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Abstract The carbothermal reduction potential of meso-
phase synthetic pitch was investigated. Powders of cobalt
oxide, iron oxide, zirconium oxide, manganese oxide, sili-
con oxide, vanadium oxide, tantalum oxide, tungsten oxide,
chromium oxide, and titanium oxide were mixed with pitch
and pyrolyzed at a variety of temperatures up to 1500 °C in
nitrogen, 5% hydrogen balance argon, and anhydrous
ammonia. Pitch was found superior to graphite (and both
were superior to charcoal) in carbothermal reactivity by
forming carbides and nitrides more completely and at lower
temperatures and, in some instances, where no conversion
was observed for graphite. It is hypothesized that wetting of
the liquid pitch at high temperatures before graphitization
leads to better surface contact, and thus, increased kinetics
of the carbothermal reduction.

Introduction

Metal carbides and metal nitrides have been used in a wide
range of applications, including high temperature and high
strength applications [1, 2]. However, in some cases the use
of these materials is restricted due to the difficulty in
producing these materials [3-5]. Metal oxides are usually
more readily available alternatives to metal carbides and
nitrides, but metal oxides generally cannot withstand the
same high temperatures and harsh environments as their
carbide and nitride counterparts. Because of the limitations
of metal oxides, for applications where high temperatures
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are required there are usually no acceptable alternatives for
metal carbides and nitrides [6].

The carbothermal reduction process is used to transform
oxide materials into carbides and nitrides [7-10]. Many
experiments involving carbothermal reduction use charcoal
or graphite as the carbon source.[11-13] The carbon source
is generally placed in a furnace with the oxide and heated
to a high temperature [14] in air to decompose the carbon
to form carbon monoxide and allow the reaction to occur
via diffusion [15]. The carbothermal reduction process
removes oxygen in a system, reducing oxides to metal and
making it possible to replace the oxygen with available
carbon, however, the transformation generally occurs at
high temperatures [14]. The carbothermal reduction reac-
tion between a metal-oxide (MO) and active carbon is
demonstrated in Eq. 1.

ZC(‘Y) + MO = MC(S) + CO(g) (l)

Transforming the metal-oxide powders to carbides and
nitrides at lower temperatures and with smaller amounts of
carbon source would be another feasible alternative method
of producing metal carbides and nitrides. There has been
research into this process, but not by using mesophase
synthetic pitch as the carbon source [8, 11, 12, 14-18].
Pitch may be a more efficient carbon source if the amount
of active carbon required for transformation was lowered,
and at the very least it may perform as well as graphite. As
well, a carbon source is most effective when it is in
intimate contact with the oxide that is being reduced. This
close contact is difficult to achieve by mechanically mixing
the carbon source and metal-oxide powder together.
However, pitch may be more efficient in this regard as it
is liquid at high temperature.

While carbothermal reduction places an oxide in contact
with a carbon source, nitrogen containing gases may lead
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to nitride ceramic formation. This nitride formation process
is termed carbothermal reduction nitridation (CRN) [19]. In
the CRN process the oxygen is still removed in the form of
carbon monoxide or carbon dioxide, but the nitrogen atoms
replace the oxygen to form nitrides rather than carbides as
in Eq. 2. This process has been used to prepare a variety of
nitrides including AIN, TiN, BN, and SiAION [20-23]

N(g) + C(s) + MO = MN(S) + CO(g) (2)

We report here on methods to produce carbothermally
reduced metal carbides and metal nitrides from metal
oxides using synthetic pitch as a carbon source. In this
study, synthetic pitch and graphite were combined with
tungsten oxide (WQ3), iron oxide (Fe,03), titanium dioxide
(Ti0O,), chromium oxide (Cr,0s), tantalum oxide (Ta,Os),
zirconium oxide (ZrO,), yttrium oxide (Y,03), manganese
oxide (Mn30,), vanadium oxide (V,03), or silicon oxide
(S10,) and heated at various temperatures in 5% hydrogen
in argon and the results compared to find which carbon
source is superior. As the pyrolysis gas influences the final
product of the carbothermal reduction, nitrogen and
ammonia gases were explored as nitrogen sources to
perform the study on nitride ceramic formation.

Experimental procedure

All chemicals were used as received. All chemicals were
purchased from Sigma-Aldrich (Milwaukee, WI, USA)
except for vanadium oxide, and silicon oxide which were
purchased from Fisher Scientific (Fair Lawn, NJ, USA).
The synthetic pitch was produced by combining 5 wt%
aluminum chloride to 95 wt% naphthalene in an airtight
container and heated at a rate of 20 °C/h to 150 °C and
held for 12 h [24, 25]. The evolving gases were released
periodically and the mixture stirred each time the lid was
removed from the jar. The resultant material was unoxi-
dized synthetic pitch and had the consistency of modeling
clay. The synthetic pitch was oxidized by heating in air to
450 °C at a rate of 100 °C/h. The oxidized synthetic pitch
was hard and was crushed to a fine powder using mortar
and pestle. Carbothermal reduction results from oxidized
pitch were compared to unoxidized pitch and to mesophase
pitch AR donated from Mitsubishi chemical (Tokyo,
Japan) in initial experiments. XRD results were found to be
equivalent except for residual carbon content.

Oxidized synthetic pitch, graphite, or charcoal was
combined with various metal-oxide powders at weight
ratios of 2:1 and 1:4 pitch to oxide powder. As a negative
control, the oxide powders were tested without the addition
of any carbon source. The powders were massed using an
analytical balance, combined, and mechanically ground
using an agate mortar and pestle to reduce agglomerations,
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crush large particles and increase contact between the
carbon source and oxide powder.

The powders were pyrolyzed in dense alumina boats
placed into a tube furnace (STF54434C, Lindberg/Blue M,
Watertown, WI) and pyrolyzed to 900, 1100, 1300, or
1500 °C in flowing 5% hydrogen balance argon gas,
nitrogen gas, or ammonia gas. The heating profile of the
pyrolysis step was heating 10 °C/min to desired tempera-
ture, hold for 2 h, and ramp back to room temperature at
10 °C/min. The powders were collected from the furnace
and once again crushed into a powder to prepare samples
for powder diffraction, as some of the powders formed into
a monolith. Cu Ko X-ray diffraction (XRD) (D500, Sie-
mens, Madison, WI) was used to characterize the pyrolized
powders. A schematic cartoon of the process is shown in
Fig. 1.

Results and discussion

Graphite or synthetic pitch with metal-oxide powders
in 5% hydrogen balance argon gas

Experiments were performed using graphite and synthetic
pitch heated in 5% hydrogen balance argon to put the
system in a slightly reducing atmosphere to remove excess
atmospheric oxygen. As hydrogen gas-streams may allow
reduction of the oxide to metal, in instances where the
result of the experiment was pure metal, the experiments
were repeated in pure argon to verify the result was not due
to hydrogen mediated reduction. In all cases, the repeat
tests with argon showed the same results as the 5%
hydrogen balance argon mixture. Table 1 shows a sum-
mary of the results of the experiments in 5% hydrogen
balance argon.

The results in the table show the lowest temperature
where conversion from metal oxide was observed and the
resultant materials present after the pyrolysis to 1500 °C.
While tabulated results are based on 1500 °C experiments,
also shown are the temperatures that the relevant conver-
sion is first observed. Comparing the results between the
pitch and graphite experiments, the pitch was more suc-
cessful at transforming oxides to carbides than the graphite
experiments. In the case of silicon oxide, at all tempera-
tures studied, no conversion was observed for graphite
while synthetic pitch converted all the oxides into carbides.
Cobalt oxide, iron oxide, and chromium oxide transfor-
mation initiated at lower temperatures with pitch than
graphite (in cobalt’s case a 400 °C shift); however, tung-
sten showed the opposite result. Some experiments showed
reduction to metal rather than carbide formation, but no
trends were observed. The cobalt oxide transformation to
carbide was more complete with graphite, as the
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Fig. 1 Schematic of the
experimental process showing Pitch
the mixing of the metal-oxides Metal-oxide
with either pitch or graphite, the P or i}
heating of the powders, crushing owder Graphite
for characterization, and finally
characterization \ l /9
, oy Powder Characterized in
Solids Mixed in Mortar and Pestle X-ray Diffractometer
Boat Atmosphere Controlle /9
Fumace \ /
Mixture Placed in Boat and Pyrolyzed Powder Crushed
Pyrolyzed in Fumace in Mortar and Pestle
Table 1 Summary of carbothermal reduction experiments in 5% hydrogen balance argon
Carbon source Metal-oxide powders
C0304 F6203 Zr02 Ml’l304 SIOQ V205 T3205 WO; Cr203 T102
Pitch CM 1100 C.M 1300 - - C 1500 C 1300 C 1300 C 1300 C 1100 C 1300
Graphite C 1500 C.M 1500 - - C 1300 C 1300 C 1100 CM 1300 C 1300

The numbers represent the lowest temperature of conversion (°C)

O = oxide, C = carbide, and M = reduced to metal, the phases are reported for 1500 °C tests

experiments with pitch showed the some of the carbo-
thermally reduced metal did not convert to carbide. There
was no conversion for manganese oxide or zirconium oxide
combined with either pitch or graphite at these conditions.

The materials that showed differences in the final con-
version product between experiments with graphite and
pitch were chromium oxide, cobalt oxide, and silicon
oxide. Silicon oxide showed no conversion with graphite,
but showed conversion in pitch, chromium oxide had more
complete conversion to chromium carbide in pitch than
in graphite, and cobalt oxide showed better conversion in
graphite than pitch. Figure 2 shows XRD comparison
spectra for pitch and graphite experiments where final
product differences were apparent.

A more complete look at how the temperature of
pyrolysis affected the results of the titanium oxide exper-
iments in 5% hydrogen balance argon is seen in Fig. 3.
Changing the carbon source that was mixed in with the

titanium oxide powder altered the final product of the
experiments.

The spectra at 900 °C for both graphite and pitch were
not shown because there was no transformation shown at
1100 °C in either case, so there would be no transformation
at a lower temperature, 900 °C. The graphite spectra do not
show strong peaks corresponding to titanium carbide, but
that is due to the extremely large graphite peaks. The
conversion to titanium carbide was more complete and
easier to see because there are no carbon peaks. This
indicates that the pitch was either used up in the conver-
sion, or evaporated away during pyrolysis. As well, another
set of peaks show up in both graphite and pitch spectra at
higher temperatures indicating conversion or decomposi-
tion to another phase, although it is unknown what the new
high temperature phase is as we were unable to find a card
file match. However, graphite specimens were more prone
as indicated by a higher content of unknown material. In
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Fig. 2 XRD spectra comparing
graphite and pitch experiments
in 5% hydrogen balance argon.
Graphite showed higher
conversion to carbide with
cobalt oxide than with pitch, but
pitch showed higher conversion
to carbide in silicon oxide
experiments. The two carbon
sources yielded similar
conversions to carbide in the
other two sets of experiments
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any case, pitch was the better carbon source for conversion
of titanium oxide in 5% hydrogen balance argon. The
spectra for the oxide only cases were not shown because
there was no conversion at 1500 °C and therefore, no
conversion occurs at lower temperatures.

Graphite or synthetic pitch with metal-oxide powders
in nitrogen gas

The experiments using metal oxides and graphite or syn-
thetic pitch were repeated in nitrogen to compare synthetic
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pitch’s ability to form nitrides by CRN with graphite.
There are many desirable metal nitrides that could be
created from the group of metal oxides tested in this set of
experiments. However, it is important to note that the
nitrogen in the system will be competing with the carbon in
the pitch and graphite in reactions with the powders and
mixed carbide and nitride phases are possible. Table 2
shows a summary of the results of the experiments in
nitrogen.

While synthetic pitch’s ability to act as a carbon source
in the CRN process to form nitride ceramics at these



J Mater Sci (2009) 44:1159-1171

1163
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Table 2 Summary of carbothermal reduction nitridation experiments in nitrogen
Carbon source ~ Metal-oxide powders
C0304 Fezo3 ZrOZ MH304 5102 V205 Ta205 WO3 CI'203 T102
Pitch CM 1500 C,0900 - C, 090 CN1500 C1100 C1300 CN1100 C 1100 N 1300
Graphite C 1500 M 900 - - C 1500 Cc1100 C1300 CN 1100 COM 1300 N 1100

The numbers represent the lowest temperature of conversion (°C)

O = oxide, C = carbide, and M = reduced to metal, the phases are reported for 1500 °C tests
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conditions shows mixed results, comparing it to graphite,
the pitch was again more successful. The samples tested in
nitrogen show nitride, carbide, and metal formation, in
addition to unreacted oxides. Titanium oxide was the only
case where a pure nitride phase was observed. However, in
this case, nitride formation was complete for both pitch and
graphite mixtures. Other nitride formers were silicon oxide
and tungsten oxide but were as mixed phase nitride/carbide
conversion. Silicon oxide was converted into mixed phase
nitride/carbide in the pitch experiments, while in the
graphite experiment only silicon carbide was created.
Tungsten oxide converted into mixed phase nitride/carbide
in both pitch and graphite.

The other oxides tested did not show nitride formation,
but instead formed carbides or reduced to metal. Manga-
nese oxide showed conversion with pitch into carbide
where a mixture with graphite showed no conversion at all.
However, the conversion was not fully complete at any
temperature or mix ratio and oxide was still present. Cobalt
oxide was converted to carbide with both pitch and
graphite, but the pitch experiment also showed reduction to
pure metal. Incomplete conversion to iron carbide was the
result of the experiment of pitch and iron oxide, however,
the graphite mix resulted in complete reduction to iron
metal. The vanadium oxide and tantalum oxide experi-
ments showed no difference between the addition of pitch
or graphite as all resulted in complete conversion to the
respective carbide ceramic. Neither chromium oxide nor
zirconium oxide resulted in carbide formation for any
condition. However, chromium oxide pyrolized with
graphite did result in incomplete metal formation. Zirco-
nium oxide seemed inert under these conditions as there
was no conversion of any kind observed.

In all but two cases, the first observed conversion
occurred at the same temperature for both synthetic pitch
and graphite. Results are contradictory as chromium oxide
initiated conversion to carbide at a lower temperature with
pitch than with graphite replicating the results in 5%
hydrogen in argon, and titanium oxide converted to a
nitride at a lower temperature with graphite than pitch.

The materials that showed differences in the final
product between graphite and pitch experiments were
cobalt oxide, iron oxide, silicon oxide, manganese oxide,
and chromium oxide. Manganese oxide showed no con-
version with graphite, but showed conversion in pitch.
Chromium oxide had more complete conversion to chro-
mium carbide in pitch than in graphite, but cobalt oxide
showed better conversion in graphite than pitch. The
addition of nitrogen to the pyrolysis step was intended to
transform the oxides to nitrides. Silicon oxide, tungsten
oxide, and titanium oxide converted to their respective
nitride in the nitrogen atmosphere, however, silicon oxide
converted to nitrides only with pitch and not with graphite.
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Figure 4 shows comparisons between pitch and graphite
experiments.

A more complete look at how the temperature of
pyrolysis affected the results of the titanium oxide exper-
iments in nitrogen are seen in Fig. 5. Changing the carbon
source that was mixed in with the titanium oxide powder
altered the final product of the experiments. No transfor-
mation occurred at 1500 °C, so spectra were not shown.
The desired results in the experiments depicted in Fig. 5
were titanium nitride.

The TiO, with graphite spectra at less than 1300 °C are
not shown because there was no conversion at 1300 °C and
therefore, no conversion was expected at lower tempera-
tures. At 1500 °C, there were only peaks from titanium
nitride. The initial emergence of the TiN phase occurred at
1300 °C, but some of the oxide phase remained.

The pitch spectra in Fig. 5 convert from purely titanium
oxide at 900 °C, to a tetragonal titanium oxide with a
different symmetry groups at 1100 °C than at 900 °C
before showing conversion to titanium nitride. At 1300 °C
some of the oxide transformed from a tetragonal phase to
monoclinic phase and titanium oxide. When the tempera-
ture was increased to 1500 °C, the oxide phase no longer
appeared, only titanium nitride. Comparing the titanium
oxide experiments with graphite and pitch in nitrogen
shows that at 1500 °C there was little difference between
the two carbon sources, and both were successful.

Graphite or synthetic pitch with metal-oxide powders
in ammonia gas

The nitrogen process gas experiments converted the oxides
to carbides in more than twice as many instances as a
nitride was formed. Additionally, there were several cases
where there was no conversion, as in the zirconium oxide
tests, or incomplete conversion as in the manganese oxide
experiments. The lack of nitridation may reflect the lack
of reactivity of nitrogen as a nitrogen source at these
temperatures. While dinitrogen has cracked at these
temperatures, other nitrogen sources such as ammonia are
commonly used to increase nitride yield and the previous
experiments were performed in the same [19]. Ammonia
when cracked at elevated temperatures is dry and oxygen
free, another benefit as oxygen impurities can cause low-
ered nitride yields. Table 3 shows a summary of the results
of the experiments in ammonia.

The results in Table 3 shows that, as expected, ammonia
is more reactive and has a higher propensity to form
nitrides as ammonia experiments yielded nitrides in 13 out
of the 20 tests. Experiments that did not form nitrides still
were likely to end up as carbides or reduce to metal due to
the reductive atmosphere of hydrogen that the cracked
ammonia generates. The tests conducted with pitch all
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Fig. 5 XRD spectra of titanium
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Table 3 Summary of carbothermal reduction nitridation experiments in ammonia
Carbon source ~ Metal-oxide powders
C0304 F6203 ZI"OQ Mn304 5102 V205 Ta205 WO'; Cl‘203 T102
Pitch C,N,M 1500 N 900 O,N 1500 - C1500 CNI1100 CN1300 NS00 C1100 N 1100
Graphite N 1500 N 1100 - - - CN 1100 CN 1300 NS00 C1100 CN 1500

The numbers represent the lowest temperature of conversion (°C)
O = oxide, C = carbide, and M = reduced to metal, the phases are reported for 1500 °C tests
Fe,05 and V,0s5 converted to nitride without adding carbon to the system
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transformed at the same or lower temperature as the
experiments with graphite.

Comparing pitch to graphite, the pitch was again a better
CRN carbon source. In the cases of tungsten oxide no
differences were observed and pure nitride phase was
observed for both pitch and graphite with conversion
starting at the same temperature. Iron oxide showed com-
plete conversion to nitride in every case, neat and with both
pitch and graphite, however, nitride formation temperature
was 200 °C lower with pitch than both neat and graphite.
Other nitride formers were titanium oxide, vanadium
oxide, tantalum oxide, zirconium oxide, and cobalt oxide.
Tantalum and vanadium oxides showed no difference
between pitch and graphite as both transformed into mixed
phase nitride and carbide at the same temperatures.
Vanadium oxide also showed complete conversion to
nitride in ammonia without carbon source. The carbon had
the deleterious effect of contaminating the nitride phase
with carbide, however, pitch or graphite addition did
reduce the conversion temperature. Titanium oxide was
completely converted nitride with pitch, but showed nitride
and carbide phases with graphite. Cobalt oxide was
reversed with the graphite experiment having complete
conversion to nitride while the pitch experiment showed
nitride and carbide, as well as reduction to metal. In con-
trast to the graphite experiments, the zirconium oxide
mixture with pitch showed conversion to nitride, although
it was incomplete as oxide was still present. Interestingly,
the zirconium oxide/synthetic pitch mixture in ammonia
was the only sample where the zirconium oxide showed
any reactivity.

The other oxides tested did not show nitride formation,
but instead formed carbides or reduced to metal. Chromium
oxide showed no difference between pitch and graphite,
although the conversion was into the carbide phase. The
silica specimen was converted to silicon carbide with pitch
but was unreactive towards graphite under these condi-
tions. Manganese was unreactive with both pitch and
graphite in ammonia at these temperatures and showed no
conversion.

Like nitrogen, most of the first observed conversions
occurred at the same temperature for both synthetic pitch
and graphite. In two cases differences were observed with
titanium oxide conversion temperature reduced by 400 °C
to 1100 °C and iron oxide where a 200 °C reduction in
conversion temperature was observed.

The materials that showed differences between graphite
and pitch were cobalt oxide, zirconium oxide, silicon
oxide, and titanium oxide. Zirconium oxide and silicon
oxide showed no conversion with graphite, but showed
conversion in pitch, titanium oxide had more complete
conversion to titanium nitride in pitch than in graphite, and
cobalt oxide showed better conversion in graphite than

pitch. Figure 6 shows comparisons between pitch and
graphite experiments.

The zirconium oxide experiments with graphite reduced
the zirconium oxide as demonstrated by the XRD spectra,
but when pitch replaced the graphite, the desired phase of
ZrN was produced. Adding graphite to silicon oxide did not
result in any carbothermal reduction, but pitch formed SiC
as shown in Fig. 6. A more complete look at how the
temperature of pyrolysis affected the results of the titanium
oxide experiments in ammonia is seen in Fig. 7. Changing
the carbon source that was mixed in with the titanium oxide
powder altered the final product of the experiments. The
comparison of the graphite, pitch, and neat experiments in
ammonia are seen in Fig. 7.

The TiO, with graphite spectra at less than 1300 °C are
not shown because there was no conversion at 1300 °C and
therefore, no conversion was expected at lower tempera-
tures. At 1500 °C, there were peaks from nitride, carbide,
oxide, and graphite. The pitch experiments showed con-
version to nitride without the presence of carbide.

The pitch spectra in Fig. 7 convert from purely titanium
oxide at 900 °C, to a mixture of two tetragonal phases with
different symmetry groups at 1100 °C before showing
conversion to titanium nitride. At 1300 °C and 1500 °C,
the original oxide phase that was present at 900 °C, no
longer appears, but the oxide phase that evolved at 1100 °C
remained at higher temperatures. This demonstrates that
there was some transformation at 1100 °C. Since the initial
oxide phase disappears above 1100 °C, it is likely that it
transformed to titanium nitride, while the second oxide
phase does not transform at higher temperatures and
remained.

The single spectra in the oxide only (neat) case was due
to the fact that there was no conversion at 1500 °C. The
oxide phase that remained after heating was monoclinic.
This was the only instance of the monoclinic crystal
structure, and may be an indication that even without full
conversion, the presence of carbon changed the final phase
of the oxide after heating to 1500 °C.

Effect of changing the ratio of carbon source
to metal-oxide powder

The results reported in the previous sections are the result
of combining the carbon source and metal-oxide powder at
a 2:1 ratio. This ratio was chosen for the experiments
because there should be more than enough carbon in the
system to fully transform the metal-oxide powders. How-
ever, this excess carbon may lead to residual carbon
formation. In an effort to prevent excessive carbon for-
mation, a lower carbon source to metal oxide ratio of 1:4
was analyzed. As expected, lower excess carbon was
observed. However, in more than half of the experiments at
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Fig. 6 XRD spectra comparing
graphite and pitch experiments
in ammonia. Graphite showed
higher conversion to nitride in
cobalt oxide experiments than in
pitch experiments, but pitch
showed higher conversion to
nitride for zirconium oxide and
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the highest temperature, carbothermal reduction was
incomplete, showing significant residual oxide where none
was observed for 2:1 ratio experiments indicating too little
carbon in the system. Additionally, it was observed that
carbothermal reduction onset temperatures were also
higher for the 1:4 ratio experiments.

In cases where multiple carbide phases are possible,
expectedly, material phase was found to be dependant upon
the carbon ratio. For example, pyrolysis of tungsten at
1300 °C in 5% hydrogen balance argon with pitch to oxide
ratio of 1:4, the resultant material was a mixture of tung-
sten metal and two forms of tungsten carbide: W,C and
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WC. By increasing the temperature from 1300 to 1500 °C
and keeping the ratio constant, the higher temperature
causes the remaining tungsten oxide to convert to tungsten
carbide, and no tungsten metal was left. An increase of the
pitch to oxide ratio from 1:4 to 2:1 converts all of the
tungsten oxide to WC, and there is only a small, broad
carbon hump from excess pitch. In most cases, the ideal
ratio for conversion was between 1:4 and 2:1, as demon-
strated by the absence of conversion in some of the 1:4
carbon source to oxide experiments that showed conversion
in the 2:1 ratio experiments. Additionally, the frequent
presence of a graphite or amorphous carbon peak in the 2:1
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Fig. 7 XRD spectra of titanium Graghite T
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evolution from pure oxide to
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ratio experiments indicated excess carbon in the system.
However, the presence of a graphite peak after pyrolysis in
the experiments that did not show conversion from an
oxide indicates that the 2:1 ratio was sufficient to allow
conversion, and the result was not due to insufficient
carbon.

Discussion

In most cases, comparing the results between the pitch
experiments and the graphite experiments shows that there
were not many differences. In the experiments under
flowing 5% hydrogen balance argon, all of the tests with
pitch had equal or more complete transformation to metal
carbide as the graphite tests. In the experiments carried out
under flowing nitrogen and ammonia, there was more
conversion to ceramic phases as well as more instances of
conversion to metal nitrides (as opposed to carbides or
metal) when pitch was present than when graphite was
present. In certain extreme cases, conversion of oxide was
apparent with synthetic pitch where none was shown in
graphite: silicon oxide showing conversion to carbides in
5% hydrogen in argon, manganese oxide showing con-
version to carbide in nitrogen, silicon oxide showing
conversion to carbide in ammonia, and zirconium oxide
showing conversion to nitride in ammonia. Additionally,
for 5% hydrogen balance argon, nitrogen, and ammonia
experiments, general results indicate that the onset of
conversion in carbothermal reduction occurs at a lower
temperature when synthetic pitch is the carbon source than
with graphite. Synthetic pitch is thus a better carbon source
for carbothermal reduction and CRN than graphite or
charcoal.

While synthetic pitch has proven to be a better carbon
source than graphite or charcoal, the explanation for this
effect is at present unknown, but one of two explanations
are probable. Pitch is an organic semi-solid tar-like

material that is used in the manufacture of high tensile
graphitic carbon fiber. Even after air-oxidation, as used in
this study, the pitch is liquid at elevated temperatures so as
it begins to melt, it will obtain relatively low viscosity and
flow [26]. The low surface energy of the pitch will drive
the wetting of the pitch across the relatively high energy
oxide surface to create more contact area with the metal-
oxide powders. As the temperature is increased further, the
pitch “sets” and forms a graphitic coating on the oxide [27,
28]. The increased contact area and intimacy over graphite
particles where point contact is dominant greatly improves
interfacial and gaseous diffusion of reductive species. We
believe that this surface contact is the dominant mechanism
for the improved ability and kinetics of synthetic pitch for
carbothermal reduction over graphite. An alternate possi-
bility is that the synthetic pitch is inherently more reactive.
Others have shown that carbon type can have an effect on
the reactivity of carbon in carbothermal reduction, so a
higher reactivity would not be surprising [29]. Synthetic
pitch does have a large amount of chemical reactions
occurring as it sets into a carbonaceous phase that requires
significant bond breaking and bond forming. These events
show that synthetic pitch is in a more reactive state and this
may lead to a higher reactivity towards metal oxides.
Additionally, residual aluminum chloride catalyst may
increase the reactivity. In the gas phase, the carbonizing
process of synthetic pitch evolves significant quantities of
hydrogen, carbon monoxide, and lower alkanes such as
methane. The gas evolution may also increase reduction by
placing the oxides in a more reducing atmosphere.
Regardless of mechanism, synthetic pitch has shown itself
to be more reactive in reductive processes.

Conclusions

(1) Carbothermal reduction and CRN of metal-oxide
powders was shown to be possible with synthetic

Table 4 Summary of carbothermal reduction and nitridation experiments

Gas  Carbon source Metal-oxide powders
C0304 Fezo3 Zr02 Ml’l304 SIOZ V205 Ta205 W03 Cr203 T102
ArH, Pitch CM 1100 CM 1300 - - C 1500 C 1300 C 1300 C 1300 C 1100 C 1300
Graphite C 1500 CM 1500 - - - C 1300  C 1300 C 1100  CM 1300 C 1300
N, Pitch CM 1500 C,0900 - C,0900 CN 1500 C 1100 C 1300 CN 1100 C 1100 N 1300
Graphite C 1500 M 900 - - C 1500 C 1100 C 1300 CN 1100 C,O0.M 1300 N 1100
NH; Pitch C,N.M 1500 N 900 O,N 1500 - C 1500 CN 1100 C,N 1300 N 900 C 1100 N 1100
Graphite N 1500 N 1100 - - - CN 1100 C,N 1300 N 900 C 1100 C,N 1500

The numbers represent the lowest temperature of conversion (°C)

O = oxide, C = carbide, and M = reduced to metal, the phases are reported for 1500 °C tests

Fe,05 and V,05 converted to nitride without adding carbon to the system
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2)

3)

4)

Acknowledgements

pitch as the carbon source in argon, argon/5%
hydrogen, dinitrogen, and ammonia.

Synthetic pitch was shown to be a more reactive
carbon source for carbothermal reduction than graph-
ite (which was more reactive than charcoal) as it gave
increased conversion yields, lowered conversion
temperatures, and most importantly, reactive conver-
sion where none was observed for graphite.
Increased kinetics through increased contact of car-
bon by wetting of the liquid pitch on the oxide prior to
carbonization is proposed as being responsible for the
improved reduction due to pitch, although a thermo-
dynamic source cannot be discounted.

Table 4 shows a full summary of the experiments in
all three gases.

This work was partially supported by the Air

Force Office of Scientific Research Grant # F49620-04-NA-153 and
the National Science Foundation through the Graduate Assistantship
in Areas of National Need.

References

. Eom JH, Kim YW, Song IH, Kim HD (2007) Mater Sci Eng A

464:129

. Xiang DP, Liu Y, Zhao ZW, Gao SJ, Tu MJ (2007) J Mater Sci

42:4630. doi:10.1007/s10853-006-0468-y

. Sajgalik P, Hnatko M, Lences Z, Dusza J, Kasiarova M, Kovalcik

J, Sida V (2006) Science of engineering ceramics III. TransTech
Publishing, Switzerland, p 185

. Hnatko M, Galusek D, Sajgalik P (2004) J Eur Ceram Soc 24:189
. Hnatko M, Sajgalik P, Lences Z, Monteverde F, Dusza J,

Warbichler P, Hofer F (2002) Euro ceramics VII, Pt 1-3.
TransTech Publishing, Switzerland, p 1061

. Yu SS, Fu NX, Gao F, Sui ZT (2007) J Mater Sci Technol 23:43

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.
25.

26.
217.

28.

29.

. Gruner W, Stolle S, Wetzig K (2000) Int J Refract Metals Hard

Mater 18:137

. Lee GG, Ha GH (2006) Mater Trans 47:3007

. Woo YC, Kang HJ, Kim DJ (2007) J Eur Ceram Soc 27:719
10.
11.

Lee GG, Kim BK (2003) Mater Trans 44:2145

Lim YS, Park JW, Kim MS, Kim J (2006) Appl Surf Sci
253:1601

Berger LM, Gruner W, Langholf E, Stolle S (1999) Int J Refract
Metals Hard Mater 17:235

Luo M, Gao JQ, Zhang X, Hou GY, Yang JF, Ouyang D, Wang
HIJ, Jin ZH (2007) J Mater Sci 42:3761. doi:10.1007/s10853-006-
0425-9

Sacks MD, Wang C, Yang Z, Jain A (2004) J Mater Sci 39:6057.
doi:10.1023/B:JMSC.0000041702.76858.a7

Vandijen FK, Metselaar R, Siskens CAM (1985) ] Am Ceram
Soc 68:16

Li J, Zhang Y, Zhong X, Yang K, Meng J, Cao X (2007)
Nanotechnol 18

Wang W, Jin Z, Xu T, Yang G, Qiao G (2007) J Mater Sci
42:6439. doi:10.1007/s10853-006-1202-5

Matovic B, Saponjic A, Devecerski A, Miljkavic (2008) J Mater
Sci 43:5331. doi:10.1007/s10853-006-0780-6

Vaidhyanathan B, Rao KJ (1997) Chem Mater 9:1196
Chowdhury SA, Maiti HS, Biswas S (2006) J Mater Sci 41:4699.
doi:10.1007/s10853-006-0039-2

Krishnarao RV, Subrahmanyam J (2004) J Mater Sci 39:6263.
doi:10.1023/B:JMSC.0000043596.56929.11

Krishnarao RV, Subrahmanyam J (2002) J Mater Sci 37:1693.
doi:10.1023/A:1014981722160

Alcala MD, Criado JM, Gotor FJ, Real C (2006) J Mater Sci
41:1933. doi:10.1007/s10853-006-4493-7

Korai Y, Ishida S, Yoon SH, Wang YG (1996) Carbon 34:1569
Chang YC, Sohn HJ, Ku CH, Wang YG, Korai Y, Mochida I
(1999) Carbon 37:1285

Kundu S, Ogale AA (2006) Carbon 44:2224

Upadhyayula S, Saddawi S, Strieder W (2007) Ind Eng Chem Res
46:2907

Wang YG, Chang YC, Ishida S, Korai Y, Mochida I (1999)
Carbon 37:969

Dai WB, Lin W, Yamaguchi A, Ommyoji J, Yu JK, Zou ZS
(2007) J Ceram Soc Jpn 115:42

@ Springer


http://dx.doi.org/10.1007/s10853-006-0468-y
http://dx.doi.org/10.1007/s10853-006-0425-9
http://dx.doi.org/10.1007/s10853-006-0425-9
http://dx.doi.org/10.1023/B:JMSC.0000041702.76858.a7
http://dx.doi.org/10.1007/s10853-006-1202-5
http://dx.doi.org/10.1007/s10853-006-0780-6
http://dx.doi.org/10.1007/s10853-006-0039-2
http://dx.doi.org/10.1023/B:JMSC.0000043596.56929.11
http://dx.doi.org/10.1023/A:1014981722160
http://dx.doi.org/10.1007/s10853-006-4493-7

	Carbothermal reduction of metal-oxide powders by synthetic pitch to carbide and nitride ceramics
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Graphite or synthetic pitch with metal-oxide powders �in 5% hydrogen balance argon gas
	Graphite or synthetic pitch with metal-oxide powders �in nitrogen gas
	Graphite or synthetic pitch with metal-oxide powders �in ammonia gas
	Effect of changing the ratio of carbon source �to metal-oxide powder

	Discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


