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Abstract

The in situ formation of Fe–NbC/C composite powders was studied using solution-derived precursors and a gas reduction–carburization
reaction at 1223 K. The effect of different CH4/H2/Ar gas mixtures or a polymer (polyvinyl alcohol – PVA) combined with sucrose as carbon
sources was analyzed. The results obtained were discussed in relation to the reduction–carburization sequence, microstructure and oxidation
behavior of the composite powders. When the carbon was supplied by the gas phase (CH4), the reaction mechanism proceeded via FeNb2O6-
FeþNbO2-FeþNbC. However, if the carbon was generated in the solid phase, from PVA–sucrose pyrolysis, the transformation to the
compound powder was achieved faster by means of a carbothermal reduction reaction. The type of free carbon was characterized by a high
degree of disorder and defined not only the powder microstructure but also the crystallite size of the reinforcement phase (NbC) and certain
behavior features during oxidation. The carbon generated by PVA–sucrose pyrolysis (70 wt%) was the most adequate one to obtain a sponge-type
morphology with nanocrystalline NbC (12 nm) and to protect the Fe particles from oxidation. Even so, all the composite powders prepared
remained stable in air up to about 600 K.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Composites with iron and ceramic particle reinforcements,
such as NbC or TaC, play a key role in the production of
relatively inexpensive and more environment-friendly wear-
resistant materials. They are usually produced by powder
metallurgy (P/M route, including high-energy milling-HEM,
compacting and sintering) from iron and carbide powders
prepared separately [1–3]. The typical advantages of this P/M
route, referred to as ex situ processing, are raw-material
savings and low energy costs. However, the composites thus
obtained generally suffer from the problem of contaminated
matrix–reinforcement interfaces with a weak bonding.

From this viewpoint, the techniques involving the in situ
generation of the reinforcement phase have emerged as a
10.1016/j.ceramint.2014.06.083
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preferred synthesis route for these materials. In situ techniques
involve a chemical reaction resulting in the formation of a very
fine and thermodinamically stable ceramic phase within a metal
matrix. Consequently, the reinforcement surfaces are likely to be
free from gas absorption, oxidation or other detrimental types of
surface reaction contamination. Therefore, the interface between
the matrix and the reinforcement bond tends to be stronger. Some
of these technologies applied to synthesize Fe-NbC/TaC compo-
sites include the carbothermal reduction of columbite ores at
1673–1873 K [4,5], self-propagating high temperature (SHS)
synthesis [6], infiltration casting process combined with heat
treatment at 1445 K [7] and mechanical alloying of dry powder
mixtures (FeNbþC, heated at 1073 K; FeþNbþC, followed by
sintering at 1573 K) [8–10] or powder mixtures in organic media
(FeþNbþ toluene, including a method of magnetic pulse
compaction) [11]. In most cases, while high-temperature ensures
a fast, complete reaction, it also causes the coarsening of the
carbide grains. For example, the particulate-reinforced composite
produced by SHS cannot be directly used as structural material
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because of its porosity and looseness, making the intrinsic
porosity in the reaction process difficult to handle.

It is well known that the reduction of the carbide size causes a
significant improvement of the mechanical properties. The tough-
ness of ceramics could be considerably increased by reducing
grain size without sacrificing hardness. In this sense, alternative
synthesis procedures of nanocrystalline composite powders, such
as a gas reduction–carburization [12] and polymer-derived pre-
cursors [13], could be useful in assisting composite homogeniza-
tion and densification and, therefore, in tailoring the final
properties of the composite.

The present work proposes an alternative route to synthesize
Fe–NbC/C composite powders, which combines the advantages of
solution-derived precursors with a gas reduction–carburization
reaction. This article pays particular attention to the effect of
CH4/H2/Ar gas mixtures or a polymer (polyvinyl alcohol – PVA)
as carbon sources, on the in situ formation of the composite.
Additionally, the microstructure and oxidation behavior of the
composite powders are investigated and discussed in relation to
the carbon supply from the solid or gas phase.
2. Materials and methods

2.1. Preparation

The synthesis of Fe–NbC/C composite powders was performed
in four sequential steps, as shown in Fig. 1. The materials used as
reagents were Fe(NO3)3 � 9H2O (Merck, 99.9%) and Nb(NH4)
[NbO(C2O4)2(H2O)2](H2O)n (CBMM, Companhia Brasileira de
Metalurgia e Mineração). Starting Fe (0.1 mol L�1) or Nb
(0.1 mol L�1) containing solutions were prepared by dissolving
their respective salts in distilled water and analyzed by complexo-
metric and gravimetric analysis, respectively. FeC2O4 � 2H2O and
the Fe2(C2O4)3 aqueous solution were prepared and analyzed as
reference 14 (step 1: individual solutions). Then, they were
Fig. 1. Synthesis scheme for Fe–
combined to obtain Fe:Nb¼1:1 source solutions with and without
NO3

� ions. The mixed-metal solution with nitrates was stable only
in the presence of oxalic acid necessary to form an iron-oxalate
complex (step 2: mixed-metal solutions). This solution was
hydrolyzed by adding NH3 2 mol L�1 up to pH¼10. The
precipitate formed was filtered, washed and dried at 353 K for
24 h. On the other hand, the mixed-metal solution without nitrates
was evaporated to dryness using a Büchi R-124 Rotavap at 333 K
or a stirring hot plate at �353 K. In the latter case, the mixed-
metal solution was prepared by adding polyvinyl alcohol (Merck,
PVA 72,000) 1 mol L�1 and sucrose 2 mol L�1 in the M:
PVA¼2:1 (M: total metals) and sucrose:PVA¼4:1 M relations.
In this way, dried solid precursors were obtained as amorphous
(X-ray diffraction) loose powders, being brown, green or black
according to the composition and experimental set-up preparation
conditions (step 3: precursors).
Finally, the precursors were reduced–carburized by temperature-

programmed reaction (TPRe) in different CH4/H2/Ar mixtures
(0/4/96 vol%, 16/4/80 vol% and 4/16/80 vol%, 499.99% purity).
The TPRe experiments were performed using an Ohkura TP2002S
analyzer equipped with a thermal conductivity detector (TCD).
Between 150 and 200 mg of each precursor were loaded into an
8 mm (o.d.) quartz tube stuffed with quartz wool at the bottom to
hold the powders. The powders were heated at 10 K min�1 up to
1223 K during variable times and, then, they were cooled by
quenching at room temperature. This cooling process to room
temperature was performed in the reactor under flowing gas-
mixture 50 cm3 min�1 (step 4: composite powders).
2.2. Characterization

The structure of precursors and composite powders was
examined at room temperature by X-ray diffraction (XRD).
Routine patterns were obtained from a Shimadzu XD-D1
automated diffractometer using graphite-monochromated Cu Kα
NbC/C composite powders.
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radiation (30 kV, 40 mA). The data were collected with a
scanning rate of 11 min�1 over the 10–801 2θ angular range
with a collection time of 1 s. The Scherrer formula was used for
the determination of the Fe and NbC crystallite size from the
XRD pattern. The evaluation was performed from the highest
intensity low angle Bragg reflections for each phase, Fe (110) and
NbC (111), after instrumental line broadening correction.

The carbon content of composite powders was evaluated by
standard combustion analysis (Carlo Erba EA 1108); N2 and CO2

were separated in a chromatographic column, and measured using
a thermal conductivity detector. Besides, laser Raman spectro-
scopy (LRS) was used to monitor the type of carbon present in the
samples. These spectra were measured at room temperature in a
right-angle scattering geometry on powder samples in the spectral
range 1050–1750 cm�1 by a Jasco TRS-600-SZ-P multichannel
spectrometer. The 514.5 nm Arþ -laser with about 80 mW inci-
dent power at the sample surface was used. The scanning time was
120 s and the spectral resolution in all the experiments was of
about 4 cm�1.

The microstructure of composite powders was examined by
scanning electron microscopy together with X-ray microanalysis
(SEM-EDX). A JEOL JSM-35C scanning electron microscope
with an energy dispersive spectrometer was used at an accelerating
voltage of 20 kV. The powders were dispersed on metallic or
graphite sample holders and were covered with a thin film of gold
only for secondary electron images.

The oxidation behavior of composite powders was studied by
thermogravimetric and differential thermal analysis (TGA/DTA).
The thermograms and simultaneous differential thermal profiles
were obtained using a Mettler Toledo TGA/SDTA851e system.
The samples were heated in air at 10 K min�1 up to 1223 K.

3. Results and discussion

3.1. Formation of Fe–NbC/C composite powders

As described in the experimental section, the gas reduction–
carburization of the precursors was monitored by the TCD signal
of a thermal analyzer. Fig. 2 shows the typical TPRe profiles for
each precursor in different CH4/H2/Ar gaseous mixtures. It should
be first noticed that a return of the signal to the base line, which
indicates no difference in composition between the gases going in
and out of the reactor, marks the end of the reaction. (In some
cases instrumental drift causes the signal to deviate from the base
line at the end of the reaction.) In carburizations with CH4/H2/Ar
mixtures, the TCD signal obtained is complex. A positive signal
results from a consumption of gases (decrease in thermal
conductivity) and is indicative of the reduction of the precursor.
A negative signal is due to the production of gases (increase in
thermal conductivity) and is indicative of the carburization of the
material. At times, both reduction and carburization processes
occur simultaneously so that there can be a partial cancellation in
the TCD signal.

In our case, when comparing the TPRe profiles taken in
H2/Ar (dotted line) and CH4/H2/Ar (dashed and solid lines) for
the brown precipitated precursor (Fig. 2a), it can be inferred
that the positive signals (to3720 s, To910 K) correspond to
a reduction process whereas the negative signals (t44600 s,
T41050 K) are indicative of the additional interaction with
methane and, hence, of the carburization of the solid. The
composition of the CH4/H2/Ar gaseous mixtures influenced the
signal positions and intensities. When the methane percentage
was increased (solid to dashed line), the reduction process was
extended to higher times or temperatures. Note that with both
methane–gaseous mixtures, the carburization process at 7200 s
and 1223 K was still incomplete due to a failure in the return
of the TCD signal to the base line (y¼0). With the green
evaporated precursor, the reduction (Fig. 2b, dotted line) was
registered at time or temperatures lower than those detailed for
the precipitated precursor (to2778 s, To760 K). Besides,
other signals were detected that included the pyrolysis of the
metallic oxalates at to1900 s and To605 K. These features
were also observed using the methane–gaseous mixture with
the same hydrogen percentage (Fig. 2b, dashed line), followed
by various positive and negative signals assigned to the solid-
methane interaction. By increasing the hydrogen proportion
with respect to methane (Fig. 2b, solid line), the TPRe profile
was shifted to lower times or temperatures, a close return to the
base line at t¼7200 s, T¼1223 K being noticed. Only
negative signals dominated the fluffy black evaporated pre-
cursor TPRe profile in H2/Ar (Fig. 2c) as a result of the gases
production caused by the pyrolysis and carbothermal reduction
of the precursor. This TCD signal could be described as the
sum of the individual contributions of iron and niobium
compounds prepared separately (see Supplementary data,
Fig. Sd1). The termination of the process occurred at t¼6000 s
and T¼1223 K.
Then, taking into account the evolution of the TPRe profiles,

it can be inferred that (i) the CH4/H2/Ar mixture 4/16/80 vol% in
composition completes the carburization with the green evaporated
precursor; while (ii) a mixture without methane is enough to arrive
at a similar result with the fluffy-black-evaporated precursor.
These observations are valid for a maximum mass of the solid
precursors of 150–200 mg, subjected to a TPRe treatment up to
7200 s and 1223 K.
Fig. 3A and B shows the diffraction patterns from the brown

precipitated precursor and from the green evaporated precursor
after the temperature-programmed reaction with the different
mixtures of CH4/H2/Ar, after 5600 s (T¼1223 K). Under
H2/Ar flow, the brown precipitated precursor (Fig. 3A (a))
was reduced to FeNb2O6 (JCPDS card No. 34-0426),
Fe4Nb2O6 (JCPDS card No. 34-0433) and Fe (JCPDS card
No. 06-0696). By incorporating methane to either of the two
gas mixtures used (Fig. 3A (b–c)), compounds NbO2 (JCPDS
card No. 44-1053) and Fe were increasingly identified together
with the FeNb2O6 oxide. This phase evolution would be
consistent with the NiNb2O6 reduction proposed by Pereira
et al. [15] according to the following reaction:

NiNb2O6þ2H2-Niþ2NbO2þ2H2O
Consequently, under these conditions methane would only
increase the reducing character of the mixture promoting the
progressive reduction of FeNb2O6 into NbO2 and Fe. So far,



Fig. 2. Temperature-programmed reaction profiles of (a) brown precipitated, (b) green evaporated and (c) fluffy black evaporated precursors in different CH4/H2/Ar
gas mixtures:· dotted line 0/4/96 vol%, dashed line 16/4/80 vol% and solid line 4/16/80 vol%. The gray line corresponds to the heating sequence up to 7200 s and
1223 K.

Fig. 3. X-ray diffraction patterns of the products obtained after the temperature-programmed reaction from A brown precipitated and B green evaporated precursors
in different CH4/H2/Ar gas mixtures: (a) 0/4/96 vol%, (b) 16/4/80 vol% and (c) 4/16/80 vol%, stopped at 5600 s (T¼1223 K). Marked reflections correspond to:
■ FeNb2O6 (JCPDS card No. 34-0426), E Fe4Nb2O6 (JCPDS card No. 34-0433), ● Fe (JCPDS card No. 06-0696), ▼ NbO2 (JCPDS card No. 44-1053), ❖ NbC
(JCPDS card No. 38-1364), Fe3C (JCPDS card No. 34-0001/35-0772).
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the absence of niobium carbide has confirmed the previous
analysis of the TPRe profiles (Fig. 2a, solid and dashed lines).
With the green evaporated precursor, the reduction products
in H2/Ar were FeNb2O6 and Fe (Fig. 3B (a)). From the
interaction with the high-content mixture, a greater conversion
of FeNb2O6 to NbO2 and Fe was noticed with respect to that of
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the precipitated precursor, with the additional formation of
Fe3C (JCPDS card No. 34-0001/35-0772) (Fig. 3B (b)). On the
other hand, by decreasing the methane percentage NbC did
form (JCPDS card No. 38-1364), the amount of NbO2

decreased, and the proportion of Fe and Fe3C (Fig. 3B (c))
increased. Therefore, this precursor would be more reactive
than the precipitated precursor to the reduction–carburization
process, thus again confirming what was evidenced by the
TPRe profiles. This increase could be attributed to the
additional supply of carbon in the precursor solid phase,
coming from the pyrolysis of metallic oxalates in reducing
atmosphere.

In the case of the fluffy black evaporated precursor, a
carbothermal reduction in H2/Ar was detected. The Fe–NbC/C
composite appeared together with Fe3C, which is consistent with
the return of the TCD signal to the base line (see Supplementary
data, Fig. Sd2). For the sake of comparison, Fig. 4 shows the
diffraction patterns corresponding to different precursors prepared
after the TPRe reaction in the gaseous mixtures which yielded a
higher conversion to NbC (4/16/80 and 0/4/96 vol% CH4/H2/Ar)
after a time longer than 9000 s (T¼1223 K). The Fe–NbC
composite was formed in all combinations; a still incomplete
reaction was noticed with the precipitated precursor (Fig. 4a) and a
complete reaction with the two remaining evaporated precursors
(Fig. 4b and c). When this type of precursors was used, the 002
Bragg diffraction, typical of carbon at 2θ�261, was registered.
The presence of Fe3C indicated the reaction between the iron
particles and the carbon from either the gas phase (Fig. 4a) or the
solid phase (Fig. 4c), or a combination of both phases (Fig. 4b).
The size of the niobium carbide crystallite was 67 nm for the
green evaporated precursor and 12 nm for the fluffy black
evaporated precursor (Fig. 4b and c). This considerable difference,
associated with the precursor origins, was not observed in the Fe
metallic phase, whose crystallite size remained close to 60 nm.
Fig. 4. X-ray diffraction patterns of the products obtained after the tempera-
ture-programmed reaction from (a) brown precipitated in 4/16/80 vol% CH4/
H2/Ar, (b) green evaporated in 4/16/80 vol% CH4/H2/Ar and (c) fluffy black
evaporated in 0/4/96 vol% CH4/H2/Ar precursors, stopped at 9000 s (T¼1223 K).
Marked reflections correspond to: ▼ NbO2 (JCPDS card No. 44-1053), ❖ NbC
(JCPDS card No. 38-1364), Fe3C (JCPDS card No. 34-0001/35-0772), ● Fe
(JCPDS card No. 06-0696), * C (JCPDS card No. 41-1487).
3.2. Carbon analysis and microstructure of Fe–NbC/C
composite powders

The total carbon content of the compound powders in Fig. 4b
and c, derived from the green evaporated precursor and from the
fluffy black evaporated precursor, was 40 and 70 wt%, respec-
tively. These values, well above the theoretical percentage for the
Fe–NbC composition showed the formation of a carbon-based
compound material. Fig. 5 shows the LR spectra corresponding to
two broad bands denominated D (Disordered) at �1350 cm�1

and G (Graphitic) at �1580 cm�1, which typically exhibit the
disordered carbons [16,17]. In both registers, a smaller peak could
be observed associated with the D band in �1450 cm�1, which
was reported in hydrogenated amorphous carbon films (a-C:H)
[18]. The predominance of mode D over G, both in the carbon
derived from oxalate pyrolysis and possibly from the methane
cracking (green evaporated precursor, Fig. 5a) and in the one
generated by PVA–sucrose pyrolysis (fluffy black evaporated
precursor, Fig. 5b), reflects a high degree of disorder in the carbon
present in the compound powders, of nanometric dimensions.
Based on these results, it is possible to interpret the

differences found in the NbC crystallite size determined by
XRD for the powders from the different evaporated precursors.
A high content of nanometric amorphous carbon, similar to the
one that is achieved with the fluffy black evaporated precursor,
would be acting as dispersing phase, thus limiting the growth
of NbC particles but not the growth of Fe particles. Conse-
quently, the incidence of the carbon source over the mechan-
ism of the reinforcing phase formation (NbC) of the compound
material should be remarked.
Fig. 6 shows the typical morphology of Fe–NbC/C composite

powders, again reflecting the dependence on the precursor origin
and, hence, on the amount and type of carbon source used. At
low magnification, irregular aggregates were identified of similar
external shape and a mean size of 100–130 μm (Fig. 6a, c
and e). The same aggregates were more clearly distinguished
in surface and internal morphology at high magnification
Fig. 5. Laser Raman spectra of the products obtained after the temperature-
programmed reaction from (a) green evaporated in 4/16/80 vol% CH4/H2/Ar
and (b) fluffy black evaporated in 0/4/96 vol% CH4/H2/Ar precursors, stopped
at 9000 s (T¼1223 K).



Fig. 6. Scanning electron microscopy images of the products obtained after the temperature-programmed reaction from (a, b) green evaporated in 4/16/80 vol%
CH4/H2/Ar and (c–f) fluffy black evaporated in 0/4/96 vol% CH4/H2/Ar precursors, stopped at 9000 s (T¼1223 K).
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(Fig. 6b, d and f). From the green evaporated precursor, the more
compact agglomerates presented a granular substructure of rounded
units close to 1 μm (Fig. 6a and b). Instead, when the
fluffy black evaporated precursor was used, layers or strata,
concave cavities and a porous internal structure could be observed
(Fig. 6c, d and e). The high-magnification view of that internal
structure (Fig. 6f) revealed rounded subunits of a uniform size
close to 0.25 μm which formed a fibrous network.
Since metal iron is known to be dissolved in a HCl solution,

the separation of NbC/C from the composite powders was
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conducted by leaching with dilute HCl at 60 1C for 24 h. After
removing the iron in solution by successive washing with
demineralized water, the powders were dried and analyzed again
by XRD and SEM (see Supplementary data, Fig. Sd3–Sd4).
Comparing these results with those presented in Figs. 4b, c and
6a, e both the disappearance of the diffraction peaks assigned to
metal iron and the morphology described before were confirmed.
Details of acid erosion became visible only at high magnification,
suggesting a different iron distribution in relation to the starting
precursor evaporated (green or fluffy black).

Fig. 7 shows the results of microanalysis corresponding to
the marked zones 1, 2 and 3 in the SEM micrographs (Figs. 6a, c
and Sd4a, c), before (A) and after (B) the procedure of attack
acid. A Fe:Nb molar relation close to the nominal composition
(Fe:Nb¼1:1) was determined in using the green evaporated
precursor (Fig. 7A (a)), noticing slight deviations between the
different aggregates analyzed. This trend was also verified by
preparing the same type of precursor from a Fe:Nb¼0.5:1 source
solution (see Supplementary data, Fig. Sd5–Sd7) and on similar
aggregates subsequently leached in dilute hydrochloric acid
(Fe:Nbr0.1:1, Fig. 7B(a). In the case of the fluffy black
evaporated precursor, the concave cavities were mostly composed
Fig. 7. Energy-dispersive X-Ray Spectroscopy patterns corresponding to
zones marked 1 (a), 2 (b) and 3 (c) in SEM micrographs (Fig. 6a, e and
Fig. Sd4a, c), before (A) and after (B) dissolving metal iron from composite
powders.
of Nb, whose composition was not altered by the acid treatment
(Fig. 7b, A and B) whereas the internal porous structures had Fe
as major metal that was evidently dissolved by hydrochloric acid
(Fig. 7c, A and B). Once more the molar ratio Fe:Nb was reduced
to 0.1:1, now exposing the Nb element. Both the concave
surfaces and the internal structure here characterized would be
related to the precursor pyrolysis defined by the behavior of PVA
and sucrose in acid metallic solutions [19].
3.3. Oxidation behavior of Fe–NbC/C composite powders

Fig. 8 shows typical TGA/DTA profiles of the Fe–NbC/C
composite particles studied at temperatures below 1000 1C in
flowing air. From the TGA curves (solid line), it can be
observed that the weight percentage of the samples does not
change significantly below �600 K. A slight weight loss (5%)
can be observed only when using the fluffy black evaporated
precursor associated with water endothermal desorption at
338 K (Fig. 8b, dashed line DTA-curve). This difference with
respect to the green evaporated precursor (Fig. 8a) is probably
due to the distinct spongy microstructure described for the
composite prepared with PVA–sucrose.
Fig. 8. Thermogravimetric and differential thermal profiles in air of the
products obtained after the temperature-programmed reaction from (a) green
evaporated in 4/16/80 vol% CH4/H2/Ar and (b) fluffy black evaporated in 0/4/96
vol% CH4/H2/Ar precursors, stopped at 9000 s (T¼1223 K).
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The onset of the oxidation of both composite powders is
found to start at about 600 K and extend up to 1040 K. The
differences registered in the TGA/DTA profiles in the 600–
1040 K temperature range can be interpreted by essentially
taking into account total carbon analysis. In the case of Fig. 8a
(sample with 40 wt% carbon), the mass gain observed up to
770 K could be due to the oxidation of Fe/Fe3C and NbC.
However, when comparing the exothermal DTA peak at 700 K
with literature data, it is possible to assign this first event to the
oxidation of Fe/Fe3C [20,21]. On the other hand, the loss of
net mass registered at temperatures higher than 770 K and the
corresponding exothermal DTA peak at 880 K probably
include the NbC oxidation [22,23] together with free carbon
[24]. In turn, in Fig. 8b, the TGA profile is dominated only by
a mass loss in the 600–1040 K range, due to the high carbon
content (70 wt%). That profile is analogous to the one reported
by Rufino et al. [24] for carbide-derived carbon on β-SiC
nanoparticles by reaction with chlorine. From the comparison
of Fig. 8b with the TGA/DTA curves of the NbC/C compound
powder (see Supplementary data, Fig. Sd8), it can be inferred
that niobium carbide participates in the first exothermal peak
while metallic iron and cementite participate in the second
peak. The higher oxidation temperature proposed for the
Fe/Fe3C combination with respect to Fig. 8a could be
explained in terms of a protecting effect of the carbon matrix
generated by PVA–sucrose pyrolysis and NbC according to
XRD/LRS/SEM-EDS results (Figs. 4c, 5b, 6e and 7b, c, A and
B). Other reports supporting this hypothesis were also pub-
lished by Cheng et al. [20] when they studied the Fe resistance
to the oxidation of particles made up of Fe(core)/SiO2(shell).
These authors found a shift in the order of 100 K in the TGA/
DTA changes when protecting iron nanoparticles with a
silica layer.

Finally, above 1040 K, the weight percentage remains almost
constant. The ternary oxide FeNbO4 (JCPDS card No. 16-0374)
is identified by XRD analysis as the major oxidation product
finishing all the experiments.
4. Conclusions

Fe–NbC/C composite powders were synthesized using an
in situ technique, which combines solution-derived precursors
and a gas reduction–carburization reaction. The precursor type
(with or without carbon) and the CH4/H2 ratio present in the
gaseous mixture conditioned the end of the transformation at a
given temperature. When the carbon was supplied by the gas
phase (CH4), the reaction mechanism proposed proceeded
according to the following sequence:

FeNb2O6-FeþNbO2-FeþNbC

In this case, the shorter reaction time was achieved by
including carbon in the precursor formulation and using a
gaseous mixture with a reducing rather than a carburizing
character. When methane was replaced by carbon in the solid
phase, from the PVA–sucrose pyrolysis, the transformation to
the compound powder was achieved faster by means of a
carbothermal reduction reaction.
The type of free carbon formed was characterized by a high

degree of disorder and defined not only the powder micro-
structure but also the crystallite size of the reinforcement phase
and certain behavior features during oxidation. The carbon
generated by PVA–sucrose pyrolysis was the most adequate
one to obtain a sponge-type morphology with nanocrystalline
NbC (12 nm) and protect the Fe particles from oxidation.
It is expected that the compound powders thus obtained

have a better consolidation performance, being of promissory
interest for electrochemical applications (porous electrodes).
The PVA–sucrose route is also presented as a new alternative
for the production of nanocrystalline NbC/C powders.
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