.
Figure 12 shows transmission electron micrographs of
this material. The arrays of parallel-faced grains (TiBp)
with voids (marked by arrow) are evident in Figure 12(a),
while Figure 12(b) shows a dislocation array (quite an
uncommon feature).

SiC (in particulate and fiber morphologies) was
added to a Ti + 2B mixture in order to determine whether a
reaction occurs. Figure 13(a) shows the microstructure of
a mixture with 20% SiC; the darker phase is SiC and the
lighter phase is TiB2. Complete wetting at the interfaces
is obtained. In some regions, a reaction between the
materials occurred, resulting in a eutectic solidification
with a characteristic eutectic structure shown in Figure
13(b). The addition of SiC fibers (Nicalon fibers with 12-
16 um diameter) led to reaction of these fibers and the
dissolution and re-emergence of SiC. Figure 13(c) shows
darker circular regions which are the traces of the original
fibers; the TiB2 matrix (lighter phase) is interspersed with
SiC that originated from the dissolution of fibers in the
matrix. In Figure 13(d) these fibers have lost the original
circular shape. Figures 13(a)-(d) show the good wetting
between the two phases that predict superior mechanical

properties. The evaluation of these properties is currently
under way.

Constitutive Modeling of Densification

In Section 2 two quasi-static densification
configurations are described (Figure 5): the confined
densification and the punch-shearing geometries. Whereas
the punch (indentation) configuration of Figure 5(c) is
currently being developed and implemented, a number of
experiments have been conducted on the confined
configuration which yielded, through analysis, a flow
stress dependence of temperature for the Alp03-TiBp
ceramic composite. The results are presented in greater
detail by Jamet [19, 22] and are summarized here.

A typical stress vs. density plot for the
densification of TiB2-Al203 is shown in Figure 14(a).
Three distinct densification regions can be identified. At
first, the increase in density at very low values of stress
corresponds to both compression of the loose powder
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Figure 6. Microstructure of combustion synthesized/

qu)fnamically compacted (a) TiC and (b) TiC + 25 wt.%
1.

b
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Figure 8. Transmission electron micrograph of TiC +

gﬁ%] ghogfna;s(rar;ms;lﬁfrg}ﬁ%?cm;aﬁ?:ﬁg of TiC + 20% Ni §howing (a) dislocation network in TiC grain and
(b) dislocations within TiC. (b) Ni-Ti-C boundary (arrow).
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Figure 10. Transmission electron micrograph of TiB2
showing grain with dislocations.

Figure 9. Microstructure of combustion synthesized/
dynamically compacted (a) TiB2 and (b) TiB2 + 1.5 Ni.
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Figure 11. (a) Scanning electron micrographs of fracture
surface showing TiB2 and Al70O3 phases; (b) optical
micrograph showing dispersion of needle-shaped TiB2p
grains in the A1203 matrix.
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Figure 12. Transmission electron micrographs of AlpO3-
TiB2 composite; (a) geometrical array of TiB7 grains;
(b) dislocation arrays in grain.



Figure 13. Microstructures of combustion synthesized TiB7 (from Ti + 2B reaction) and SiC; (a) and (b) addition of 20%
particulate SiC; (c) and (d) addition of 20% fiber.

52



added for ignition on top of the sample and the collapse of
the large flaky pore structure at high temperature (region
I). The slope of this range is very low. In an
intermediate stage (region II), stress starts increasing
regularly with density. This region can be attributed to
the end of the collapse of the largest pores combined with
the beginning of smaller pore elimination while
temperature is decreasing. The final stage (region III)
corresponds to the collapse of the small pore structure
accompanied by stiffening of the bulk material
(temperature drops due to heat losses). In that region,
stress dramatically increases when density reaches high
values. The effect of strain rate can be clearly seen in
Figure 14(b) where the slope of the stress-strain curve
increases with decreasing values of strain rate. Tests at
lower strain rate last longer, implying more heat losses, a
lower temperature, and attendant stiffening of the material.
Stress therefore reaches a higher value for the same
amount of strain.

By comparing the observed and predicted uniaxial
strain compression behavior (using a modified
densification model of the hot porous material in which a
temperature dependent flow stress is incorporated), it is
possible to obtain a preliminary value and to approximate
the variation of the flow stress of porous TiB2-A1203
with temperature.

The general expression of the yield criterion for
ductile porous materials in an isothermal experiment is:

AJ, + BI12 = 8Y(2 = YR2 Eq.2
where different expressions have been proposed for A, B,
and § in terms of relative density. J2 is the second
invariant of deviatoric stress component and I, the first
invariant of the stress tensor. Y() is the yield stress of the
fully dense material, and YR its yield stress at
corresponding relative density R. For the specific case of
uniaxial strain compression (repressing) of an
axisymmetric body, it is assumed that der = deg = 0 and
or =09 = [V/(1-v)]oz (v being Poisson's ratio of the
material). -

For porous materials, Kuhn and Downey [30] found
the relationship between R and v to be R2=2v. In the
model they proposed, A =2 + RZ and B = (1 - R2)/3, and
8 = 1. The yield criterion is then given by :

(2.89) |2

(1-r%)(2+r?)
On the other hand, Doraivelu et al. [31] introduced

the dependence of yield stress on relative density via a &
term :

c‘z(R)= Yo Eq. 3

5=R*-R?

Eq. 4
1-R? 1
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According to that model, the critical density (R¢)
where the compact loses all mechanical strength was
chosen to be the density at the beginning of consolidation,
R¢ = 0.4 (40% of the products' theoretical density). Such
a choice was made because of the presence of a liquid
phase during the reaction (Taq = 2175°C) for the TiB2-
Al203 system and the first stage of compaction (before
solidification of the alumina phase at Tam = 2080°C).

A temperature dependence must be added to
Doraivelu's modification [31] of the Kuhn and Downey
[30] equation and Y() has to be replaced by a temperature
dependent term Y(T). As a first approximation, it is
assumed that the dependence of yield stress on temperature
is given by :

Y(T)=Yo(l-—I-lI-"-—)

T.m - TO Eq. 5
where Y is a "pseudo” yield stress at Tg = 25 °C, the
room temperature. Since the liquid alumina phase exists
until Tam = 2080 °C, the flow stress can be assumed to
be zero between the adiabatic temperature Tad and Tam.

The stress-density relationship describing the hot
porous material behavior during consolidation that
includes the effect of temperature is obtained by
substituting equation (5) into the modified form of (3) :

T-ToKRz-R.f{ (2-r?)
Tam-ToA 1-R2/ |(1-R¥)(2 + RY)

Eq.6

Equation (6) depends explicitly on temperature and

density, and also implicitly on time via T and R. The

temperature as a function of time was obtained by Jamet

[19, 22] and is shown in Figure 4. It is analytically
expressed as:

1
2

4R, T)= Yu(l .

T =25+ 2150 exp (-0.0114¢) Eq.7
The Yo value was adjusted in order to match the
experimental curves; shown in Figure 15(a), where both
the model and experiment are represented, is an example of
good agreement for a typical quasi-static consolidation.
The "pseudo"” yield stress Y(Q that matches the
experimental results is 1.07 GPa. The evolution of the
yield stress within the temperature range of the quasi-static
consolidation experiments (1940-2175°C) is shown in
Figure 16. Ramberg and Williams [32] reported the yield
stresses of TiB2 as a function of temperature. The values
obtained from the model developed here are fairly
consistent with the results interpolated from Ramberg and
Williams' [32] data for TiB2. The value for Y that fits
the experimental results best is somewhat artificial,
because TiB2 and Al03 do not undergo plastic
deformation at room temperature and fail by fracture. The
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Figure 17. Cell structure of TiC and its break-up in
quasi-static indentation test; (a) original cell structure;
(b) fracture of cell webs; (c) fractured cell structure during
densification.
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Figure 18. Simplified model for cell structure and (a) its
plastic deformation and (b) break-up during densification
(From L. J. Gibson and M. F. Ashby, Cellular Solids,
Pergamon, 1988, pp. 143, 149).
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compressive strength of this TiB2-A1203 composite
would be closer to 4 GPa.

Preliminary tests were conducted using the punch
test shown in Figure 5(c). The temperature drop during
this test is much less significant. Interrupted densification
tests enabled the identification of the densification
mechanism. Figure 17 shows results from an interrupted
experiment. The cell structure is intact in regions far
from the punch and is totally destroyed under the punch.
There is a region where the cell break up mechanism could
be identified. This is shown in Figure 17(b). Sites,
where the cell walls are fractured, are identified by arrows.
Thus, the deformation mechanism in the TiC specimen
investigated was one of brittle fracture of the cells and
their subsequent densification. This indicates that the
material was at a temperature below the ductile-to-brittle
transition while being deformed. These observations do
not preclude ductile deformation, if the temperature is
sufficiently high. Gibson and Ashby [33] have developed
models for the elastic, plastic and fracture behaviors of
cellular materials. Based on their analysis, it is possible
to propose a mechanism for the "crush-up” process.
Gibson and Ashby [33] considered two types of cells in
foams: open cells and closed cells. The necessity of
paths for the escape of gases in the combustion synthesis
process indicates that the open cell is a better model.
Figure 18 shows the simple model devised by Gibson and
Ashby for open cells: they consist of beams with square
cross sections arranged in an orthogonal pattern. Plastic
deformation occurs by beam bending (Figure 18(a)), while
crushing occurs by fracture of the beams (Figure 18(b))
The dimensions of the beam (1 and t) are related to the
density of the porous material by:

pr o (L)’
P 11 Eq.8
pf and pg are the foam and solid density, respectively, and
t and 1 are the beam thickness and length, respectively.
The foam shown in Figure 17 has a characteristic length
(1) of approximately 50 pm. Since the initial density of
the material is ~0.5 pg, t is approximately equal to 35
um. Gibson and Ashby [33] obtained the flow and
fracture stresses of the foam by applying mechanics
principles to the geometries of Figure 18. For plastic
deformation, they arrived at:

g-0n(Ef 1+ 3]
Oys Ps Ps Eq.9
If the process is one of break-up of the cells, such as the
one shown in Figure 17(c), then Gibson and Ashby [33]
have the following equation:

< 065 (P_f)”‘
ox Eq. 10
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Here, ofs is the modulus of rupture, or the maximum
tensile stress that the surface of a beam exhibits at the
fracture point. Work is currently under way on the
extension of the simple Gibson-Ashby model to foams
exhibiting a distinction of cell sizes.

Conclusions

The densification of the products of combustion
synthesis was carried out quasi-staticaly and dynamically.
Immediate densification upon the completion of the
reaction was implemented leading to high densities (>
96%). This process benefits from the high rate of load
application because of the minimization of heat losses.
Progress is being made towards development of
microstructurally-based constitutive description of the
densification process.
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