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1. INTRODUCTION

At the U.S. Amny Research Laboratory, the Combustion Synthesis/Dynamic Consolidation technique
(CS/DC) has been applied to fabricate titanium carbide and titanium diboride (Niiler et al. 1988, 1990).
In this technique, two independent processes, Coembustion Synthesis (CS) and Dynamic Compaction (DC),
are successfully combined into a two-step process to fabricate high- to full-density ceramics from
powdered precursors. First, an exothermic CS wave is propagated through a green compact made from
the powdered precursors, leaving a porous product at high temperatures. Second, the hot product,
contained in a suitable fixture which provides both insulation and strength, is consolidated and its porosity
reduced or eliminated by a pressure wave generated by the detonation of a high-explosive charge.

Previous efforts of Niiler (Niiler et al. 1988) and co-workers (Kecskes et al. 1990b) have elucidated
both the advantages and disadvantages of fabricating ceramics by CS followed by DC. The series of
experiments in the former (Niiler et al. 1988) have established the requirements for successful reaction
and compaction of TiC and TiB,. These included detailed descriptions of the reaction and explosive
fixtures, the identification of the critical parameters specifying the ideal consolidation conditions, and a
cursory fabrication cost analysis as well. The focus of the latter work was primarily directed to improve
the TiC and TiB, product characteristics by a more careful examination of the nature, relationship, and

type of precursors and the extent of their effects on the product microstructures.

By comparing the features of reaction products obtained from three key steps of the prucess, this
report provides one additional insight into the evolution of the product microstructures obtained during
the CS/DC process. In the first step, loose reactant powder mixtures were ignited in a closed container
which allowed the free, unconstrained expansion of the CS products. The products of this step will be
referred to as Combustion Synthesized, Free (CSF). In the second step, the precursor powders were cold
pressed into green compacts which were reacted in the fixture described in Niiler et al. (1988) and allowed
to cool slowly to ambient temperature. These second step experiments yielded information on the ~ffect
of the containment and thermal insulation provided by the fixture. These products will be referred to as
Combustion Synthesized, Contained (CSC), throughout the report. In the third step, a green compact
identical to that used in the second experiment was reacted in the fixture and, at the completion of the CS
reaction, the hot product was dynamically consolidated. A comparison of these samples to the CSC
samples provided insight into how the product structure and morphology evolve during consolidation. The




products from this third step will be referred to as Combustion Synthesized/Dynamically Consolidated
(CSDC).

In the following sections, pertinent results from the three steps will be discussed. Specifically,
attention will be focused on how the use of different precursors affects structure development and reaction
mechanisms in the combustion synthesized and dynamically compacted TiC and TiB,. Finally, inferences
regarding the advantages and limitations of this processing technique will be drawn.

2. EXPERIMENTAL PROCEDURE

Several types of precursor powders with different morphologies and purities were evaluated in terms
of their effects on the product microstructure. These powders are described in Table 1. Three types of
carbon and two types of boron were used. The carbon powders were graphite, carbon black, and carbon
fibers while the boron powders were amorphous and crystalline. All of the powders were examined with
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) to characterize
their morphologies and impurity levels.

The titanium-boron and titanium-carbon powders were dry mixed and ball milled for several hours
under argon atmosphere. The powder mixtures were uniaxially pressed into S0-mm-diameter by 30-mm-
thick, disk-shaped, green compacts. The applied pressure was 40-50 MPa for the titanium-carbon
mixtures, and 120 MPa for the titanium-boron mixtures. For the TiC samples, a C/Ti atom ratio of 0.8
was maintained while for the TiB, samples, a B/Ti atom ratio of 2.0 was used.

In order to prepare the CSF samples (step 1), a small quantity, 10 g or so, of loose powder from each
mixture was reacted in air in a 20-cm® closed, cylindrical container that allowed the reacting powder to
expand freely but prevented excessive post-reaction oxidation of the product. These products were highly
friable as they readily crumbled during handling. Due to their large expansion and rapid thermal quench,
these products reflect the morphology obtained shortly after the completion of the CS process. Two green
compacts of each mixture were prepared. The first compact was reacted in a CS/DC reaction-compaction
fixture (Niiler et al. 1988). In this case, the hot, porous reaction product was not compacted, but was
allowed to cool to ambient temperature. The reacting green compact in the reaction vessel is spatially
confined and thercfore constrained from expanding freely. Kottke (Kottke et al. 1990) has shown that this
constraint, especially with TiB,, affects both the reaction dynamics and product morphology. Samples




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 Metal (2)
C-1 0.5 pm 99.5 Graphite, Asbury (3)

Asbury 850
C-2 0.02 pm 90.5 Carbon, Cabot (4)
Monarch 1300,
90.5% fixed
C content
C-3 2 um 999 Graphite ConAstro (5)
C4 7.5 ym 99.0 Carbon, Textron (6)
AVCARB
PC30G,
760 pm long
c4¢ 7.5 ym 99.0 Carbon, Textron (6)
AVCARB
PC30G,
—44 pm long
B-1 =325 99.5 Boron, cryst. Adantic (1)
B-2 5 pm 96.5 Boron, amorph. | ConAstro (5)
B-3 0.07 pm 99.9 Boron, amorph. | Callery (7)

* Manufacturer’s specified size and purity in %.

Y _325 mesh is equivalent to particle sizes less than 44 pm.
€ After in-house processing.

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

(2) Micron Meials, Inc., Salt Lake City, UT.
(3) The Asbury Graphite Mills Inc., Asbury, NJ.

(4) Cabot Corporation, Boston, MA.
(5) Consolidated Astronautics, Inc., Milwaukee, WI.
(6) Textron Corporation, Lowell, MA.
(7) Callery Chemical Corporation, Pittsburgh, PA.




made by this procedure were designated CSCs (step 2). These samples usually expanded during the
reaction to fill the reaction fixture cavity and, consequently, were approximately 30 mm thick and
50-52 mm in diameter. However, it may be noted that, because of the violence of the CS reaction, in
some of the TiB, samples only about 70% of the initial green compact mass was retained. The second
compact was reacted in an identical fixture and, at the cessation of the reaction, the product was
consolidated into a dense ceramic by the action of an explosive charge. To produce nearly full density
TiC and TiB, samples, c/m valuecs (explosive charge mass to compression plate mass ratio) of 0.44 and
0.22 were used, respectively. These c/m values were sclected based on the experiments described in Niiler
et al. (1988) to optimize sample densities without producing excessive cracking. The experimental
procedures have been described at length in the above reference. These CSDC samples (step 3) were
approximately 12 mm thick with a diameter of 50 mm. With this procedure, each CSDC and CSC
product could be directly compared to the CSF morphology as well as that of the precursor powders.

Because the CSF and the CSC products retained at least 50% porosity, they were vacuum impregnated
with epoxy before being sectioned with a diamond cut-off saw and polished. Flat sections from the core
region of the CSDC samples, cut in an Electric Discharge Machine, were also mounted in a glass-fiber
reinforced thermosetting diallyl-phthalate resin compound and polished. Due to their extreme hardness,
all of the TiC and TiB, ceramics necessitated the exclusive use of diamond products during the polishing
procedure. In the usual sequence, the samples were first coarse ground until plane, then fine polished with
successively finer diamond sprays to a 1/4-um finish. Fracture surfaces were produced by impact loading
the CSC and CSDC samples. The polished cross sections and fracture surfaces from the CSC and CSDC
samples were examined with SEM and EDS for grain morphology, structure, and intergrain bonding. In
the case of the CSDC samples, the microscopic evaluation was followed by microhardness measurements.
Hardness measurements were performed at room temperature using a Knoop indenter with both 100-g and
400-g test loads. The reported hardness values are averages from a minimum of 15 individual
measurements. After the hardness measurements, the polished CSDC sample cross sections were etched
for grain size measurements. The etchant for TiC was a mixture of 1 part (by vol.) of concentrated HNO,,
1 part concentrated HF, and 1 part distilled HyO. The etchant for TiB, was a mixture of 10 parts (by vol.)
concentrated HCl and 1 part concentrated HNO;. The polished samples were etched until their grain
structure was clearly evident. The etching time for each sample varied from 30 seconds to several

minutes.



After etching, representative optical micrographs of the samples were taken at a magnification of
S00X. Rather than using the intercept method, the grain size of the samples was measured directly from
the micrographs using a computerized scanning device. To obtain a meaningful average grain size,
between 80 and 275 grains were measured from each sample. The area of the grains was measured using
Summagraphics0 scanning equipment and software. In particular, a digitizing scanner was used to trace
the outline of each grain. The area of each traced region was then calculated automatically. A
spreadsheet function was used to convert the area found from the micrographs into the area in square

micrometers.
3. RESULTS AND DISCUSSION

3.1 Titanium-Carbon System. Table 1 summarizes the sizes and purities of the titanium and carbon
precursor powders as listed in the manufacturer’s specifications. The first sample was made with the C-1
graphite, the second sample with the C-2 carbon black, and the third sample with a 50/50 at.% of the C-3
graphite and the C-4 carbon fibers. All of these samples were prepared with the Ti-1 titanium. A fourth
sample was also made with the C-3 and C-4 mixture. In this case, however, another titanium, Ti-2, was
used. The primary reason for the use of the mixture of graphite and fibers was that green compacts made
with carbon fibers alone would not hold together during preparation and handling. C-3 graphite, being
a larger particle size graphite than C-1, was used because it was expected to minimize the size mismatch

between the graphite and fiber precursors.

A special technique was developed to reduce the length of the carbon fibers. As-received TEXTRON
carbon fibers, titanium, and graphite powders were premixed by hand, primarily to break up the fiber
bundles, but also to distribute them fairly uniformly in the powder mixture. The powder mixture was then
uniaxially compressed at approximately 20 MPa. Under the applied stress, the long and relatively brittle
fibers buckled and fractured when bent around the smaller titanium particles. With repeated cycles, this
"fiber crushing technique” was quite successful in reducing the length of the fibers from their as-received
0.76 mm (760 pm) to a length of about SO pm (equivalent to -325 mesh), or less.

Secondary electron micrographs of the precursor titanium, graphite, and fiber/graphite-titanium mixture
are shown in Figure 1. The micrograph of the Ti-1 titanium (Figure 1A) reveals large particles with
average dimensions of 20-30 pm. AE titanium (see Table 1) was selected specifically for its high
(3 wt.%) contamination with iron to reduce excessive grain growth in the CSDC samples (Niiler et al.
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1988). The C-1 graphite (Figure 1B) is relatively uniform and fine with the flakes about 5-10 pm in
diameter and less than | pm thick. Though not shown in the figure, the C-3 graphite is similar to C-1,
consisting of uniformly flaked particles approximately 15-20 um in diameter and also less than 1 pm
thick. The C-2 carbon black particles (Figure 1C) are extremely small but readily form into 5-20-pm
rounded agglomerates due to electrostatic attraction. The C-4 carbon fibers in the fiber/graphite-titanium
mixture (Figure 1D) are about 50 pm in length and about 8 pm in diameter. The acicular particies in the
figure are titanium. It may be noted that the figure shows a fiber-rich area with the intent to demonstrate
a variation in fiber dimensions. That is, while no graphite flakes can be seen in the figure, a 50/50 at.%
fiber/graphite ratio exists in the mixture. SEM and EDS analysis of the graphite (C-1 and C-3) and carbon
fibers (C4) detected no impurities, while analysis of the carbon black (C-2) detected the presence of sulfur
and chlorine (approximately 1 at.%) (Kecskes and Niiler 1988).

The CSF products were extremely friable. Secondary and backscattered electron images of
representative areas of these CSF samples are shown in Figure 2. The product resulting from the reaction
of carbon black with titanium resembles the shape, but not the size, of the carbon black agglomerates
(Figures 2A and 2D). The particles are coarse and have a rough surface. The product made from the
graphite (Figures 2B and 2E) resembles the morphology of the graphite flakes with a somewhat smoother
surface. Additionally, as evident in the backscattered electron image (2E), this product, unlike the product
with carbon black, contains unreacted graphite flakes. The product resulting from the reaction of the
fiber/graphite mixture is the most distinctive. Figures 2C and 2F clearly show features that resemble the
precursor carbon fibers. As seen in the figure, these fiber-like structures are actually hollow TiC tubes
whose walls have a lizardskin-like appearance. Note the unreacted fibers in the image. The regions
between adjacent fiber-like structures result from capillary spreading of molten titanium around the
precursor graphite agglomerates. An enlarged secondary electron image of the fiber-like structures is
shown in Figure 3. The figure clearly shows that the exterior surface of the TiC tubes consists of a
network of equiaxed polycrystals. The significance of this substructure will be discussed later.

The backscattered electron micrographs of polished cross sections of the CSF powdered products,
shown in Figure 4, reveal that the equiaxed grain structure present in the fiber/graphite sample is
characteristic of all of the samples. The lighter grain boundary regions in all of the samples contain the
iron impurity found on the Ti-1 powder. Although Figures 2A and 2D showed that the carbon-based TiC
"exoskeletal” particles appeared to be solid, it is evident from Figure 4A that these particles are actually
hollow rounded shells lined with 10-15 pm sized equiaxed grains much like the grain morphology of the




"JT PUE H Ul 10npoud SIAEIS/IqY oyl PUE d¢ pue g¢ ut 1onpoid
TINGAeIS 901 "¢ PUE Y7 Ul 1oapaid Joeq UoGHed ayi qnm S1onpoid JUL JS.) U1 JO SIgeult U0IIA]9 PUINEISYoeq pue AJepuods§ -z aundud







3P ul ojduies aideld/iaqij ay) pue ‘g ul ajdwes Ydelsd 'y ut umoys
ST J[dLWES YOE[q UOQED A |, S1onpoid JLL, puapmod JS.) 9yl JO SUONIIS Ss0I0 paysijod JO SydeIsoadil uondaje padnessyoeq ' andig

10




fiber/graphite samples which were shown in Figures 2C, 2F and 3. The same sized equiaxed grain
structure can also be seen in the graphite-based sample (see Figure 4B). In this case, the exoskeletal
structures consist of randomly oriented and bonded grains, heavily intermixed with open porosity. Similar
results can be seen in Figure 4C, where the cross sections of the hollow TiC tubes confirm the features
of Figures 3, 2C, and 2F. Note how the equiaxed grains lining the tube wall maintain a fairly round
cavity.

The CSC TiC samples, i.e., those reacted in the CS/DC fixture but not consolidated, were also
examined in the SEM. Backscattered electron images of polished and fracture surfaces of these CSC
samples are shown in Figure 5. The graphite sample is shown in Figures 5A and SD, the carbon black
sample in Figures 5B and SE, and the fiber/graphite sample in Figures 5C and 5F. The morphologies of
the CSC samples are less distinct and generally consist of the equiaxed, rounded 10-15 pm grains
interspersed with 50% open porosity. The grain size of these samples and those found in the lining of
the "exoskeletal” structures of the CSF samples are approximately the same. No evidence of the CSF
exoskeletal structures could be found in either the carbon black or graphite samples. In contrast, some
features of the fiber/graphite sample can be linked with those in the CSF sample. The porosity is
markedly different from that seen in the other two samples. About half of the porosity is small and
rounded, similar to that found in the sample with graphite. The remaining pores are elongated with a
uniform diameter. From their shape, it can be inferred that the <longated pores are caused by the presence
of long carbon fibers. Nevertheless, as apparent from the remaining figures with smaller carbon
precursors, the features of the CSC samples become less distinct. That is, the constraining effect of the
reaction fixture greatly reduces the impact of the precursor carbon morphology on the CSC product
morphology.

As revealed by the polished and fracture surface micrographs in Figure 6, the CSDC TiC
microstructures consist of equiaxed, rounded, or faceted grains which are interspersed with closed porosity.
The residual porosity, usually found at grain triple junctions, appears to scale with the grain size. The TiC
sample made with carbon black, Figures 6B and 6E, appears to have lower net porosities than those made
with graphite, Figures 6A and 6D, and fiber/graphite, Figures 6C and 6F. As shown in Table 2, no clear
correlation could be found between the morphology and size of the precursor carbon agglomerates or
individual graphite or fiber particles and that of the CSDC TiC samples. Fractographs of the samples
included in Figure 6 reveal a mixed intergranular and transgranular failure mode. Results of the TiC
microhardness measurements of the samples are listed in Table 3. As is evident from fracture surface
characteristics and microhardness values, the microhardness of all the CSDC TiC samples is similar.

11
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Figure 5. Polished and fracture surfaces of the CSC TiC samples. The graphite sample is shown in SA and SD, the carbon black sample in

5B and SE, and the fiber/graphite sample in SC and SF.




‘g0 PUE D9 Ul djdures onydeis/ioqi o4l pue 49 put g9
ur ojdudes ¥Ov{q UOQUED Y '(J9 PUE Y9 Ul UMOYS ST o[dWIBS oNUdeld dy ) Sojduies JIL IS, dUl JO SIJejINS JIRIOEL] PUE paysijod "9 dI6dig

N g
Ve vy
..\\....a...r- .x./, M.. i
WESRYNR: (5)

13




Table 2. TiC Sample Grain Size

Sample Precursors No. of Grains Grain Area,
(um?)
TiC-1 Ti-1 C-1 244 220.0
TiC-2 Ti-1 C-2 272 80.0
TiC-3 Ti-1 C-3/C-4* 228 1200
TiC-4 Ti-2 C-3/C-4* 83 560.0

* After in-house processing. See Table 1.
Table 3. TiC Sample Microhardness

Sample Precursors HK (100 g), HK (400 g),
(GPa) (GPa)

TiC-1 Ti-1 C-1 22.8+/-0.8 16.4+/-0.5

TiC-2 Ti-1 C-2 20.3+/-0.6 15.8+/-0.4

TiC-3 Ti-1 C-3/C-4* 20.6+/-0.8 13.6+/-0.3

TiC4 Ti-2 C-3/C-4* 21.4+/-0.5 16.1+/-0.2

* After in-house processing. See Table 1.

Previously, it has been shown that the TiC grain size is also strongly affected by impurities found on
the precursors (Kecskes et al. 1990a). Coupled with the well-known fact that impurities tend to form hard
phases at the grain boundaries, it is believed that the corresponding smaller grain siz.: of the sample with
carbon black is predominantly caused by the higher levels of volatile and solid impurities present in the
carbon precursor. To verify this hypothesis, an auxiliary experiment was performed to evaluate whether
any further grain growth could be achieved in any of the samples. A second 50/50 at.% fiber/graphite-
titanium compact was reacted and dynamically consolidated using the same graphite/fiber mixture, but
with an iron-free titanium Ti-2. Because of the lack of grain to grain-boundary image contrast in the

SEM, the polished cross sections were etched so as to reveal the grain boundaries. Optical micrographs

14



of the etched samples, TiC with Ti-1 (with Fe) in Figure 7A and TiC with Ti-2 (without Fe) in Figure 7B,
indicate a similar, equiaxed grain morphology. The TiC grains with Ti-2 (on the right) are approximately
an order of magnitude larger than the TiC grains with Ti-1 (on the left). Therefore, this experiment clearly
demcnstrates that in the absence of impurities, grain growth can increase dramatically. Conversely, grain
size could be controlled by careful adjustment of the amount and type of impurities.

From the physical features of the TiC microstructures presented above, it may be concluded that the
CSDC TiC morphology and grain structure is the same in all cases, regardiess of the type of carbon
precursor. This result is consistent with findings of previous investigators (Niiler et al. 1988, 1990,
Dunmead et al. 1989; Mullins and Riley 1989). In the confinement of the CS/DC reaction fixture, the
following reaction mechanism could be proposed. As the reaction front propagates through the green
compact, the titanium particles are preheated and melt (T (Ti) = 1,940 K, T, = melting point) ahead of
the reaction zone. The reaction begins with capillary spreading (Riley and Niiler 1987) and envelopment
of the nearby carbon particles by molten Ti. A significant factor in the TiC reaction is the fact that the
carbon precursor remains solid (T,,,(C) = 3,950 K, T, = sublimation point) throughout the process. At
the titanium-carbon interface, heat is generated as carbon is dissolved into the titanium followed by solid
TiC precipitating out of the titanium-rich melt. The observed equiaxed grain structure of the TiC samples
is consistent with the dissolution/precipitation mechanism (Dunmead et al. 1989; Mullins and Riley 1989).
As demonstrated in the auxiliary experiment, the precipitation mechanism is independent of the presence
of iron on the precursor titanium. The major consequencc of the iron, or any other dissolved impurity,
is to limit grain growth. By forming a eutectic with TiC, iron may also lower the temperature necessary
to produce a liquid phase. The unreacted carbon remaining inside the TiC shell most likely is consumed
by the action of impurity gases and transported to the titanium through this solid layer (Adachi et al.
1989). As the heat generation process terminates and the reacted TiC begins to cool, the grains forming
the shell probably retain their shape due to surface tension. However, in the spatially confining and
thermally insulating reaction fixture, these structures will tend to coalesce.

It has been shown that the precursor carbon fingerprint is gradually lost from the CSF powder samples
to the CSDC samples. In the context of the rcaction process described above, the resultant TiC
morphologies can now be explained. Since the heat loss in the CSF powders is quite rapid after the
formation of the TiC shell, grain growth is arrested. As a result, the morphology immediately after the
reaction is retained. In the CS/DC fixture, however, the more gradual heat loss, coupled with the
geometrical constraint of the fixture, causes the exoskeletal particles to adhere to one another, sinter, and
form new intergrain bonds. Under some circumstances when the carbon particles are large, some of the
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CSF pore morphology will be retained. Figures 5§ and 6 demonstrate that no significant difference in grain
size is observed in the CSC and CSDC samples. Therefore, it may be concluded that the primary function
of the consolidation is to close the open porosity. Furthermore, it is believed that the equiaxed grain
structure and the roughly identical grain size of the CSDC samples result from the dynamics of the
melt/precipitation process. This, in tumn, is mainly determined by the insulating properties of the fixture
and the reaction kinetics of the TiC system.

3.2 Titanium-Boron System. A similar set of experiments was carried out with TiB, as was done
with TiC. Three types of boron were compared, the size and purity of which are shown in Table 1. The
first sample was made with crystalline boron, B-1, the second sample with an amorphous boron, B-2, and
the third sample with an extremely fine, submicrometer, amorphous boron, B-3. In all o the TiB,
experiments, only the Ti-1 titanium was used.

Secondary electron micrographs of the horon precursors are shown in Figure 8. A micrograph of the
titanium powder (Figure 8A) is included for size comparison. The crystalline boron (Figure 8B) consists
of irregular polyhedra with a size range of 10-30 pm. The larger amorphous boron (Figure 8C) is similar,
but has a finer particle size. There are a few particles with 5-10 pm size but the majority of particles are
less than § pm. The submicrometer amorphous boron is rounded, with an approximate diameter of
0.1 pm. The fine particles agglomerate (Figure 8D) in a manner similar to the carbon black with an
agglomerate size of 10~30 pm.

The overall appearance and characteristics of the CSF TiB, samples were similar to those of the CSF
TiC. The melting point, adiabatic reaction temperature, and standard heat of formation for TiC and TiB,
are shown in Table 4. As can be seen, the melting points of both are about 3.200 K. A significant
difference between them is the fact that both reactants melt (T,,(Ti) = 1,940 K, T (B) = 2,570 K) during
the TiB, reaction, but not during the TiC reaction (T,,(C) = 3,950 K). Consequently, it would not be
surprising if this difference is reflected in the sample microstructure. Figure 9 shows both secondary and
backscattered electron micrographs of representative areas of the CSF TiB, samples with the crystalline
boron in Figures 9A and 9D, the larger amorphous boron in Figures 9B and 9E, and the submicrometer
amorphous boron in Figures 9C and 9F. The carbon-like exoskeletons that were seen in the TiC products
are absent in the CSF TiB, products. Instead, the samples consist of generaily similarly shaped grains and
the individual grains scale with the precursor boron size.
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Table 4. TiC and TiB, Reaction Parameters

Tic TiB,

3.290 3,190

3210 3,190
1840 | -3240 |

The morphology of the grains contained in the aggregates can be explained once the sample fragments
are dispersed, mounted, and polished. Polished cross sections of CSF fragments, shown in Figure 10,
reveal that each grain is a single crystal of TiB, with a hexagonal crystal structure. As seen in
Figure 10A, the size of crystals with crystailine boron is about 5-10 pm. In Figures 10B and 10C, the
samples with amorphous boron, the crystal size is smaller, 2-10 pm and 1-4 pm, respectively. The use
of amorphous boron affects the interior porosity of the fragments as well. In addition to the larger,
10-30 pm, closed pores found in all of the samples, samples with amorphous boron also contain a
secondary micrometer-sized porosity. These much smaller, closed pores are spread throughout the
aggregates and appear between individual crystals. This fine porosity is most likely caused by the larger
amount of trapped volatile impurities on the much larger surface area of the B-3 amorphous boron

precursors.

The results of the second set of experiments, CSC, with boron, are shown in Figure 11. Backscattered
electron images of polished and fracture surfaces with crystalline boron appear in Figures 11A and 11D,
the larger amorphous boron in Figures 11B and 11E, and the submicrometer amorphous boron in
Figures 11C and 11F. The figures show that these TiB, structures contain randomly oriented, hexagonal
single crystal grains. The definite dependence of crystal size upon boron type, observed in the CSF
samples, is absent. The CSC products consist of similarly sized 10-20 uym crystals. The porosity in these
samples with crystalline and larger amorphous borons remains about the same as that of the CSF samples.
The porosity in the sample with the submicrometer amorphous boron is, however, significantly different.
The disappearance of the finer intergrain porosity seen in Figure 10 for the CSF samples is likely related
to the considerable grain growth caused by the slow cooling and, consequently, enhanced sintering of the
CSC product in the reaction fixture.
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Analysis of the CSDC TiB, structures reveals trends similar to those already identified in the CSF and
CSC samples. Typical micrographs of polished and fracture surfaces are shown in Figure 12 with
crystalline boron in Figures 12A and 12D, the larger amorphous boron in Figures 12B and 12E, and the
submicrometer amorphous boron in Figures 12C and 12F. Again, the CSDC structures show the presence
of the TiB, crystals. Although the crystal size is generally similar among the samples, much like the
effect found with TiC carlier, there is a slight decrease caused by the difference in precursor purity. (See
Table 5.) An aspect of the grain morphology not reflected in the table but evident in the micrographs is
the fact that, in general, the TiB, crystals are not equiaxed. The polished cross sections indicate a definite
increase in the residual porosity with the use of finer amorphous boron. From the number of transgranular
fracture sites, it may be concluded that better intergrain bonding exists in the sample with crystalline
boron, i.e., the sample with the least porosity. As seen in Table 6, another consequence of the increasing
residual porosity is the decreasing microhardness of the CSDC TiB, samples. In fact, the overall sample
microhardness of the sample made with the submicrometer amorphous boron is only 50% of that of the
sample with crystalline boron.

The increasing porosity of the samples with decreasing boron size can be attributed to two basic
characteristics of combustion synthesis reactions. In the first, the self-purifying nature of the combustion
synthesis event causes the evolution of volatiles trapped on the precursors. In the second, due to the
increased surface contact between particles, reactions with finer precursor powders will have higher
reaction rates. The combination of increased reaction rate and the expulsion of trapped volatiles results
in a quite violent CS reaction that sometimes disrupts and breaks up the reacting sample. Thus, the use
of very small grain size amorphous boron can result in the undesirable combination of these two factors.

The reaction of titanium and boron is somewhat less complex than the titanium and carbon reaction.
Both components melt, intermix, and react in the reaction zone to form TiB,. Once the TiB, crystals
nucleate, they precipitate out of this melt. It is believed that the melting of both components causes the
titanium and boron reaction to be more rapid and thus more violent. The heat losses imposed by the
various containment fixtures used in these experiments coupled with the level of impurities on the
precursors, explains the resultant TiB, product structures. In the case of the CSF powders, both the rapid
heat loss and the evolution of volatile impurities cause the samples with finer boron to result in smaller
grain sizes. For the samples reacted in the reaction/compaction fixture, the effect of the expulsion of

impurities is still present. However, due to improved thermal insulation, heat loss in the reaction fixture
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Table 5. TiB, Sample Grain Size

= Sample Precursors ;o. of Grains= Grain Area,
(um?)
TiB,-1 Ti-1 B-1 255 130.0
TiB,-2 Ti-1 B-2 251 70.0
TiB,-3 Ti-1 B-3 214 90.0
Table 6. TiB, Sample Microhardness
l Sample Precursors HK (100 g), HK (400 g),
(GPa) (GPa)
[ TiB,-1 Ti-1 B-1 32.4+/-14 23.0+/-0.8
TiB,-2 Ti-1 B-2 24.5+/-0.6 15.3+/-0.7
TiB,-3 Ti-1 B-3 18.6+/-1.0 10.0+/-0.3

is greatly reduced. Therefore, over the long cooling period of the CSC samples, grain growth can take
place, causing the elimination of some fine trapped pores. Finally, as was observed with TiC, in the
dynamically consolidated TiB, samples, it is believed that the consolidation serves to close out the residual
porosity from the bulk. If the residual porosity is too extensive, as is the case with fine boron, the

effectiveness of the consolidation is limited.

4. CONCLUSIONS

Experiments were designed to determine the effect of the use of precursors with different
morphologies and purities on three fabricatior: processing steps to produce TiC and TiB, ceramics. In all
three stages, the characteristics of the precursor carbon and boron morphologies were found to influence
the product’s general characteristics and microstructure. While the type of the precursor had little or no
bearing on the underlying product grain shape or morphology, its purity was found to have a significant
role on the overall product structure. Specifically, all TiC samples consisted of equiaxed polyhedral
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grains, and all TiB, samples consisted of hexagonal single crystal grains. However, the variation of
product grain size with solid impurity concentration was found to be as much as an order of magnitude.
Similarly, the residual porosity and degree of intergrain bonding in the CSF and CSC products were

strongly dependent on the levels of volatile impurities in the precursors.

In the titanium-carbon system, the carbon precursor morphology affected the product morphology only
when the reactants were unconstrained. Whereas the exterior surface of the CSF products was found to
mimic the precursor carbon shape, the actual interior grain structure was independent of the type of carbon
and is believed to be determined by other factors. Due to improved thermal insulation and spatial
constraint in the confines of the reaction vessel, morphology differences in the CSC samples became less
pronounced. These differences were caused by the impurities found on the precursors and influenced the
degree of intergrain bonding and the level of residual closed porosity. With the imposition of dynamic
consolidation, any morphological differences remaining in the CSC samples were eliminated. In cases
where the intermediate CSC structure retained a high degree of porosity, some of the morphological
differences could not be entirely eliminated during consolidation.

In the titanium-boron system, the combustion synthesis reaction involves the melting of both
components, which results in the formation of a melt, nucleation, and subsequent precipitation of TiB,
crystals. The nucleation of the TiB, crystals occurs during or soon after the combustion synthesis
reaction. Comparisons of the CSF and CSC products revealed that the precipitation process was
unaffected by the geometrical constraints imposed by the reaction fixture. The fixture provided a
well-insulated environment for grain growth to occur. The type of boron was found to influence the
residual porosity of all three types of TiB, samples. When finer boron powders are used, the expulsion
of volatile impurities is so violent that dynamic consolidation alone could not eliminate the porosity of
the CSC samples.

In these experiments, it has been shown that the underlying grain morphology of CS/DC TiC and TiB,
is independent of the type of precursor used in their fabrication. However, the structural and mechanical
integrity of these ceramics were observed to be very much dependent on the initial conditions of the
precursors as well as on their handling during the various processing stages. Consequently, the
development and evolution of the CS/DC product and its intermediate structures could be easily
compromised without care in the selection and treatment of the precursors.
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