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1. INTRODUCTION

At the Ballistic Research Laboratory (BRL), a processing method has been developed

to fabricate near full density TiB. and TiC structural ceramics. This technique utilizes an

exothermic, combustion synthesis reaction also known as Self-Propagating

High-Temperature Synthesis (SHS) to form a hot, porous, ceramic body. The reacted, still

hot, body is consolidated to high density by the action of a pressure wave from the

detonation of a high explosive, a method known as Dynamic Compaction (DC). This

technique, designated as SHS/DC hereafter, has been applied in the fabrication of a variety

of ceramic materials. A detailed description of this work is given by Niiler et al. (1988a,

1988b, to be published) and Benck et al. (1989).

The potential advantages of fabricating ceramics by SHS include self-purging of volatile

contaminants caused by the high reaction temperatures and the possibility of forming unique

material phases. A further advantage of the SHS/DC technique is that the use of

explosives to consolidate the reaction product is potentially cost effective, especially for

large sample sizes. However, the drawbacks associated with the method are the difficulties

in eliminating cracking from the final product, providing sufficient insulation so the sample

remains at a high temperature long enough for good intergrain bonding to occur, and the a

priori prediction of the synthesis reaction behavior. A review of the SHS process and its

characteristics can be found in a recent article by Munir (1988, 342-349).

The experiments of Niiler et al. (1988a, 1988b, to be published) established that the

overall integrity of the ceramic product was predominantly dependent on the compatibility of

reaction vessel properties and those of the compaction. It was found that the explosive

charge thickness determined the product density which, in turn, controlled the product

microhardness. Furthermore, the microstructures of the SHS/DC samples had significantly

different grain sizes and morphologies different from those of equivalent hot-pressed

materials. Both TiB2 and TiC samples were successfully fabricated with product densities in

excess of 98% of theoretical density (T.D.). However, the microhardness of the SHS/DC

materials, especially that of TiC, was found to be lower than fully-dense hot-pressed

materials.
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Further experiments with TiB2 and TiC were undertaken where the effects of precursor

powder impurity levels on the TiB 2 and TIC product density, microhardness, and

microstructure were of primary interest. In addition, the role of the impurities in the

intergrain bonding and their effect on the dynamic consolidation process were evaluated.

Since TiC is relatively stable over a wide range of carbon to titanium (C/Ti) atom ratios, the

feasibility of producing TiC with varying C/Ti ratios was also investigated. Additionally, work

was performed with ternary mixtures of titanium, carbon, and boron while attempting to

produce TiC-TiB2 composite structures using various TiB2 to TiC (TiB'/TiC) molar ratios.

Some of the properties of the composite structures will be described.

2. EXPERIMENTAL PROCEDURE

Several types of precursor powders with different morphologies and purities were used

to evaluate their effects on the product microstructure. The precursor powders are

described in Table 1. All of the powders were examined with Scanning Electron Microscopy

(SEM) and Energy Dispersive X-ray Analysis (EDS). They were dry-mixed under argon

atmosphere and uniaxially press3d at 35 MPa into disc-shaped green compacts. Based on

examination of the Ti-C phase diagram (Rudy, Brukl and Harmon 1965), the C/Ti ratio for

the TiC samples was varied from 0.7 to 1.0. In the TiB 2 experiments, only the

stoichiometric 2 to 1 ratio of bor )n to titanium (B/Ti) was used. The TiB'liC ratio in the
TiC-TiB 2 composites was varied from 0.00 to 0.43. In all of the ternary mixtures, a C/Ti

ratio of 0.8 and B/Ti ratio of 2.0 was maintained.

The green compact was packaged in the reaction vessel, reacted, and, when the

reaction was completed, the hot, porous reaction product was dynamically consolidated. A

detailed description of the reaction vessel design and dynamic consolidation procedure has

been reported by Niiler et al. (1988a) and Benck et al. (1989). The tests were carried out

in reaction vessels designed to achieve complete consolidation of the reaction product, i.e.,

to produce full or near-full density samples. As previously determined by Niiler et al.

(1988a, 1988b, to be published), complete consolidation required the use of c/m values

(explosive charge mass to compression plate mass ratio) for the TiC tests of 0.44 and a

2



TABLE 1. Description of Precursor Powders.

Designation Size Purity* Description Manufacturer

Ti-1 -325** 99.7 Titanium Atlantic (1)

Ti-2 -325 99.5 Titanium Micron Metals (2)

C-1 2 p.m 99.9 Graphite ConAstro (3)

C-2 0.05 gm 90.5 Carbon, Monarch 1300 Cabot (4)

90.5% fixed C content

C-3 0.05 pgm 99.5 Carbon, Sterling R Cabot (4)
99.5% fixed C content

B-1 -325 99.5 Boron, crystalline Atlantic (1)

B-2 -325 99.5 Boron, crystalline Starck (5)

B-3 5 pgm 96.5 Boron, amorphous ConAstro (3)

Manufacturer's Specified purity in percent.

** -325 mesh is equivalent to particle sizes less than 44 im.

(1) Atlantic Equipment Engineers, Inc., Bergenfield, NJ.

(2) Micron Metals, Inc., Salt Lake City, UT.

(3) Consolidated Astronautics, Inc., Milwaukee, WI.

(4) Cabot Corporation, Boston, MA.

(5) Hermann C. Starck, New York, NY.

c/m value of 0.22 for the TiB2 tests. The TiC-TiB2 tests were performed with a c/m value of

0.29. The reacted and shock consolidated ceramic samples were approximately 1.2 cm

thick with a diameter of 5.0 cm.

The effectiveness and uniformity of compaction in the ceramic disks was determined by

density measurements and optical microscopy. A diamond cut-off saw or an electrical

discharge machine was used to cut out the central region from the sample. The core

samples were cleaned, and the mass density was measured by Archimedes' water

immersion technique. These density measurements showed that, for 5.0 cm diameter disks,

the central 2.5-3.0 cm "core" region was most uniformly compacted with a variation in

density of about ± 0.5%. Circular cracks and delaminations were limited to the outer

periphery of the disks.
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Flat sections were cut from the core region for metallographic polishing. These pieces

were potted with a thermosetting diallyl-phthalate resin compound. Due to the extreme

hardness of the samples, only diamond grinding and polishing were found to be effective.

The samples were first planed with a 600-mesh diamond grinding wheel and then

sequentially polished on nylon polishing cloth with 6, 1, and 1/4 pRm diamond sprays to a

1/4 gm finish. No further preparation of the polished cross-sections, such as etching or

gold coating, was necessary for observation and analysis with optical or electron

microscopy.

An optical microscopy evaluation of residual porosity levels and grain microstructure

was followed by microhardness measurements. Hardness measurements were performed at

room temperature using a Knoop indentor with both 100-g and 400-g test loads. With the

100-g test load, the indent usually extended over a single grain and thus was a measure of

the material's single grain or intrinsic hardness. However, with the 400-g test load, the

indent extended over several grains and thus indicated the material's overall or extrinsic

hardness including grain boundary and porosity effects. The values reported here are

averages from at least 15 individual measurements. The polished cross-sections and
fracture surfaces from the sample were examined with SEM and EDS for grain structure,

intergrain bonding, and impurity concentrations.

3. RESULTS AND DISCUSSION

During routine post-compaction evaluation of the SHS/DC ceramics, it was found that

several of the samples contained iron in the grain boundaries. As iron and titanium can

form relatively low melting point intermetallic phases, the presence of any iron in the
samples has potentially serious consequences. The fact that the iron was segregated into

the grain boundaries is also significant because a secondary component, in such locations,

can ultimately determine the material's properties (Kny and Ortner 1986).

Since iron contamination from fixture sources external to the reacting green compact

was excluded by the use of a sheet graphite barrier surrounding the sample, other sources

of the iron had to be considered. Iron contamination may have been introduced by the

precursor powders as steel equipment is commonly used in the size reduction and milling of

4



titanium powders. EDS and Inductively Coupled Plasma (ICP) analyses revealed that, in

spite of quoted purity levels of 99.7%, some of the precursor powders were contaminated

with much higher levels of iron. In the Ti-1 powder (see Table 1) the iron impurity varied

from approximately 1 wt/o to 3 wt/o, lot to lot. The B-1 boron powder was also found to

contain a similar, high level of 3 wt%/6 of iron. Subsequently, other titanium and boron

powders were obtained, namely Ti-2 and B-2, and with ICP analysis they were found to

contain a minimal amount of 0.1 wt/o iron. The amorphous boron contained less than 0.1%

iron. SEM analysis indicated that the two crystalline boron powders, B-1 and B-2, had

equivalent particle morphologies and size distributions. The two titanium powders, Ti-1 and

Ti-2, also were found to have equivalent morphologies and size distributions. The effects of

the iron and other impurities on the SHS/DC processed TiB2 and TiC, as well as the effect

of variation of the C/Ti ratio on TiC, are discussed in the following sections.

3.1 TiB2. As reported previously, the crystal structure of SHS/DC TiB2 is polycrystalline

with individual crystals forming from a melt (Niiler et al. 1988a). This is due to the fact that

the combustion synthesis process produces temperatures in excess of the melting

temperatures of both the precursors and the product TiB2. With the addition of the frictional

heating associated with the dynamic consolidation process, the fully dense product is

homogenized and possibly remelted. This resulting structure is different from the structures

of various TiB 2 materials produced by hot-pressing techniques. The hot-pressed TiB2

structures usually consist of equiaxed, polycrystalline grains with some type of sintering aid

still present in the grain boundaries.

Figure 1 shows backscattered electron photomicrographs of four TiB2 samples. A

commercial, hot-pressed (CHP) sample is shown in Figure 1A and three SHS/DC TiB2

samples (DC1, DC2, and DC3) are shown in Figures 1 B, 1C, and 1D, respectively. Sample

DC1 was made with the iron-free crystalline boron (B-2) and iron-free titanium (Ti-2)

precursors. Sample DC2 was made with the iron contaminated precursors, B-1 and Ti-1,

while sample DC3 was made with the amorphous boron precursor (B-3) and the iron-

contaminated Ti-1 precursors. The density and microhardness results for the TiB2 samples

are summarized in Table 2. The sample densities were normalized to the theoretical

density of TIB2, 4.50 g/cm3. The bright areas in Figure 1 are various impurity rich phases,

the light-gray areas are TiB2 grains, and the dark-gray areas are closed pores. A
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TABLE 2. TiB2 Results.

Sample Density Microhardness

(% T.D.) HK (100 a) HK (400 MI

(GPa)

CHP 98+ 33.6 ± 1.3 21.4 ± 1.1

DC1 98.0 34.6 ± 0.8 22.4 ± 0.6

DC2 98.0 32.6 ± 1.3 23.5 ± 0.5

DC3 91.6 26.4 ± 1.4 17.5 ± 0.8

comparison of the DC3 and DC2 samples reveals the effect of the type of boron used, and

a comparison of the DC2 and DC1 samples reveals the effect of iron on the microstructure.

Due to the large volume of volatile impurities on the B-3 powder, the residual porosity
in the DC3 sample is high. In contrast, both samples made with crystalline boron have

little residual porosity. The hypothesis that a portion of the TiB2 melts under these

conditions is supported by the micrographs of polished surfaces of the TiB2 samples. The

DC2 and DC3 sample surfaces show grain shapes which are consistent with a section cut

through randomly oriented, hexagonal single crystal grains. This single crystal formation

could only occur during cool-down from a molten phase of TiB2. TiB2 crystals cannot be
seen by electron microscopy in the DC1 sample which was made from clean precursors.

However, back reflection X-ray topographs (Kingman, private communication) reveal the

presence of a sub-grain structure. Consequently, it may be concluded that in the absence

of iron, the TiB2 single crystals in the DC1 sample were able to spatially grow continuously,

merging together into larger grains. The DC2 and DC3 samples clearly show that the

presence of iron tends to arrest the growth of the TiB2 grains.

EDS analysis indicates that, in the SHS/DC samples, the iron impurity is limited to the

grain boundaries and is not detected within the TiB2 grains. Grain boundary regions of the

DC2 and DC3 samples show large amounts of iron. Only minute quantities of iron are

present in the grain boundaries of the DC1 sample. The bright regions of th3 hot-pressed

TiB2 sample contain cobalt, a known sintering aid in the hot-pressing of this TiB2.

Room temperature fractographs show that both porosity and the iron impurity reduce

7



intergrain bonding. Backscattered electron photomicrographs of the four TiB2 samples are

shown in Figure 2. While in the DC1 sample (see Figure 2B), the failure is by

transgranular fracture only, in the other samples (including the hot-pressed TiB2) failure

occurs by both intergranular and transgranular fracture. Since the 100-g microhardness

values are about the same (see Table 2), the increased number of intergranular fracture

sites in these samples indicates a reduction in the quality of intergranular bonding.

As shown in Table 2 for TiB2, a 98.0% T.D. has been achieved with the use of both

crystalline boron powders. When examining the density of the DC2 sample, the effect of

the iron found on the Ti-1 and B-1 precursors must also be considered. The 3 wt/o iron

impurity on these precursors is responsible for about a 1% increase in the overall sample

density. The use of amorphous boron in the DC3 sample results in a reduction of about

6% in density. This lower density is due to the larger volume of volatile contaminants on

the boron being expelled from the sample during the synthesis reaction, causing channels

and voids that do not heal under compaction. The particle size may also be a factor since

the smaller amorphous particles will result in a higher combustion rate and thus a more

violent expulsion of the impurities. Although the SHS/DC TiB2 samples are only 98.0%

T.D., their microhardness values are equivalent to, if not better than, the hot-pressed

sample. The lower hardness values of the DC3 sample with amorphous boron is caused

by its high porosity. Specifically, the porosity is so well distributed that there are very few
fully dense regions where a hardness measurement could be made without the collapse of

adjacent grains.

3.2 TiC. Like other Group IVA carbides, titanium carbide is the only intermediate

phase in the titanium-carbon binary system. The carbide has an interstitial NaCI crystal

structure that is stable from C/Ti ratios of 0.65 up to the stoichiometric composition. TiC

has a maximum melting temperature at a C/Ti value of 0.88, below the stoichiometric

composition (Munir 1988, 342-349). Previous investigations have demonstrated that the
properties of TiC depend strongly on the C/Ti ratio (Toth 1971; Miracle and Upsitt 1983,

592-597; Storms 1967; Yamada, Miyamato and Koizumi 1987, c206-c208). The fabrication

of TiC with different C/Ti ratios is very convenient and straightforward with the SHS/DC

8



0

LL o CU

Cu E

.2 cc,

CA

ED

~C

Xn -

0Cfl

0y E

(DCn

CUj

CL

cmJ

U.



processing method. Consequently, in addition to examining the effects of the iron on the

product structure, TiC samples with a range of C/Ti ratios from 0.7 to 1.0 were also

prepared and analyzed.

3.2.1 Effect of Iron Impurity. The effect of the iron impurity on the TiC microstructure

is shown in the backscattered electron photomicrographs of Figure 3 which show the three

SHS/DC samples, DC4 (3B), DC5 (3C), and DC6 (3D), along with a hot-pressed TiC

sample (3A). Sample DC4 was made with the iron-free titanium (Ti-2) and the graphite

(C-1) precursors. Sample DC5 was made with the iron-contaminated titanium (Ti-1) and the

graphite (C-1) precursors, while Sample DC6 was made from the iron-contaminated titanium

(Ti-1) and the carbon black (C-2) precursors. The density and microhardness results for the

TiC samples are summarized in Table 3. The sample densities were normalized to the

theoretical density of TiC, 4.93 g/cm 3.

TABLE 3. TiC Results.

Sample Density C/Ti Ratio Microhardness

(% T.D.) HK (100 g) HK (400 Q)

(GPa)

CHP 98+ 1.0 25.5 ± 0.6 19.4 ± 0.5

DC4 93.1 0.8 20.4 ± 0.6 16.3 ± 0.4

DC5 97.3 0.8 21.4 ± 0.6 17.3 ± 0.6

DC6 98.0 0.8 20.4 ± 0.6 16.3 ± 0.4

In the samples of Figure 3, the bright areas are the iron-rich impurity phases, the

light-gray areas are TiC grains, and the dark-gray areas are closed pores. Comparison of

the DC5 and DC6 samples reveals the effects of the carbon precursor, while comparison of

the DC4 and DC5 samples reveals the effect of iron on the sample microstructure. The

SHS/DC TiC grain morphology differs from that of TiB 2, consistent with the TiC grains being

10
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plastic but at temperatures below the TiC melting point. Additionally, the residual level of

the iron impurity significantly influences sintering and the grain morphology of the material.

Each of these factors is discussed in more detail below.

The grain morphology of the SHS/DC TiC samples consists of equiaxed, plastically

deformed grains. The grain size in the DC5 sample is approximately twice as large as the
grain size in the DC6 sample. This is a result of the respective grain sizes of the graphite

and carbon black particles. Specifically, the 2 pm graphite flakes tend to agglomerate into
10-20 pm clumps, whereas the submicron carbon black agglomerates into smaller 10 pm

clumps. Although the faint grain contrast in the DC4 sample makes observation difficult, the
grain morphology is similar to that of the DC5 sample. The residual porosity in the DC5

and DC6 samples appears to scale with the respective grain sizes. In particular, the size of
the triple junctions formed between larger grains tend to be larger than those between

smaller grains. The residual porosity of the DC4 sample, however, is well dispersed and

extremely fine.

EDS analysis of the samples and the precursor powders indicates that many of the
impurities found on the precursor powders remain in the product. This is significant

because at the reaction temperatures (2000-25000C), even "non-volatile" impurities

(e.g. iron) have sufficiently high vapor pressures (10-100 torr) that could allow their evolution
from the product. However, in all of the SHS/DC samples, the impurities are limited to the

grain boundaries only and are not detected within the TIC grains. Only titanium and iron

are seen in the grain boundaries of the DC5 sample. As is apparent from the lack of

atomic number phase contrast in the DC4 sample, no impurities could be detected. The

bright regions in the hot-pressed TIC sample contain tungsten and are probably WC. As
discussed in the TiB2 section earlier, the iron impurity on the Ti-1 powder also remains in
the SHS/DC TiC samples. The amount of iron in the DC5 and DC6 samples was
approximately 2.5 wt%. Analyses of grain boundary regions of the DC6 sample show the

elements titanium, sulfur, and chlorine in addition to iron. The source of the sulfur and

chlorine is the C-2 carbon black powder used in its fabrication, as verified by EDS and
vacuum outgassing experiments (Kecskes and Niiler 1989, 655-661) with this powder.

The residual impurities remaining in the samples affect the characteristic failure mode

of TIC. Figure 4 shows room temperature fractographs of the hot-pressed and the three

12
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SHS/DC TiC samples. The hot-pressed sample fails by transgranular fracture only. In

contrast, the relatively lower fracture strength of the SHS/DC samples is indicated by the

fact that, in these samples, failure occurs by both transgranular and intergranular fracture.
Additionally, it may be noted that the 100-g hardness measurements of individual grains are
lower for the SHS/DC samples tiian the hot-pressed sample. Based on the number of
intergranular fracture sites and the 100-g microhardness measurements, the intergrain

bonding in the DC4 sample is probably the weakest while the bonding in the DC5 sample
might be the strongest. It is believed that the use of "iron-free" powders in the DC4 sample

eliminates the iron impurity that otherwise acts as a binder (Ramqvist 1965, 2-21) between
grains and contributes to room temperature strength.

The segregation of impurities to grain boundaries is generally undesirable, but the
presence of a low melting point metal binder in the SHS/DC TiC samples evidently aids the

densification process. This effect was observed by Riley (Riley and Niiler 1987) in the low
pressure compaction of TiB2 and TiC and is already used in the Soviet Union to produce

cermet cuffing tools (Merzhanov et al. 1980). As seen in Table 3, the DC5 and DC6
sample densities are approxima t ely 4 to 5% higher than that of DC4 and comparable to the

density of the hot-pressed sample. As was the case with TiB2, the effect of the 2.5 wt%
iron impurity on the overall DC5 and DC6 sample densities is only about 1%. Therefore,

the presence of small amounts of a low temperature melting point phase significantly
enhances the densification. Another indication of the enhanced densification process can

be observed in the residual porosity of the samples (see Figure 3). The pores in both iron-
contaminated samples are predominantly at grain triple junctions. However, in the case of

the iron-free sample, the residual porosity is uniformly dispersed. It is speculated that when

the hot, porous SHS product is consolidated, the iron-rich phase remains molten, and when
the porosity is squeezed out of the bulk, the melt acts as a carrier of isolated pores. The
molten phase also reduces friction between TiC grains, thereby improving the overall

densification process.

Although the iron may be a lubricating agent during compaction, it does not appear to

affect the sample microhardness at room temperature. This can be seen from Table 3,
where all three SHS/DC samples show similar microhardness values. The lower
microhardness values of the SHS/DC samples compared to that of the hot-pressed sample

14



are a result of the C/Ti ratio of 0.8 used in these experiments (Niiler et al. 1988a). The

results of experiments where the effect of the C/Ti ratio on sample properties were

investigated are described next.

3.2.2 Effect of C/Ti Ratio. The effects on product density of varying the C/Ti ratio

from 0.7 to 1.0 are shown in Figure 5. This figure (5A) shows that the SHS/DC TiC sample

density is maximum for C/Ti of 1.0 and drops off for lower ratios. The theoretical mass

density of TiC is indicated by the solid line. However, when the ratio of the experimental

data to the theoretical value, i.e., percent T.D., is plotted, an interesting feature of the

SHS/DC process becomes evident (see Figure 5B). At lower C/Ti ratios, the

samples are closer to their full density. In other words, densification with dynamic

consolidation becomes more effective with decreasing C/Ti ratios. It is speculated that as

the C/Ti ratio decreases, the increasing number of carbon vacancies results in less

restrictive motion of the dislocations and thus easier deformation of the TiC grains.

Microhardness measurements of the SHS/DC and hot-pressed TiC samples are plotted
in Figure 6. The 100-g values for the stoichiometric composition SHS/DC sample exceed

that of the commercial, hot-pressed sample. The 100-g microhardness above a C/Ti ratio

of 0.95 remains constant, but below 0.95 the hardness steadily decreases with decreasing

C/Ti ratio. At 400-g, the SHS/DC microhardness is essentially the same as that of the
hot-pressed sample, reaching a maximum at C/Ti of 0.95, and then decreasing. These

400-g tests suggest that as CiTi ratios near 1.0, the intergranular bonds in the SHS/DC

samples are weakened. Additionally, as is evident from the figure and Table 3, the
hardness values of the DC4, DC5, and DC6 samples with a C/Ti of 0.8 fit the C/Ti ratio

dependence of TiC quite well.

SEM analyses of the TiC samples revealed a striking change in the characteristic

porosity and fracture mode with changing C/Ti ratios. Figure 7 shows backscattered

electron images of polished cross-sections from the hot-pressed TiC sample and the

SHS/DC TiC samples. It may be noted that for these samples, which were formed from
iron-free precursor powders, the grain to grain-boundary contrast observed with iron-laden

powders is absent. The lack of contrast also demonstrates that all of the precursors have

been consumed in the SHS reaction, and no precursor remants, such as unreacted titanium

or carbon, remain in the product. In Figure 7A, the structure of grain triple junctions that

arises from incomplete deformation of close-packed grains is well preserved in the residual

15



4.95

4.90 E.K. Storms, 1967

4.85

tv-)

E 4.80
0

c') 4.75

- .,o o(A)
. ~4.70

C 0
4.65

4.60

4.55

4.50 I I

1 0.95 0.90 0.85 0.80 0.75 0.70
C/Ti Ratio

100

99

9 8

97 .0

C 96

95

94

93 I I

1 0.95 0.90 0.85 0.80 0.75 0.70
C/Ti Ratio

Figure 5. Density Dependence of TiC. Mass Density vs. C/Ti Ratio in 5A and Percent T.D.
vs. CTi Ratio in 5B.

16



0

0 c 000
OooO

U.))

0000

oOC 72a'a
00 0 al

ot

cI,

AO LO

en0-

ssa p~jqo-oi- do u
[Dd!Do

170



Li-.

P

0

0

Cl)

CL- 0
0 :

18-



porosity. As seen in Figures 7B and 7C, when the C/Ti ratio is decreased to 0.95 and 0.9,
the triple junctions between grains begin to round and are eventually closed out of the bulk.
However, when the C/Ti ratio is further decreased to 0.8 and 0.7, as shown in Figures 7D
and 7E, another type of porosity which is extremely fine and evenly distributed throughout
the material becomes dominant. A possible explanation for the appearance of this type of
porosity will be discussed later.

Room temperature fractographs of the TiC samples show a generally mixed fracture
mechanism. Figure 8 shows backscattered electron images of representative fracture
surfaces from the TiC samples. Although the hot-pressed TiC has a relatively larger grain
size, the failure mode of the SHS/DC sample with C/Ti of 1.0 is essentially the same. The
failure mechanism changes from a predominantly transgranular fracture at C/Ti of 1.0 to
intergranular fracture at C/Ti of 0.7. The uniformly dispersed porosity of the TiC samples
with C/Ti of 0.8 and 0.7 in Figures 7D and 7E is indicative of increasing concentrations of
trapped volatile impurities. These impurities remain in the bulk because, at lower C/Ti
ratios, there is less heat available to drive them out. Thus, the change in the failure mode
is probably related to less heat energy being produced by the TiC reaction as the C/Ti ratio
is decreased. Furthermore, with less heat at lower C/Ti ratios, sintering is also reduced,
resulting in weaker intergrain bonds. The failure mode of TiC may also explain the turnover
in the 400-g hardness curve. SEMs of hardness indents show that at C/Ti of 1.0, the TiC
grains are so hard and brittle that when the hardness indent is made, rather than plastically
deforming to accommodate the indentor, the grains actually fracture and break up.

3.3 TiC-TiB,. The TiC-TiB2 composite system was investigated primarily in order to
combine the desirable properties of the TiC and the TiB2 SHS/DC processes. The TiC SHS
reaction is gentler, but TiC requires more effort to compact. In contrast, the TiB 2 product is
easier to consolidate, but the reaction is more violent. Therefore, it was postulated that a
TiC-TiB 2 mixture may produce a controlled SHS reaction with a product that is easier to
dynamically consolidate. Consequently, an intermediate c/m ratio was selected between the
c/m needed to consolidate TiC and the c/m needed to consolidate TiB 2.

Three TiC-TiB2 composites were fabricated, with TiB2/TiC ratios of 0.11 in the DC7
sample, 0.25 in the DC8 sample, and 0.43 in the DC9 sample. For comparison, a pure TiC
sample, DC10, was also prepared under the same conditions as the composites. In the

19



(0

I m N

C

0L

200



fabrication of these samples, the iron-contaminated powders Ti-1, B-i, and another carbon

black, C-3, were used. An additional sample, DC1 1, was also prepared with a TiB2/TiC

ratio of 0.25 using the iron-free Ti-2, B-2, and C-1 powders. The sample densities and

microhardness values are shown in Table 4. The density of each sample was normalized

to the corresponding theoretical density of the composite.

TABLE 4. TiC-TiB 2 Results.

Sample Density TiB/'iC Ratio Microhardness

(% T.D.) HK (100 g) HK (400 g)

(GPa)

DCl0 94.1 0.00 21.5 ± 0.6 15.5 ± 0.4

DC7 92.4 0.11 21.2 ± 0.7 16.7 ± 0.5

DC8 91.5 0.25 23.0 ± 0.8 16.6 ± 0.5

DC11 87.5 0.25 20.6 ± 0.4 15.8 ± 0.4

DC9 94.1 0.43 20.7 ± 1.0 16.6 ± 0.6

3.3.1 Effect of Iron Impurity. Backscattered electron images of polished cross-sections

of the DC1 1 (iron-free) and DC8 (iron-contaminated) samples are shown in Figure 9. The
micrographs reveal a highly heterogeneous system where both the TiC and TiB2 phases can

be readily distinguished. The light-gray areas are TiC, the dark-gray areas are TiB2, and

the black areas are closed pores. In the DC8 sample, the bright areas between grains
correspond to the iron impurity phase. Suprisingly, the TiB 2 phase consists of randomly

oriented single-crystal grains that are identical in appearance to the single crystals found in

pure SHS/DC TiB2, while the TiC grains appear to be the same as those found in pure

SHS/DC TiC. Although excess titanium powder was used to synthesize the SHS products,

as is evident in the figure, only TiC and TiB2 were formed. In other words, the composite

consists of a pseudo-binary mixture of TiB 2 single crystals or crystal aggregates spread

through a TiC matrix. This is significant because it implies that, as was observed in the

experiments with TiC, the SHS reaction consumes all of the reactants to form stable, if not

stoichiometric, end-products. It may be noted that this feature is attributed to the high

stability of the TiC lattice.
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The presence of iron appears to strongly alter the microstructural appearance of the

TiC-TiB2 composites. As evident in Figure 9, the TiB2 phase seen in the iron-contaminated

DC8 sample appears either as individual crystals forming between adjacent TiC grains or as

parts of larger aggregates. The aggregation of the crystals is probably caused by a

nonuniform and incomplete dispersion of the boron powder in the titanium-carbon powder

mixture. With the iron impurity absent in the DC1 1 sample, the dispersion of the crystals is

somewhat improved. The more immediate mixing of the two phases is demonstrated by

other microstructural features absent in the DC8 sample. As can be seen in the upper left

portion of Figure 9A, there are whisker-like TiB2 structures a few microns thick and

20-30 Im long. A careful examination reveals that these crystallites are actually hexagonal

TiB2 platelets. Randomly oriented stacks of such TiB2 platelets appear to alternate and mix

with similar size TiC layers. It is speculated that in the absence of the iron impurity phase,

the molten TiB2 phase can readily penetrate and crystallize between the loosely stacked

graphitic TiC layers during the SHS reaction.

The room temperature fracture surfaces of the DC8 and DC1 1 samples are shown in
Figure 10. Both samples fail with a mixed mode, intergranular and transgranular fracture.

Because the characteristic failure modes appear similar in the samples, the effect of the
iron impurity on the mechanical properties is difficult to ascertain. Additionally, as seen in

Table 4, the DC8 sample microhardness is similar to that of the DC1 1 sample. This

suggests that while the iron binder was found to contribute to room temperature strength in

the pure ceramics, its role is diminished by the presence of the secondary TiB2 phase in the

composite. Nevertheless, as observed earlier with TiC and TiB2, the use of iron-

contaminated precursors improves the densification process and results in a 4% increase in
the density of the DC8 sample.

3.3.2 Effect of TiB2/TiC Ratio. Backscattered electron images of polished

cross-sections from the SHS/DC TiC-TiB2 samples are shown in Figure 11 with the DC10
(TiC only) sample in 1 A, DC7 (TiB2 I'iC = 0.11) sample in 11 B, DC8 (TiB) TiC = 0.25)

sample 11 C, and DC9 (TiBJTiC = 0.43) sample in 11 D. As expected, with increasing

amounts of TiB 2 in the product, the TiB2 crystal aggregates also increase in size. The
residual porosity of the samples is bimodal. With only TiC present, the porosity consists of

uniformly dispersed, isolated pores that are limited to grain triple junctions and grain

boundaries. As TiB2 is introduced to form the composite, a second, much larger,
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millimeter-sized, closed type of porosity also appears. These larger pores tend to be

lenticular, having very large length-to-width aspect ratios, and are usually found in the

central regions of the TiC-TiB 2 ceramic disk. The smaller closed porosity is most likely

caused by an insufficient consolidation of the porous TiC product. The secondary porosity,

however, is probably caused by larger amounts of volatile impurities generated by the TiB2

reaction. Specifically, during the consolidation event, the molten TiB2 in the TiC lattice may

seal possible exit routes, thereby preventing the trapped gases from escaping.

The fracture properties of the TiC-TiB 2 composites are illustrated in Figure 12 with the

DC10 sample in 12A, DC7 sample in 12B, DC8 sample in 12C, and DC9 sample in 12D.
The sample fractographs indicate that when there is no TiB 2 present, the fracture mode is

nominally transgranular. However, as the amount of TiB2 in the composite increases, the
failure mode becomes increasingly intergranular. As is evident in the fractographs, the

addition of TiB2 reduces the average TiC grain size and appears to arrest grain growth. It
is suspected that in the presence of the iron impurity, the decrease in grain size and

corresponding increase in surface area cause the average bond strength to decrease, which
results in an overall weakness of intergrain bonds in the composite structure (Holleck, Leiste

and Schneider 1987, 149-154).

The densities of the TiC-TiB 2 samples are about 93% T.D. ari do not indicate an

improvement in the ease of densification with increasing amounts of TiB 2 (see Table 4).
When compared to the density of DC10, the reduction in the densities of the DC7 and DC8
samples suggests a decrease in compactability of the reaction product. Nonetheless, the

decrease in density or, conversely, an increase in sample buoyancy during the density
measurement may be attributed to the closed, TiB-dependent, macropores of the samples.

The microhardnesses of the samples do not appear to improve with the addition of TiB2 to

TiC. Possibly, the TiB2 crystals are so small and so well dispersed in the TiC matrix that
when the indent is made the much harder TiB2 crystals, without actually deforming, are just

pushed into the softer TiC matrix.
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4. CONCLUSIONS

In this study, SHS/DC TiB 2 and TiC samples have been produced at 98.0% T.D. and

microhardness values which are equal to or greater than commercially available hot-pressed

materials. Both TiB2 and TiC possess fracture properties that indicate an improvement in

intergrain bonding. The density of SHS/DC TiC with iron-free powders is slightly lower than

its hot-pressed equivalent, but its microhardness is comparable or possibly greater.

Several factors which influence the product microstructure of both ceramics have been

identified. At the SHS reaction temperatures, most of the solid or "non-volatile" impurities

have high enough vapor pressures to volatilize. However, it has been shown that the

evolution from the product or the self-purifying nature of the SHS process is limited. If the

SHS reaction is carried out with powders containing "non-volatile" contaminants, significant

amounts of these impurities will remain in the product, degrading the mechanical integrity.

If a metal (e.g., iron) remains in the grain boundaries, it may not only prevent sintering and

grain growth but may also weaken intergrain bonding, especially at high temperatures.

Furthermore, the presence of a low temperature phase in the grain boundaries limits the

use of the ceramic to temperatu-es below the melting point of such phases. In TiC, the

C/Ti ratio significantly alters the structure of the product TiC. The SHS/DC product has

maximum density and intrinsic hardness at C/Ti of 1.0. While densification improves with

lower C/Ti ratios, such values result in a corresponding drop in sample microhardness.

Consequently, the ideal composition for TiC made with the SHS/DC technique may be with

a C/Ti ratio of 0.95 to 0.90 where sufficient density is achieved without significantly reducing

the microhardness.

In the ternary Ti, C, and B mixtures, only TiC and TiB2 were formed. This is consistent

with the combustion synthesis process where all of the components are consumed by the

reaction. Since neither density nor microhardness was found to significantly improve with

increasing TiB 2 concentration, it is not clear what advantages, if any, the TiC/TB 2 composite

has over TiC alone. However, since the presence of TiB2 appears to limit grain growth in

TIC, small amounts of TiB2 could be used to provide such control when needed.
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