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Abstract

In this work, a novel process that combines infiltration casting with subsequent heat treatment was applied to fabricate in situ
vanadium carbide (V3C;) ceramic particulates-reinforced iron matrix composites. Based on the differential scanning calorimetry (DSC)
data, the as-cast samples were subjected to heat treatment at 1164 °C for different dwelling times (0, 10, 15, and 20 min). The effects of
different heat treatment times on the phase evolution, microstructure, and microhardness of the as-prepared composites were
investigated using X-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray spectrometer (EDS), and
Vickers hardness tester, respectively. The experimental results revealed that only graphite, a-Fe, and VgC; phases dominate in the
composite samples after heat treatment at 1164 °C for 20 min. The average microhardness of the as-prepared composites varied among
the different regions as follows: 458 HV, s (vanadium wire), 1055 HV, s (composite area), and 235 HV, s (iron matrix). The
microhardness of the composite region is four times higher than that of the iron matrix and two times higher than that of the vanadium

wire because of the formation of the vanadium carbide phases (V,C and VgC;) as reinforcement within the iron matrix.

© 2012 Elsevier Ltd and Techna Group S.r.I All rights reserved.
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1. Introduction

Metal matrix composites (MMCs) are a unique class of
engineering materials in which a rigid ceramic reinforce-
ment is incorporated into a metal matrix. As previously
demonstrated [1], MMCs combine the metallic properties
of matrix alloys (ductility and toughness) with the ceramic
properties of the reinforcements (high strength and high
modulus). Although extensive work has been done on the
production of novel and lightweight metal matrix compo-
sites, increasing attention has focused on developing iron
and steel matrix composites because of their simple
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processing, low cost, and isotropic properties. Thus far,
the methods commonly applied in manufacturing rein-
forced MMCs are casting, self-propagating high-tempera-
ture synthesis, powder metallurgy, and in situ reaction.
Kambakas and Tsakiropoulos [2] demonstrated a casting
technique for producing materials with wear-resistant
surfaces, which consist of a white cast iron matrix
reinforced with ex situ- and in situ-formed transition and
refractory metal carbide ceramic particulates. Persson et al.
[3] applied liquid-phase sintering (LPS) and self-propagat-
ing high-temperature synthesis (SHS) to manufacture
highly reinforced TiC/Fe composites. Wang et al. [4-0]
reported a novel process that combines in situ synthesis
with powder metallurgy technique to produce (Ti,V)C/Fe
matrix composites. Other authors [7-9] also reported the
fabrication of reinforced MMCs using an in situ reaction
method. However, the production of reinforced MMCs
through various casting technologies has two major short-
comings. First, the segregation of reinforcement particu-
lates in the iron matrix is likely to be uneven because of the
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density difference between the matrix and the reinforce-
ment. Second, the volume fraction of the reinforcement is
limited because of the reduced fluidity of the matrix at high
reinforcement levels. The ceramic particulate-reinforced
MMCs produced using self-propagating high-temperature
synthesis cannot be directly used as a structural material
because of its porosity and looseness. Powder metallurgy is
based on the addition of ceramic reinforcements to matrix
materials prepared separately prior to composite fabrica-
tion. As a result, interfacial reactions and poor wettability
occur between the matrix and the reinforcements, which
are caused by surface contamination of the reinforcements.
Therefore, the in situ route is considered one of the most
promising methods because the in situ-formed reinforce-
ments are thermodynamically stable at the matrix and the
reinforcement-matrix interfaces are relatively clean, result-
ing in strong interfacial bonding. Additionally, the reinfor-
cing ceramic particles have finer sizes and more uniform
distributions in the matrix compared with ex situ-prepared
MMC:s [5]. By applying in situ synthesis, TiC [10-12], WC
[13,14], and VC [15-17] were prepared by a combination of
casting, self-propagating high-temperature synthesis, and
powder metallurgy.

Vanadium carbide (VC) with the microhardness value of
2460-3150 HV, s can be employed to reinforce an iron-
based matrix, leading to a significant improvement in
abrasion performance [5]. Most importantly, the standard
free energy for the formation of vanadium carbide is lower
and wettability indicated by the smaller contact angle 6 of
28° between the vanadium carbide and the iron matrix is
better. Previously, vanadium carbide dispersions were
in situ generated in melt steel alloys, and the volume
fraction of carbides of up to 14% was reported with
carbide particle size in the range of 3-10 um [16]. An
iron-based surface composite reinforced with vanadium
carbide ceramic particles was produced by a metal-coated
casting technique, and the volume fraction of vanadium
carbide ceramic particles was up to 39.5% with particle
sizes in the range of 1-3 um [17]. The above-listed results
demonstrated that an in situ synthesis route would be
favorable for fabricating the iron-based composites rein-
forced with the vanadium carbide ceramic particulates.
However, those results were obtained by combined meth-
ods, i.e. in situ reaction with powder metallurgy and in situ
reaction with cast sintering, having the advantages of a
nearly perfect surface quality and high precision of final
products. Nevertheless, the fabricated products were
monolithic composites with a high production cost,
restricted shape and size. Also, the scale of reinforcing
phase was limited by the size of starting powders.

The purpose of the present work is to fabricate the
in situ vanadium carbide ceramic particulates-reinforced
iron matrix composites by a novel process combining
infiltration casting with subsequent heat treatment. The
effects of different heat treatment times at 1164 °C on the
phase evolution, microstructure, and microhardness of the
composites were systematically investigated in this study.

2. Experimental
2.1. Preparation

The starting materials were gray cast iron and vanadium
wires (¢1 mm) with 99.99% purity. They were employed as
carbon and vanadium sources for the in situ synthesis of
vanadium carbide ceramic particulates within the iron
matrix. The chemical composition (Wt%) of gray cast iron
is Fe—4.22C-0.58Si-0.268Mn—0.224P-0.024S. First, a gray
cast iron mold was produced in rectangular shape, as
shown in Fig. la. A number of holes were inversely drilled
(¢1 mm) on both sides of the mold (Fig. 1b), with the
targeted distance of 3 mm between the holes. Then, the
vanadium wires were passed through the drilled holes on
both sides and firmly fixed with the mold (Fig. 1c). Later,
the vanadium wire-fixed gray cast iron mold was inserted
into a graphite mold (Fig. 1d). Molten gray cast iron was
produced in a medium-frequency induction furnace and
poured into the mold at 1430 °C. The specimen was
immediately covered with quartz sand to avoid the crack
generation and cooled down to room temperature. After
that, the specimen was taken out of the graphite mold and
cut in the size of 10 mm x 10 mm x 25 mm by a numeri-
cally controlled wire-cut EDM machine (Suzhou Nutac
Electro Mechanic Co., Ltd., China). According to the
differential scanning calorimetry (DSC) data, the sectioned
samples were subjected to heat treatment at 1164 °C for
different dwelling times (0, 10, 15, and 20 min) in a
horizontal tube furnace with a modest flow of argon gas
and cooled down to room temperature naturally.

2.2. Characterization

After being well polished with diamond paste and etched
with a 4% Nital solution, the microstructures of specimens
were examined using a JSM-5800 scanning electron

Gray cast iron mold a Drilled iron mold b

\

Vanadium wires C  Graphite mold d

Fig. 1. 3D images of the gray cast iron mold (a), drilled mold (b), preform
(c) and graphite mold (d) used in the experiment.
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microscope (JEOL, Japan) equipped with an energy dis-
persive X-ray spectroscopy (EDS). The X-ray diffraction
(XRD) data was recorded on a PW 1730 X-ray diffract-
ometer (Philips, The Netherlands) with monochromated
Cu Ka radiation at 40 kV and 40 mA in the 20 range of
10-90°. The microhardness of specimens was measured
using an HDX-1000 digital microhardness tester. The
static load was 50 g for 15s. An average value of micro-
hardness was taken from at least five different measure-
ments. To determine the pouring temperature of gray cast
iron melt, differential scanning calorimetry (DSC)/thermo-
gravimetric analysis (TGA) was performed on a Q600 SDT
(TA Instruments, USA) for the cylindrical sample with the
diameter of 2 mm and the height of 2.6 mm prepared from
gray cast iron and vanadium wire. The sample was heated
at a heating rate of 10 °C/min up to a maximum tempera-
ture of 1400 °C with a 150 ml/min flow rate of argon gas
and cooled down to room temperature naturally.

3. Results and discussion

The DSC curve of the specimen is shown in Fig. 2. As
shown in the figure, three main endothermic peaks are
centered at 788 °C, 808 °C, and 1164 °C, and one exother-
mic peak is centered at 1347 °C. The endothermic peaks at
788 °C, 808 °C, and 1164 °C are attributed to an allotropic
change a-Fe—y-Fe, B-V,C - a-V,C+B-V,C, and the tern-
ary eutectic transformation L —7y-Fe+graphite+VgC,
[4,18], respectively. The exothermic peak at 1347 °C is
related to the formation of vanadium carbides by the
reaction (L —»vy-Fe+VC,) between the carbon in the iron
matrix and the vanadium in the wire. The reaction that
occurs near the ternary eutectic transformation is condu-
cive to graphite precipitation, and is beneficial to main-
taining matrix consistency. Based on the DSC data,
1164 °C was chosen as the optimum temperature for
further heat treatment of the as-cast samples.
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Fig. 2. DSC curve of the specimen.

The SEM micrographs of the in situ vanadium carbide
ceramic particulates-reinforced iron matrix composites are
shown in Fig. 3 as a function of heat treatment time.
Figs. 3a—d show that the diffused region broadens gradu-
ally with increasing heat treatment time from 0 min to
20 min, and the diameter of a metallic vanadium wire
contracts and eventually disappears. Between the vana-
dium wire and the iron matrix, the composite region was
divided into three apparent concentric circles (regions)
after heat treatment at 1164 °C. The three regions were
denoted as A, B, and C, as shown in Fig. 3b, where the
diffusion reaction mainly took place. Fig. 3d shows the
SEM micrograph of the composite region of the specimen
heat treated at 1164 °C for 20 min. The vanadium wire was
completely melted and more vanadium atoms diffused into
the iron matrix. The diameter of the in situ reaction region
was extended to 1.3 mm, which is higher than those of the
original vanadium wires. The in situ reaction region was
clearly joined firmly to the iron matrix without apparent
defects.

The XRD patterns of the in situ vanadium carbide
ceramic particulates-reinforced iron matrix composites
are shown in Fig. 4 with different heat treatment times.
It is clear that the graphite, vanadium, a-Fe, V,C and V3C,
dominate as main crystalline phases in the specimens after
heat treatment at 1164 °C for 0-15 min. Only graphite,
a-Fe and VgC; become dominating phases in the specimen
after heat treatment at 1164 °C for 20 min. A sudden
disappearance of the vanadium diffraction peaks after heat
treatment at 1164 °C for 20 min confirms that all metallic
vanadium atoms were consumed for the reaction with
graphite in the iron matrix, and a decent amount of un-
reacted graphite is still present in the composite specimen.
Hence, the vanadium carbide (VgC;)—dominated iron
matrix composites could be obtained under the current

Fig. 3. SEM micrographs of the in situ vanadium carbide ceramic
particulates-reinforced iron matrix composites heat treated at 1164 °C
for 0 min (a), 10 min (b), 15 min (c), and 20 min (d). Keys: Wire—vana-
dium wire; A, B, and C—total composite regions and Matrix—iron
matrix. An inset represents the iron enrichment zone in region C of a
composite area.
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experimental conditions along with a decent amount of un-
reacted graphite.

To obtain more information on the regions A, B, and C
in the composite, the specimens were examined by scan-
ning electron microscopy and energy dispersive X-ray
spectroscopy. The SEM micrographs and EDS spectra
are illustrated in Fig. 5. According to the EDS results
obtained from the crystalline particles present in each
region, the ratio of vanadium to carbon is 1:0.54, 1:0.86,
and 1:0.94 for the regions of A, B, and C, respectively, in
the specimen heat treated at 1164 °C for 10 min. By
comparing with XRD results, these values are considered
to be close to the atomic ratio of V,C and VgC,,
respectively. The microstructures of the regions A, B and
C show the presence of short-regional V,C crystals,
agglomerated irregular VgC; crystals, and spherical and
rod-like VgC; crystals in the iron matrix. The crystalline
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Fig. 4. XRD patterns of the in situ vanadium carbide ceramic particu-
as

lates-reinforced a function of heat

treatment time.

iron matrix composites
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VsC; particles are uniformly dispersed in the iron matrix in
regions B and C. The particulate size of VgC; in region B
(1-3 um) is smaller than that of VgC; in region C (2-5 pum).
This evidences that the VgC; crystallites grow with the
prolongation of heat treatment time. We also observed the
iron enrichment zone in region C, as shown in inset of
Fig. 3b, and however, its exact formation needs further
investigations.

Generally, in the ternary Fe—V—C system, vanadium can
easily react with carbon at high temperature to form VC,,
which is carbide with a vacancy in the VC, and the
quantity of carbon atoms is about 0.50-0.96. The region
of homogeneity is wide, and within this region the
disordered VC, crystallizes in the NaCl-type cubic struc-
ture. Nevertheless, the stoichiometric composition of
VCi 9o cannot be obtained under the equilibrium condi-
tions. In previous reports [19-21], ordered cubic phase
V3Cq, VeCs, V4Cs, V,C were obtained, and the lattice
parameters were twice as large as those of disordered
carbide. In this study, only VgC; and V,C phases were
formed in the iron matrix. The main reason might be
related to the variance of local concentration at different
regions. Near the vanadium wire, the concentration of the
vanadium atoms was much higher than that of carbon
atoms because the carbon diffusion was inhibited by the
reaction products; so, the V,C could form due to a low
carbon—vanadium ratio. In contrast, outside the region A,
the amount of carbon atoms was superfluous, and the
VgC; crystallites formed readily in regions B and C owing
to the higher carbon—vanadium ratio.

Microhardness distribution in the composite region of
the as-prepared composite specimen heat treated at
1164 °C for 10 min is plotted in Fig. 6 as a function of
the distance from the center of reinforcement phase to the
iron matrix. As shown in Fig. 6, the highest microhardness
value (1896 HV, ¢s) is obtained from the diffusion reaction
region A due to the presence of intensive V,C ceramic
particles. However, the highest microhardness value still

4S
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Fig. 5. SEM micrographs and EDS spectra of the regions A (a), B (b) and C (c) of the specimen heat treated at 1164 °C for 10 min.
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Fig. 6. Microhardness distribution in the total composite region of the
specimen heat treated at 1164 °C for 10 min as a function of the distance
from the center of reinforcement phase to the iron matrix.

could not reach the theoretical value (2460-3150 HV ¢s)
for the vanadium carbide because the particle size of the
V,C is too small compared with a tip of diamond-shaped
indenter; moreover, the ceramic particles might be slightly
moved during the test. Unexpectedly, there is an abrupt
reduction in microhardness value (744-758 HVgs)
between the regions A and B. Probably, the reason might
be the presence of less amount of carbon and vanadium in
the transformation area between the regions A and B, and
therefore, the vanadium carbide formation might have
been limited in this iron-rich region. The microhardness
value goes up again in region B and that trend subse-
quently falls down to 341 HV o5 in region C. Although the
presence of VgC, crystallites in regions B and C, the
microhardness values are quite different. This can be
related to the formation of VgC; particles with a specific
morphology in each region. That is, in region B the Vg3C;
particles were formed with highly agglomerated morphol-
ogy while the VgC, particles were formed separately in
region C. We believe that the indentation in region C
might have taken place randomly either on a smaller VgC;
particle or directly on the iron matrix, which gave lower
microhardness values. In short, the average microhardness
values of the main regions can be placed in the following
order: 235 HV, s (iron matrix) <458 HV o5 (vanadium
wire) < 1055 HVj o5 (composite area). It is clear that the
average microhardness value of the composite region is
four times higher than that of the iron matrix and two
times higher than that of the vanadium wire.

According to the standard thermodynamic calculations
[22,23], the following possible reactions might have taken
place in the Fe-V-C system:

2V+C = V,CAG, = —146.4—0.00634T(kJ /mol)

x(273°C < T < 1727°C)
8V+7C = V(4

AGy = —98.74+1.26 x 10737 InT+0.835 x 107°72+0.83

x10°T~'—1.08 x 1073 T(kJ /mol)(273°C < T
< 1727°C)
3Fe(a)+C(gr) = Fe;C(s)AG; = —38.05
+0.0571T(25°C < T < 190°C)
3Fe(y)+C(gr) = Fe;C(s)AGy = —37.3
+0.10507(25°C < T < 842°C)
3Fe(0)+C(gr) = Fe3C(s)AGs = —53.64
+0.06995T(842°C < T < 1454°C)

The Gibbs free energies (AG) calculated for the V,C,
VsC; and Fe;C are plotted in Fig. 7 as a function of
temperature. From Fig. 7, it can be noticed that the
vanadium has a stronger carbide forming tendency than
iron. The V,C and VgC; phases are stable carbides, and
their Gibbs free energies do not change significantly with
temperature. As expected, the Gibbs free energies for the
formation of the V,C and VgC; phases are negative, which
confirms the favorable reaction at the temperature used in
this work. In the range of heat treatment time of 0—15 min,
the V,C could be formed around the vanadium wire, and
after heat treatment for 20 min the VgC; could be formed
as a predominant phase in the gray cast iron matrix.
Although the difference in the space group and lattice
parameters, the V,C and VgzC,; have similar atomic
arrangements if the carbon vacancies are not taken into
account. The only difference is that the quantity of carbon
vacancies in the V,C is more than that in the VgC,;. Aouni
et al. [24] elaborated that when there are enough carbon
atoms to fill the vacancies, the V,C would transfer to other
structure. In this study, the concentration of carbon atoms
in the composite region (A, B, and C) was increased with
increasing heat treatment time. According to the Fick’s
second law of diffusion, higher carbon-vanadium ratio
was beneficial to form VgC; compare to V,C, because
more carbons could fill carbon vacancies. More carbon
atoms were present in the iron matrix than vanadium
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Fig. 7. Gibbs free energies for the V,C, VgC; and Fe;C phases as a
function of temperature.
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atoms after heat treatment at 1164 °C for 20 min, so the
V,C phase could be completely transformed into the
V3C; phase.

4. Conclusions

In summary, the in situ vanadium carbide (VgC;)
ceramic particulates-reinforced iron matrix composites
were fabricated using a novel process combining an
infiltration casting process with subsequent heat treatment.
The effects of different heat treatment times (0, 10, 15, and
20 min) at 1164 °C on the phase evolution, microstructure,
and microhardness of the in situ vanadium carbide ceramic
particulate-reinforced iron matrix composites were inves-
tigated. The XRD results showed that only graphite, a-Fe,
and VgC; dominated in the composite after heat treatment
at 1164 °C for 20 min. The SEM observations revealed the
presence of short-regional V,C, agglomerated irregular
V3C5, and spherical and rod-like V3C, particles in the iron
matrix for composite regions A, B, and C, respectively.
The average microhardness of the as-prepared composites
varied from region to region, as follows: 458 HV,gs
(vanadium wire), 1055 HV 5 (composite area), and 235
HV o5 (iron matrix). The microhardness of the composite
area was four times higher than that of the iron matrix and
two times higher than that of vanadium wire because of
the formation of crystalline vanadium carbides (V,C and
V5C,) as reinforcement phases in the iron matrix.
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