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Zirconium carbide (ZrC) and hafnium carbide (HfC) powders were produced by the
carbothermal reduction reaction of carbon and the corresponding metal oxide (ZrO; and
HfO,, respectively). Solution-based processing was used to achieve a fine-scale (i.e.,
nanometer-level) mixing of the reactants. The reactions were substantially completed at
relatively low temperatures (<1500°C) and the resulting products had small average
crystallite sizes (~50-130 nm). However, these products contained some dissolved oxygen
in the metal carbide lattice and higher temperatures were required to complete the
carbothermal reduction reactions. Dry-pressed compacts prepared using ZrC-based
powders with ~100 nm crystallite size could be pressurelessly sintered to ~99% relative
density at 1950°C. © 2004 Kluwer Academic Publishers

1. Introduction

Zirconium carbide (ZrC) and hafnium carbide (HfC)
are of interest for ultrahigh temperature applications
because of their high melting points (~3550 and
~3900°C, respectively), solid-state phase stability, and
good thermomechanical and thermochemical proper-
ties [1-5]. Other desirable properties of ZrC and HfC
include high hardness and wear resistance, high emis-
sivity, and high current capacity at elevated tempera-
tures. Hence, these carbides are promising materials for
cutting tools, thermophotovoltaic radiators, and field
emitter tips and arrays [1, 2, 6, 7]. In addition, ZrC is
useful as a nuclear reactor core material because of its
low neutron cross-section [8].

ZrC and HfC are usually synthesized by reacting
powder mixtures of carbon and the corresponding metal
(Hf, Zr), metal hydride (ZrH,, HfH,), or metal oxide
(ZrO,,HfOy) [1, 2, 5, 6,9-13]. In most cases, high tem-
peratures are required for the carbide-forming reactions
because the powders are mixed together on a relatively
coarse scale (e.g., micrometer-scale). This also leads
to metal carbide products with relatively large parti-
cle sizes. Hence, hot pressing is usually necessary to
produce bulk objects with high relative densities.

Recent studies have shown that ZrC and HfC can be
synthesized at lower temperatures by using precursors
that have been prepared by solution-based processing
methods [14-18]. Sham et al. synthesized ZrC pow-
ders using mixed solutions of zirconium r-propoxide

(as a zirconia source) and either ethylene glycol or
1,4 benzenediol (as a carbon source) [14]. Preiss et al.
used chelated derivatives of zirconium n-propoxide and
various soluble carbon-bearing compounds (including
those used by Sham et al.) to form ZrC fibers, films,
and powders [15]. Hasegawa et al. used mixtures of
zirconium 2,4,-pentanedionate and phenolic resins to
produce ZrC fibers with diameter >60 pum [16]. Hu et
al. used the same mixtures to produce nanocrystalline
ZrC powders and fibers with ~20 um diameter [17].
Kurokawa et al. produced large-diameter (>50 pm)
ZrC and HfC fibers by using solutions containing cellu-
lose acetate and metal alkoxides (zirconium n-butoxide
and hafnium isopropoxide) as the precursors for the car-
bon and metal oxides, respectively [18]. The aforemen-
tioned studies all showed (via X-ray diffraction analy-
ses) that ZrC or HfC phases can be formed at relatively
low temperatures compared to conventional methods.
However, very little information on the densification be-
havior of these materials was presented and it was not
reported if bulk samples could be fabricated by pres-
sureless sintering.

In the present study, ZrC- and HfC-based precur-
sors with a range of carbon/metal oxide ratios were
prepared from chelated derivatives of metal alkoxides
by varying the hydrolysis conditions and by adding
soluble secondary “carbon sources” (i.e., glycerol and
phenolic resin) during solution-based synthesis. The
solution-derived precursors were given heat treatments
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(pyrolysis and carbothermal reduction) to produce
nanocrystalline ZrC and HfC powders. Pressureless
sintering of the ZrC powder was investigated.

2. Experimental

The processing steps used to produce ZrC and HfC are
initially described below in broader terms in order to
provide the rationale for the synthesis methodology.
This is followed by the specific experimental details
used in the synthesis and characterization of each indi-
vidual metal carbide.

The synthesis approach is illustrated via the flow
chartin Fig. 1. A metal alkoxide, either self-synthesized
or obtained from a commerical vendor, was used as
an alcohol-soluble precursor for the formation of the
metal oxide reactant needed for the carbothermal reduc-
tion reaction. The metal alkoxide is refluxed with 2,4
pentanedione (also known as acetylacetone and often
referred to as “acacH”) in order to partially or fully con-
vert the metal alkoxy groups to a chelated metal diket-
onate structure (i.e., a metal pentanedionate, or “metal
acac,” in this case). (The extent of replacement depends
on factors such as the reflux time/temperature schedule,
“acacH”/metal alkoxide ratio, and solvent concentra-
tion.) The primary reason for carrying out the replace-
ment reaction is to produce a soluble metal-organic
precursor that allows for greater control over the hydrol-
ysis and condensation reactions that are carried out in a
subsequent processing step. In general, metal alkoxides
undergo more rapid hydrolysis/condensation reactions
than the corresponding metal diketonates and this may
result in uncontrolled precipitation of relatively large
precursor particles. The replacement reaction also al-
lows for more control over the carbon/metal oxide ratio

Metal Carbide Synthesis

Carbon Source

(Phenolic Resin, Glycerol)

Metal Alkoxide

AcAc-Modified
Metal Alkoxide

Hydrolysis/Condensation

Solvent Evaporation/Drying

Pyrolysis

Carbothermal Reduction

Figure 1 Flow chart for synthesis of metal carbide from solution-based
precursors.
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in the pyrolyzed powders that are subsequently pro-
duced (and used for the carbothermal reduction reac-
tions). For example, pyrolyzed materials with higher
carbon contents can be obtained by using precursors
with a higher degree of replacement of the alkoxide
groups. The flow chart in Fig. 1 also shows that another
method for increasing the carbon/metal oxide ratio in
the pyrolyzed product is to combine the metal-organic
precursor with a soluble carbon-bearing source in a mu-
tually compatible solvent. This can be done prior to or
after the “acacH” refluxing step.

The next solution processing step is to hydrolyze the
metal-organic precursor through the addition of water.
Hydrolysis is required to initiate condensation reactions
which, in turn, lead to the build-up of sol species with
three-dimensional structure. (The latter development is
important in order to obtain a reasonable ceramic yield
upon subsequent pyrolytic decomposition.) The extent
of the hydrolysis/ condensation reactions depends on
the water concentration and solution pH. The latter vari-
ables can be used to alter the size and chemical com-
position (i.e., metal/oxygen/carbon content) of the sol
species (and the powder product that is subsequently
obtained).

After the hydrolysis/condensation step, the solvent is
evaporated and a dried powder product is obtained. This
is followed by sequential heat treatments to (i) pyrolyt-
ically decompose the dried product and thereby form
a nano-scale carbon/metal oxide mixture and (ii) form
the metal carbide by carbothermal reduction reactions.

2.1. Zirconium carbide
The starting Zr-containing material was a zirco-
nium n-propoxide/n-propanol solution (i.e., 70 wt%
Zr(OC3Hy)4 in n-propanol, Alfa Aesar, Ward Hill,
MA). The zirconium n-propoxide was mixed with
“acacH” (i.e., 2,4-pentanedione, Alfa Aesar, Ward Hill,
MA) using molar ratios in the range of 0.25-0.33.
(Ethanol was used as a mutual diluent.) The resulting
solutions were refluxed at temperatures in the range of
130-195°C for 2 h. After refluxing, much of the solvent
was evaporated (to remove residual propanol and resid-
ual “acacH”) and then ethanol was added back to the
sol (ethanol/Zr molar ratios in the range of ~100-200).
The refluxed Zr-containing precursors were partially
hydrolyzed (at 50°C for 2 h) using acidic conditions
(HNOs3/Zr molar ratios in the range of 0.04-0.27) and
an H,O/Zr molar ratio of 24. Glycerol (C3HgO3, Fisher
Scientific, Fair Lawn, NJ) or phenol-formaldehyde
resin (“novolac” type, Georgia Pacific, Atlanta, GA)
were added to some solutions to increase the C/Zr ratio
in the powders used for carbothermal reduction. Glyc-
erol additions were made directly to refluxed solutions
(i.e., prior to hydrolysis) using glycerol/Zr molar ratios
in the range of 0.17-0.63. In contrast, phenolic resin
was added to hydrolyzed solutions as an ethanol-based
solution at a 1:1 molar ratio of C:Zr. Hydrolyzed solu-
tions were initially concentrated by rotary evaporation
and then dried to powders at 120°C (2 h).

The dried powders were subsequently pyrolyzed at
temperatures in the range of 800-1100°C (1-2 h) in a
flowing argon atmosphere to produce carbon/zirconia



mixtures. The C/Zr ratios in some of the pyrolyzed
(1100°C, 1 h) samples were determined from weight
losses that occurred upon further heat treatment
(1100°C, 1 h) in air (i.e., in order to remove carbon
by oxidative combustion). Sample weight losses dur-
ing argon pyrolysis and oxidative combustion were also
monitored in-situ using thermal gravimetric analysis,
TGA (Model STA 409, Netzsch, Exton, PA). Pyrolyzed
powders were subsequently heat treated at temperatures
in the range of 1200-1800°C (2 h) in flowing argon.
Selected heat-treated samples were characterized for
weightloss, phase development, chemical composition,
and crystallite size.

X-ray diffraction, XRD (Model PW 1800, Philips An-
alytical, Netherlands), was used to determine the phases
present and the ZrC lattice parameters in selected pow-
der samples. In addition, ZrC and ZrO; crystallite sizes
were calculated from the broadening of the XRD peaks
using the Scherrer Equation [19]. Selected pyrolyzed
and carbothermally-reduced powders were analyzed
for carbon and/or oxygen content based on analysis of
the CO; evolution during oxidative combustion (Sherry
Laboratories, Muncie, IN; LECO Corp., St. Joseph,
MI).

The sintering behavior was evaluated using a ZrC-
based powder prepared by carbothermal reduction at
1475°C. The powder was milled for 10 min to break up
aggregates using a Spex mill (Model 8000, Spex Cer-
tiprep, Metuchen, NJ). The milled powder was mixed
with approximately 10 vol% organic binder (polyvinyl
alcohol/polyethylene glycol mixture) and dry pressed
at ~250 MPa using a steel die with a cylindrical cavity.
The binder was removed by heat treatment at 1150°C
(1 hin argon). All samples were initially “pre-sintered”
at 1600°C (2 hin argon) and then subsequently sintered
at temperatures in the range of 1725-1950°C (2 h in
argon). The bulk densities of the samples were deter-
mined based on the weight and geometric dimensions of
the cylinder-shaped samples. In addition, the bulk den-
sity and open porosity were determined for some sam-
ples using the Archimedes displacement method with
distilled water as the suspending liquid. Relative (per-
centage) densities were calculated using a solid (“true”)
density value that was determined from the XRD lattice
parameter measurement.

2.2. Hafnium carbide

The starting material for HfC synthesis was hafnium
tetra-chloride (HfCly, Alfa AESAR, Ward Hill,
MA). This was used to synthesize hafnium tetra-
isopropoxide, Hf(OC3Hy7)4, following procedures in
the literature [20, 21]. The hafnium isopropoxide was
mixed with a large excess of “acacH” (i.e., Hf propox-
ide/“acacH” molar ratios in the range of 0.020-0.033)
with reagent-grade (Fisher Scientific, Suwanee, GA)
propanol/benzene solutions as a mutual diluent. Mixed
solutions were refluxed at temperatures in the range
of 145-155°C for 4 h. After refluxing, most of the
solvent was evaporated (to remove residual “acacH,”
propanol, and benzene) and then ethanol was added
back to the sols (ethanol/Hf molar ratios in the range
of 400-500). The Hf-containing precursors were then
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hydrolyzed at 45°C (1 h) under acid conditions using
an H, O/Hf molar ratio of 16 and HNO3z/Hf molar ratios
in the range of 0.18—1.54). It should be noted that a sec-
ondary soluble carbon source was not added to any of
metal-organic solutions, either prior to or after the hy-
drolysis/condensation step. Solutions were then given
the various heat treatment steps (i.e., solvent evapora-
tion/drying, pyrolysis, and carbothermal reduction) in
the same manner as described for the ZrC synthesis.
The synthesized products were characterized us-
ing the same methods described earlier. In addition,
some Hf-based solutions and powders were character-
ized by Fourier transform infrared spectroscopy, FTIR
(Model Nexus 870, Nicolet Instrument Corp., Madi-
son WI). An as-synthesized hafnium propoxide solu-
tion was concentrated (~84 wt% propoxide solution)
and subsequently loaded (under inert atmosphere) into
a KBr liquid cell for FTIR analysis. A sample refluxed
with “acacH” was concentrated (~4 wt% solution)
and subsequently deposited onto a porous KBr pow-
der compact. Vacuum was then applied to the solution-
infiltrated compact to remove most of the solvent prior
to FTIR analysis. An Hf-based powder produced af-
ter the hydrolysis, concentration, and drying steps was
mixed with KBr powder and pressed into a compact for
the FTIR analysis. (The two samples prepared with KBr
powder had exposure to the ambient air atmosphere, so
some adsorbed moisture was present in the compacts.)

3. Results and discussion

3.1. Zirconium carbide

An idealized reaction to produce stoichiometric ZrC by
carbothermal reduction (CTR) involves reacting carbon
and zirconia in a 3:1 molar ratio:

3C(S) + ZI'OQ(S) = ZI‘C(S) + 2C0(g) (D)

In this study, powders with different C/ZrO; ratios were
prepared by varying the solution synthesis conditions.
For example, Fig. 2 shows that C/Zr molar ratios in
pyrolyzed samples (1100°C, 1 h) were varied in the
range of ~1.6 to ~2.4 by changing the HNO3/Zr mo-
lar ratio (from 0.42 to 0.12, respectively) during solu-
tion synthesis. (In these experiments, the Zr propox-
ide/“acacH” molar ratio used in the refluxing step (at
195°C) was 0.33 and the H,O/Zr ratio used in the
hydrolysis/condensation step was 24.) Samples with
higher C/Zr molar ratios were produced using solu-
tions with glycerol or phenolic resin additions. Fig. 3
shows that samples with C/Zr molar ratios in the range
of ~2.4 to ~3.5 were prepared by using glycerol/Zr
molar ratios in the range of 0 to 0.63, respectively, dur-
ing solution synthesis. (The HNO3/Zr molar ratio was
0.27 and the “acacH” and water concentrations were the
same as used for the samples in Fig. 2.) Fig. 4 shows a
typical TGA plot of residual weight vs. temperature for
a solution-derived powder (dried at 120°C, 2 h) which
was heated (in argon) to 1100°C and held at temperature
for 1 h. (The sample was prepared using molar ratios
of 0.25 for Zr propoxide/“acacH,” 0.04 for HNOs/Zr,
and 24 for H,O/Zr. Phenolic resin was added at a C/Zr
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Figure 2 Plot of C/Zr molar ratio in pyrolyzed (1100°C, 1 h) samples
that were prepared using varying HNO3/Zr molar ratios during solution
synthesis.
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Figure 3 Plot of C/Zr molar ratio in pyrolyzed (1100°C, 1 h) samples
that were prepared using varying glycerol/Zr molar ratios during solution
synthesis.

molar ratio of 1.0.) Fig. 4 shows that pyrolytic decom-
position of the mixed precursor was mostly completed
by ~550°C, although small weight losses were ob-
served throughout the rest of the heat treatment. (There
was also a small weight loss of ~0.4% observed during
the 1 h hold at 1100°C.)

Fig. 5 shows X-ray diffraction (XRD) results for as-
dried (120°C) and heat treated samples (2 h at 800-
1400°C in argon) prepared from the same powder that
was used for the TGA experiment in Fig. 4. The as-dried
powder was amorphous. The XRD pattern for a sample
pyrolyzed at 800°C (2 h) shows weak and broad diffrac-
tion peaks that are due to tetragonal zirconia (¢-ZrO;).
The carbon present in the sample remained amorphous.
The only significant change in the XRD pattern for a
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Figure 4 TGA plot of weight loss vs. temperature for an as-dried
(120°C) precursor prepared from a (zirconium n-propoxide/phenolic
resin)-based sol.
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Figure 5 X-ray diffraction patterns for as-dried (120°C) and heat
treated (800-1400°C) samples prepared from a (zirconium n-
propoxide/phenolic resin)-based sol.

sample heat treated at 1100°C (2 h) is that the ¢-ZrO;
peaks increased in intensity.

The initial formation of ZrC was observed in the sam-
ple that was heat treated at 1200°C (Fig. 5). The XRD
pattern for this sample also shows that some ¢-ZrO,
had transformed to monoclinic ZrO, (m-ZrO;). ZrC
became the predominant phase after heat treatment at
1300°C, although a substantial amount of m-ZrO, and
t-ZrO, were still present. ZrC was the only crystalline
phase observed in the samples heat treated at 1400°C



TABLE 1 Chemical analysis and lattice parameter values of ZrC
powders

Processing Carbon Oxygen Lattice
temperature concentration concentration parameter
(°C) (Wt%) (Wt%) (nm)
1025 23.3 n.d. n.d.

1300 n.d. n.d. 0.4694
1400 n.d. n.d. 0.4691
1475 13.4 33 0.4691
1800 11.3 0.1 0.4696

(Fig.5) and athigher temperatures (not shownin Fig. 5).
However, characterization results described below (i.e.,
measurements of weight loss, carbon and oxygen con-
tents, and lattice parameter) show that the 1400°C sam-
ple was not phase-pure stoichiometric ZrC. Instead, the
sample consisted of “zirconium oxycarbide” (i.e., ZrC
with some oxygen dissolved in the lattice) and some
residual amorphous carbon.

Table I shows the carbon and oxygen contents for
samples prepared from the same powder used in the
TGA and XRD experiments (Figs 4 and 5). A sam-
ple pyrolyzed at 1025°C (2 h) had a carbon content of
23.3 wt%. (This is equivalent to a C/Zr molar ratio of
3.1, i.e. assuming that the pyrolyzed material contained
only ZrO, and C.) Table I also shows that subsequent
heat treatment at 1475°C (2 h) produced a sample with
13.4 wt% carbon. This carbon content is greater than the
value of 11.6 wt% that would be expected if the sample
was phase-pure stoichiometric ZrC. Hence, it is appar-
ent that the sample retained some free carbon (XRD-
amorphous) after the heat treatment. Furthermore, the
sample also contained 3.3 wt% oxygen. Since ZrO; is
not observed in XRD patterns for samples heat treated
at or above 1400°C, it is evident that the oxygen present
in the sample was dissolved in the zirconium carbide
lattice.

Table I also shows that further heat treatment at
1800°C (2 h) produced a sample with carbon concen-
tration (11.3 wt%) equivalent to that of stoichiometric
ZxC (i.e., within experimental error of the measure-
ment). In addition, the oxygen content was reduced to
a very low level (0.1 wt%). The decrease in carbon
and oxygen contents for the 1800°C sample is consis-
tent with weight loss behavior that was observed (see
Fig. 6) when 800°C-pyrolyzed powder was heat treated
at temperatures in the range of 900-1800°C for 2 h.
Fig. 6 shows that there was still a significant weight loss
upon heat treatment above 1400°C, even though sam-
ples heat treated at (or above) this temperature showed
no residual ZrO; in the XRD patterns (Fig. 5). In com-
bination, the weight loss (Fig. 6) and the decrease in
carbon and oxygen contents (Table I) upon heat treat-
ment to 1800°C can be explained by a carbothermal
reduction reaction in which the reactants were zirco-
nium oxycarbide and free carbon:

ZrO0yCity—xys) + XCy) = Z1Cs) + yCOr)  (2)

The present study is consistent with previous stud-
ies which have shown that there is considerable solid
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Figure 6 Plot of weight loss vs. temperature for an 800°C-pyrolyzed
sample prepared from a (zirconium n-propoxide/phenolic resin)-based
sol.

solubility of ZrO, in ZrC [10, 22-24]. The ZrC
(face-centered cubic) lattice parameter decreases with
increasing amount of dissolved oxygen [10,22-24].
Table I shows the ZrC lattice parameters for sam-
ples prepared in this study. The lattice parameter was
0.4694 nm for the 1300°C sample. The value decreased
to 0.4691 nm for the ZrC in the 1400 and 1475°C sam-
ples. This indicates that either some zirconia dissolved
in the ZrC lattice as the heat treatment temperature was
increased (from 1300 to 1475°C) or that direct forma-
tion of an oxycarbide composition (instead of stoichio-
metric ZrC) was more favorable at the higher reaction
temperatures (i.e., at 1400 and 1475°C). With further
heat treatment at 1800°C, the ZrC lattice parameter in-
creased to 0.4696 nm. This result is again consistent
with the reaction shown in Equation 2 in that the lat-
tice parameter increased to a value that is expected for
near-stoichiometric ZrC [22-24].

Fig. 7 shows the average crystallite sizes (determined
by XRD measurements on the same samples shown
in Fig. 5) for each phase (ZrC, ¢t-ZrO,, and m-ZrO,)
as a function of heat treatment temperature. The ¢-
ZrO; crystallites remain relatively small (<20 nm) in
the pyrolyzed samples (800—1100°C). Rapid crystal-
lite growth begins with the onset of the carbothermal
reduction reaction above 1100°C. The crystallite sizes
for both the #-ZrO, and m-ZrO, phases increased from
~30-45 nm at 1200°C to ~110-130 nm at 1350°C.
The ZrC crystallites also increased from ~40 nm in
the early stages of the reaction (1200°C sample) to
~120 nm in the 1400°C sample (which contained no
ZrO, second phase). The close correspondence in crys-
tallite size growth for the ZrC and two ZrO; phases is
consistent with certain aspects of the reaction mech-
anism suggested by Maitre et al. [24] in a carbother-
mal reduction study carried out using mixtures of ZrO,
and C powders. In particular, they proposed that the
transformation proceeded by the “contracting volume”
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Figure 7 Plots of the t-ZrO,, m-ZrO,, and ZrC crystallite sizes (de-
termined from XRD line broadening measurements) vs. heat treatment
temperature.

mechanism in which growth of ZrO, C,, proceeds from
the surface to the interior of the ZrO, particles.

The densification behavior was investigated using a
powder which had a slightly carbon-deficient compo-
sition (relative to stoichiometric ZrC) after sintering.
The powder was prepared using molar ratios of 0.33
for Zr propoxide/“acacH,” 0.27 for HNOs/Zr, and 24
for HyO/Zr. The “acacH” refluxing temperature was
195°C. Phenolic resin was added at a C/Zr molar ratio
of 1.0. The heat treatment conditions for pyrolysis and
carbothermal reduction were 800°C (2 h) and 1475°C
(2 h), respectively. The reacted powder was milled for
10 min prior to dry pressing. The XRD pattern for this
powder showed ZrC as the only crystalline phase. The
crystallite size determined by XRD line broadening
measurements was ~100 nm. The powder surface area
was 17 m?/g. (This surface area is equivalent to a parti-
cle size of 57 nm if the particles were non-contacting,
non-porous, monosized spheres with true solid density
of 6.6 g/lcm>.) Dry-pressed powder compacts had a rel-
ative “green” density of ~44% after pyrolysis of the
organic binder at 1150°C (2 h). (The powder density
used for the relative density calculation was 6.6 g/cm?.)

Fig. 8 shows a plot of the sample bulk density vs.
sintering temperature. The bulk densities reported in
this figure were calculated from the sample weight
and geometric dimensions. The bulk density and open
porosity were also determined by the Archimedes dis-
placement method for the samples sintered at 1900
and 1950°C. The bulk density measurements for the
two methods gave similar values; the values for the
geometric vs. Archimedes measurements were 6.50
vs. 6.53 g/cm?, respectively, for the 1900°C samples
and 6.53 vs. 6.54 g/cm?, respectively, for the 1950°C
samples. The 1900 and 1950°C samples both showed
zero open porosity from the Archimedes measurement
method.

Fig. 8 also shows a plot of the relative density vs. sin-
tering temperature for the samples. The relative densi-
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Figure 8 Plots of relative density and bulk density vs. sintering temper-
ature for dry-pressed ZrC powder compacts.

ties were ~92, ~98 and ~99% for the samples sintered
at 1800, 1900, and 1950°C, respectively. The relative
densities for all the sintered (1600-1950°C) samples
were calculated by assuming that the solid true density
was 6.62 g/cm?®. The latter value was based on using the
lattice parameter measured on a powder sample which
had been heat treated at 1900°C (2 h) and by assum-
ing that the sintered samples were 100% stoichiometric
ZrC. In fact, samples sintered at the lower tempera-
tures probably still had some dissolved oxygen in the
ZrC lattice. (Some free carbon may have been present
also.) In addition, the samples sintered at the higher
temperatures were somewhat deficient in carbon rela-
tive to stoichiometric ZrC. The carbon contents mea-
sured on powder samples heat treated at 1800°C (2 h)
and 1900°C (2 h) were 11.0 and 10.8 wt%, respec-
tively. Hence, the solid true densities for the samples
probably varied with sintering temperature (from 1600
to 1950°C). Nevertheless, the values are not expected
to be significantly different from the assumed value of
6.62 g/cm’.

The maximum sintered densities obtained in this
study were equal to or higher than the values re-
ported in previous studies of ZrC sintering. In addi-
tion, the sintering temperatures (1900-1950°C) were
lower. Nezhevenko et al., Bulychev et al., and Lanin
et al. reported pressureless sintering of ZrC to maxi-
mum relative densities of 97-98% using temperatures
in the range of 2400-2600°C [25-27]. Barnier et al.
[28] also reported maximum relative densities of ~97
and ~98% by hot pressing at 2000°C (2 h) and 2300°C
(1 h), respectively, with an applied pressure of 40 MPa.

3.2. Hafnium carbide

Fig. 9 shows FTIR spectra for (a) concentrated
(~84 wt%) hafnium propoxide solution, (b) dried sam-
ple prepared after refluxing the hafnium propoxide so-
lution with excess “acacH,” and (c) dried powder pre-
pared after hydrolysis of the “acacH”-refluxed solu-
tion. The spectrum for the hafnium propoxide is in
good agreement with results reported by Lynch et al.
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Figure 9 FTIR spectra for (a) concentrated hafnium propoxide solution,
(b) dried sample prepared after refluxing the hafnium propoxide solution
with acetylacetone, and (c) dried powder prepared after hydrolysis of the
acacH-refluxed solution.

[29] (The latter researchers produced hafnium propox-
ide by the same method used in the present study, i.e.,
by reacting HfCl4 with isopropanol.) Fig. 9a contains
some additional peaks (i.e., besides those associated
with hafnium propoxide) due to the solvent compo-
nents in the concentrated solution (i.e., benzene and
isopropanol). Fig. 9b shows the spectrum for a solution
which was prepared by refluxing the hafnium propoxide
solution at 155°C (4 h) with a large excess of “acacH”
(i.e., molar ratio of 1:50). The propoxide was converted
almost completely to hafnium 2,4 pentanedionate (i.e.,
“hafnium acac”). This is indicated by the close agree-
ment of the spectral results shown in Fig. 9b with results
reported by previous researchers [30, 31] and by mea-
surements (not shown in Fig. 9) that were carried out
using a commercial source of “hafnium acac” (Strem
Chemicals, Newburyport, MA).

As noted earlier, metal diketonates are usually more
resistant to hydrolysis compared to the corresponding
metal alkoxide. This provides an advantage in subse-
quent processing because it allows for better control
over the C/Hf ratio that is subsequently obtained after
the high temperature heat treatments. Fig. 9c shows the
FTIR spectrum for the powder produced after hydrol-
ysis, concentration, and drying of the “hafnium acac”
solution. (The solution was prepared using molar ra-
tios of HO/Hf = 16 and HNO3;/Hf = 1.4, respectively.)
Hydrolysis of the “hafnium acac” precursor is indicated
by the large, broad peak for the OH stretching vibra-
tion over the range of ~2700-3700 cm™'. It is evi-
dent, however, that an extensive Hf-chelate structure
is still present in the as-dried powder. For example,
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the strong symmetric and asymmetric stretching vibra-
tions (at ~1595 and ~1530 cm™!, respectively) from
C=0 and C=C bonds in the chelate ring are still the
most intense peaks in the spectra. Fig. 9c also shows
peak broadening has occurred in the hydrolyzed sample
(e.g., in the ranges ~400-800 cm~! and ~1200-1800
cm~!) which presumably reflects the development of
a more complex and disordered structure (i.e., com-
pared to the “Hf acac”). Hydrolysis (and subsequent
condensation) reactions result in partial replacement
of Hf—O—C bonds (from the “Hf acac” structure) with
Hf—OH bonds and Hf—O—Hf bonds. (The substantially
amorphous character of this material was confirmed by
XRD analysis on a similar dried powder.)

It was possible to produce heat-treated powders
(pyrolyzed and carbothermally-reduced) with a wide
range of C/Hf ratios by using the fully chelated “Hf
acac” compound as the starting material for the hy-
drolysis/condensation. The composition was varied by
changing the acid and/or water concentrations used in
the hydrolysis/condensation step. For example, Fig. 10
shows the effect of acid concentration (i.e., HNOs/Hf
molar ratio) on the C/Hf molar ratio in pyrolyzed sam-
ples. (For these samples the Hf propoxide/“acacH” mo-
lar ratio used for refluxing (at 155°C) was 0.02 and the
H,O/Hf ratio used for hydrolysis/condensation was 16.)
Fig. 10 shows that pyrolyzed powders can be produced
with a C/HfO, molar ratio of 3, i.e., the composition
needed to produce stoichiometric HfC by carbother-
mal reduction. Note that this ratio was obtained with-
out using a secondary source of soluble carbon (i.e.,
in contrast to the method used to produce the near-
stoichiometric ZrC). Hence, near-stoichiometric HfC
can be produced by using a “single-source” solution-
based precursor.

Fig. 11 shows TGA results for an as-dried (120°C)
precursor which was heated (in flowing argon) to
1100°C and held at temperature for 1 h. (The sam-
ple was prepared using molar ratios of 0.02 for Hf

5.0

4.0}

3.0}

20}

C : Hf MOLAR RATIO
o

10t

0 0:4 0:8 1 I.2 1I.6 20
HNO, : H(OC,H,), MOLAR RATIO

Figure 10 Plot of C/Hf molar ratio in pyrolyzed samples that were pre-
pared using varying HNO3/Hf molar ratios during solution synthesis.
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Figure 11 TGA plot of weight loss vs. temperature for an as-dried
(120°C) Hf-O-C precursor prepared by solution-based processing.

propoxide/“acacH,” 1.4 for HNOs/Hf, and 16 for
H,O/Hf.) Pyrolytic decomposition of the dried pre-
cursor powder was mostly completed (~28 wt% loss)
by ~600°C. A gradual weight loss of ~1.5 wt% oc-
curred between 600-900°C and a more rapid weight
loss of ~1.5 wt% occurred between 900-1025°C. The
decomposition processes were essentially completed
by 1050°C; there was no weight loss above this tem-
perature (including during the 1 h hold at 1100°C). The
product was a black powder. Heat treatment of this pow-
der in air at 900°C for 1 h produced a white powder
with a yield of 84.9%. (X-ray diffraction (XRD) anal-
ysis on a separate, but similar, sample showed that the
oxidized product was monoclinic hafnium dioxide, m-
HfO,;.) Thus, the original 1100°C-pyrolyzed product
contained 15.1% carbon and a C/HfO, molar ratio of
3.1(i.e., assuming that the pyrolyzed material contained
only HfO, and C). Hence, the material was slightly
carbon-rich compared to the ideal C/Hf molar ratio of
3 for producing stoichiometric HfC by a carbothermal
reduction reaction analogous to the one shown in Equa-
tion 1 for ZrC.

Fig. 12 shows XRD results for samples heat treated
(in argon) in the range of 800-1600°C for 2 h. The
weakly crystalline phase in the XRD pattern for the
800°C sample is attributed to tetragonal hafnium oxide
(t-HfO,). (The carbon in the sample remained amor-
phous.) The identification of #-HfO; is not definitive
because it is difficult to distinguish between the tetrag-
onal and orthorhombic phases of HfO, [32, 33] as a
result of the weak, broad XRD peaks. However, the or-
thorhombic phase is apparently formed only under high
pressure conditions [34, 35], so it seems likely that the
HfO, in the 800°C sample was the tetragonal phase.
Fig. 12 shows that the ¢-HfO, became better crystal-
lized after heat treatment at 1100°C. (Once again, it is
difficult to rule out definitively the orthorhombic HfO,
phase because of peak broadening.) The formation of
some monoclinic hafnium oxide (m-HfO,) was also ob-
served in the 1100°C sample. In addition, the sample
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Figure 12 X-ray diffraction (XRD) patterns for heat treated (800—
1600°C) samples prepared from a solution-derived Hf-O-C precursor.

appeared to contain a trace of HfC (face-centered cubic)
[36]. It is difficult to be certain about the trace presence
of HfC because the broad peaks from the HfO, phases
would overlap with any weak HfC peaks that might be
present. However, the XRD pattern for the 1100°C sam-
ple shows a very slight shoulder at the 26 value (~33.4
degrees) for the most intense reflection for HfC (i.e., the
(111) peak). Fig. 12 shows that the peak intensities for
the HfO, phases increased upon further heat treatment
at 1200°C, especially for the monoclinic phase. The
presence of a small amount of HfC is now clearly evi-
dent in the XRD pattern for this sample. The m-HfO,
peak intensities continued to increase significantly in
the 1300°C sample, while only a small amount of ¢-
HfO, phase remained in the sample. The HfC peaks also
increased in intensity significantly, although m-HfO,
remained the primary crystalline phase. The phase de-
velopment observed from 800 to 1300°C in this study
can be contrasted to the results reported by Kurokawa
et al. [18] for samples heat treated in the range of 1000—
1300°C. The XRD patterns for all their samples showed
a single HfO, phase, with relatively broad diffraction
peaks, that was very similar to the phase identified as
t-HfO, in Fig. 12. The monoclinic phase was not ob-
served at any heat treatment temperature in their study.
In addition, only a trace of HfC was evident in their
XRD pattern for a sample heat treated at 1300°C.

Fig. 12 shows that a sample heat treated at 1400°C
(2 h) consisted mostly of HfC. The amount of m-HfO,
was reduced substantially compared to the 1300°C sam-
ple and no #-HfO, was present. The HfC peak intensi-
ties continued to increase for a sample heat treated at
1475°C and only a trace of m-HfO, was detected in the



sample. HfC was the only crystalline phase detected in
samples heat treated for 2 h at 1600°C (Fig. 12) and
at 1800°C (XRD pattern not shown in Fig. 12). Al-
though the 1475°C sample had only a small amount
of HfO,, several experimental observations indicated
that the carbothermal reduction reaction still contin-
ued to a significant extent at the higher heat treatment
temperatures, i.e., just as was observed with the ZrC-
based samples. First, there was significant weight loss
at heat treatment temperatures above 1475°C. For ex-
ample, the weight loss upon heat treatment from 1100 to
1475°C was 17.6%, while the weight loss was 23.3%
for heat treatment from 1100 to 1800°C. (The latter
value is close to the expected weight loss of 22.7% for
the ideal HfC carbothermal reduction reaction.) Sec-
ond, the overall carbon concentration for the 1475°C
sample was 8.3 wt%. This value is significantly greater
than the value of 6.3 wt% that would be expected if the
sample was phase-pure stoichiometric HfC. Hence, it is
apparent that the 1475°C sample retained some free car-
bon (XRD-amorphous) after the heat treatment. Third, a
different sample (but with similar overall composition)
was heat treated at 1500°C for 2 h and the measured
oxygen content was 1.6 wt%. Essentially all of this
oxygen must have been dissolved in the HfC lattice be-
cause HfO, was not observed at all in the XRD pattern
for this sample. (This result is consistent with previ-
ous studies that have shown that there is considerable
solid solubility of HfO, in HfC [2, 37]). Fourth, upon
heat treatment at 1800°C, the overall carbon concen-
tration decreased from 8.3 wt% for the 1475°C sample
to 6.7 wt% for the 1800°C sample. Hence, the contin-
ued weight loss above 1475°C can be explained by the
same type of carbothermal reduction reaction shown in
Equation 2 in which “hafnium oxycarbide,” (i.e., HfC
with some oxygen dissolved in the lattice) reacts with
excess carbon.

Fig. 13 shows plots of the average crystallite sizes
(determined by XRD measurements) for each phase
(t-HfO,, m-HfO,, and HfC) as a function of heat treat-
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Figure 13 Plot of the t-HfO,, m-HfO,, and HfC crystallite sizes (deter-
mined from XRD measurements) vs. heat treatment temperature.
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ment temperature. The #-HfO, crystallites that formed
initially in the 800°C sample were only ~2.5 nm. The
t-HfO, crystallite size increased gradually to ~15 nm
as the heat treatment temperature increased to 1300°C.
The m-HfO, crystallites were initially ~17 nm in
the 1100°C sample and the size increased rapidly to
~75 nm in the 1400°C sample. This coincides with
the period during which most of the carbothermal re-
duction reaction occurs. The HfC crystallites coarsen
more gradually, increasing from ~18 nm in the early
stages of the reaction (1200°C sample) to ~34 nm in
the 1400°C sample and ~49 nm in the 1475°C sample.
(It was not possible to measure an HfC crystallite size
for the 1100°C sample because only a trace of HfC was
surmised to be present based on a slight shoulder at
260 ~ 33.4 degrees.) The HfC crystallite size increased
to an estimated size of ~200 nm in the sample heat
treated at 1800°C.

The HfC lattice parameter measured for the 1800°C
sample was 0.4638 nm which indicates that the com-
position was near-stoichiometric. (The measured lattice
parameter matches the value listed in reference 36. It
is also close to values reported for near-stoichiometric
HfC by other investigators, although it should be noted
that a fairly wide range of values have been reported.
[2]) The carbon content measured for the 1800°C
sample (6.7 wt%) remained slightly above the value
(6.3 wt%) for stoichiometric HfC. However, it was
noted earlier that the starting composition (determined
for an 1100°C-pyrolyzed sample) was slightly carbon-
rich compared to the ideal composition for the reaction
analogous to the one shown in Equation 1 for ZrC.
Hence, it is reasonable that a small amount of residual
carbon would remain in the sample after the carbother-
mal reduction reaction was completed.

4. Conclusion

Zirconium carbide (ZrC) and hafnium carbide (HfC)
powders were produced by carbothermal reduction re-
actions using fine-scale carbon/metal oxide mixtures as
the starting materials. The reactant mixtures were pre-
pared by pyrolytic decomposition of solution-derived
precursors. The latter precursors were synthesized via
hydrolysis/condensation of metal-organic compounds.
The first step in the solution process involved reflux-
ing a metal alkoxide with 2,4 pentanedione (“acacH”)
in order to partially or fully convert the metal alkoxy
groups to a chelated metal diketonate structure (“metal
acac”). This was followed by the addition of water
(under acidic conditions) in order to promote hydrol-
ysis/condensation reactions. Precursors with variable
carbon/metal ratios were produced by varying the con-
centrations of the solution reactants (i.e., the metal
alkoxide, “acacH,” water, and acid concentrations). In
the Hf-based system, “single-source” precursors could
be synthesized which yielded powders with C/HfO,
molar ratios ~3.1 after pyrolysis. (This C/HfO, ratio
was used to produce near-stoichiometric HfC after car-
bothermal reduction, i.e., according to the Hf-based re-
action analogous to Equation 1.) In the Zr-based sys-
tem, it was necessary to add a secondary soluble carbon
source (i.e., phenolic resin or glycerol) during solution
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processing in order to obtain a C/ZrO;, molar ratio ~3.1
in the pyrolyzed powders.

The phase development during carbothermal reduc-
tion was investigated using pyrolyzed powders with
carbon/metal oxide molar ratio &3.1. The pyrolyzed
powders initially consisted of fine-scale mixtures of the
tetragonal phase of the metal oxide (ZrO, or HfO,)
and amorphous carbon. The tetragonal phase trans-
formed to the monoclinic phase during heat treatment
at or above 1100°C. The initial formation of the metal
carbide (ZrC or HfC) was clearly evident after heat
treatment at 1200°C and the reaction was substantially
completed after heat treatments in the range of ~1400-
1500°C. HfC and ZrC crystallite sizes (determined by
XRD line broadening) were ~50 and ~100-130 nm, re-
spectively, for powders produced at 1475°C. However,
weight loss measurements and analyses of the carbon
and oxygen contents showed that these samples con-
sisted of metal carbide with some oxygen dissolved in
the lattice and some residual free carbon. Heat treat-
ment at higher temperatures (>1600°C) was required
to produce near-stoichiometric metal carbides with low
oxygen content.

ZrC powders with ~100 nm crystallite size were dry-
pressed to form “green” compacts with ~44% relative
density. The compacts were sintered at temperatures
in the range of 1600-1950°C (2 h). Samples sintered
at 1900 and 1950°C had relative densities of ~98 and
~99%, respectively, and zero open porosity.
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