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Introduction

In recent years, ceramic particulates have been widely used
as reinforcements in metal matrix composites to improve
the mechanical properties. Transition metal carbides have
received much attention due to their various excellent
properties, such as high melting points, high hardness,
high-temperature strength, high thermal conductivity, and
high chemical stability [1-4]. Among these carbides,
vanadium carbide is important for industrial applications
owing to its unique properties. Additionally, vanadium
carbide is expected to be able to better incorporate into the
iron matrix because of its better wettability by iron, as
indicated by the smaller contact angle 6 of 13° between
vanadium carbide and iron [5]. Therefore, the vanadium
carbide particulates-reinforced Fe matrix composites have
received considerable attention owing to their potential use
in cutting, machining, and wear resistance applications.
VC/Fe composites are commonly prepared by in situ
synthesis of VC in the liquid iron by casting, which requires a
high temperature and a long synthesis time, resulting in
exaggerated growth of the VC grains. It also needs a bulky
furnace to melt the iron alloy for an extended time period [6].
An alternative method which could decrease the reaction
temperature and shorten the reaction time is needed. There-
fore, spark plasma sintering (SPS) technique has received
more and more attention. This technique has been developed
as a novel in situ reactive synthesis technology to rapidly
sinter a number of materials including metals, ceramics, and
composites in a couple of minutes [7—10], which is potentially
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useful in producing VC/Fe composite. SPS utilizes pulsed
high DC current along with uniaxial pressure to consolidate
powders [11]. During the process, the sample is loaded in a
graphite die, uniaxial pressure is applied during the sintering
by the top and bottom punches, and a pulsed direct current is
allowed to pass through the die and the sample. The pulses
generate spark discharge and/or plasma in voids between the
powders. Due to these discharges and/or plasma, the particle
surface is activated and purified, and a self-heating phe-
nomenon is generated between the powders, as a result of
which heat transfer and mass transfer can be completed
instantaneously [12, 13]. Therefore, SPS is capable of sin-
tering ceramic particle-reinforced composites quickly to its
full density at relatively low temperature within a very short
time. SPS is an effective means of consolidating these car-
bides. Short-time consolidation is very useful in maintaining
fine grain size and controlling the microstructure [14, 15].
However, little work has been done on the VC/Fe composite
prepared by SPS technique.

In this investigation, an attempt has been made to fab-
ricate vanadium carbide particulates-reinforced Fe matrix
composites by SPS. VC particulates are synthesized by an
in situ reaction of ferrovanadium and amorphous carbon
powders during sintering. The phase evolution, micro-
structure, and mechanical properties of the composites
have been studied. It is expected that the preliminary
results can be significant in promoting the development of
rapid reaction synthesis of vanadium carbide particulates-
reinforced Fe matrix composites.

Experimental procedure

The commercial ferrovanadium (51.25 wt% V) and
amorphous carbon powders with a mean particle size of
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100 nm are used as the starting materials in this study.
Ferrovanadium powders were obtained by high energy
planetary ball mill with stainless steel balls and vials in
acetone for 2 h. Then the ferrovanadium and amorphous
carbon powders were blended together in VC stoichiome-
tric ratio (1:1). Powder mixtures were obtained by
mechanical mixing in acetone for 1 h. The weight ratio of
ball to powder is 3:1.

The mixed powders were dried and pre-compacted.
Then, the mixed powders were put into a cylindrical
graphite die with an inside diameter of 20 mm and sintered
in vacuum using an SPS apparatus (model SPS1050,
Sumitomo Coal Mining Co., Japan) at a sintering temper-
ature range 650-1150 °C with 5 min holding time. In this
process, the pressure was initially set at ~15 MPa at room
temperature, and then 30 MPa pressure was applied when
the maximum temperature was reached. The applied
heating rate was about 80 °C/min. The temperature was
monitored and regulated by a pyrometer which was
focused on the die. In addition, with the aim of minimizing
heat losses by thermal radiation, the die was covered with a
layer of graphite felt.

After sintering, the surfaces of samples with the
dimension of 20-mm diameter and 4—10-mm height were
ground for removing the graphite layer. The theoretical
density of the samples is ~6.50 g/cm® and the volume
fraction of the vanadium carbide particulates is ~64%.
The phases of the fabricated composite specimens and the
original powders were examined by a DX-2000 diffrac-
tometer with a graphite monochromator using Cu Ko
radiation operated at 30 kV and 40 mA. The bulk densities
of the sintered specimens were determined by Archimedes’
method using water immersion. The hardness (HRA) was
measured by a Rockwell sclerometer (HR-150A). The
microstructure was characterized using JSM-6490LV
scanning electron microscope (SEM). The micro-zone
composition analysis was investigated using GENESIS
2000 XMS energy dispersive X-ray spectrometry (EDS)
system which was attached to the SEM.

Results and discussion
Phase identification and evolution

The X-ray diffraction (XRD) patterns of the starting
powders and the specimens sintered at various tempera-
tures are shown in Fig. 1. As shown in Fig. 1, the phase
detected in the starting materials is only FeV and no peaks
of carbon can be found (Fig. 1a). The reason is that the
carbon powders are amorphous. After sintering at 750 °C,
the phases present in the specimen are o-Fe, VgC;, and
VC,.x (1-X = 0.66-0.88) (Fig. 1d—f). It indicates that the
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Fig. 1 XRD patterns of the specimens sintered at various tempera-
tures: a starting materials, b 650 °C, ¢ 700 °C, d 750 °C, e 950 °C,
and f 1150 °C

FeV and C precursors have been reduced into vanadium
carbide-reinforced iron matrix composites.

Furthermore, as shown in Fig. 1, it indicates that the
carbonification reaction between ferrovanadium and
amorphous carbon hardly occurs below 650 °C and prac-
tically completed at 750 °C. The carbonification reactions
of FeV maybe as follows

3FeV(s) 4+ 4C(s) = 3VC(s) + FesC(s). (1)

The carbonification reactions of V and Fe are as follows
[5, 16]

V(s) + C(s) = VC(s) 2)
AGyc = —102090 + 9.851T J/mol

3Fe(s) + C(s) = Fe;C(s) 3)
AGpe,c = 26668.4 — 24.7456T J/mol

where AG7 is the reaction free energy, T is the temperature
(K).

When the reaction temperature is in the range 650-
750 °C, the carbonification reaction-free energy of V is
below zero. Therefore, according to the thermodynamical
theory, above the ignition temperature (650-700 °C), the
carbonification reaction of V can be easily carried out. At
this temperature range, AGre,c is positive and Fe;C cannot
be formed. Even at the highest reaction temperature
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1150 °C, AGge,c is only slightly negative (—8.5 kJ/mol).
However, AGyc is lower than —88 kJ/mol and much
smaller than AGrg,c in the entire experimental temperature
range (0—1150 °C). So, the VC phase is by far the most
thermodynamically favored product compared with Fe;C.
Moreover, the atomic ratio of V and C is 1:1, so the
products are mainly containing VgC; and VC,_x.

To compare with VC, both VgC; and VC,_x may be
regarded as substoichiometric vanadium carbides. VC;_x
belongs to space group Fm3m with a small amount of C
vacancies. Its lattice parameter is a = 0.4170 nm, and the
vacancies of C are randomly distributed in the VC;_x lattice.
VC; belongs to space group P4;32 with ordered C vacancies
and its lattice parameter is a = 0.8334 nm. In spite of the
difference in space group and lattice parameter, VgC; and
VC,_x have the same atomic arrangement if the C vacancies
are not taken into account. With the annealing temperature
rising and not high enough, the positions of the C vacancies
change from disorder to order, and the crystal structure
changes from Fm3m (VC,_x) to P4332 (VgCy) [2, 3, 17].

Figure 1 also shows that the intensity of the VgC; and
VC;_x peaks increases with the sintering temperature.
However, the intensity of «-Fe decreases and it is almost
disappeared at 1150 °C (Fig. 1d—f). The reason might be
that the reaction between the vanadium and carbon solid
solution in the matrix is more complete. Moreover, the iron
matrix is volatilized, melted, and overflows from the bot-
tom of the mold after 1050 °C, especially at 1150 °C.

Densification and hardness

The effects of sintering temperature on the density and
hardness of VC/Fe composites are shown in Fig. 2.
Figure 2 shows that densification increases as the sinter-
ing temperature increases, reaching a maximum for the
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Fig. 2 Effects of sintering temperature on the density and hardness of
VC/Fe composites

@ Springer

specimen sintered at 1050 °C. A maximum density of
6.27 glem® (~96.5% relative density) can be obtained due
to the enhanced activation of the plasma. The reasons for
the density increases might be that with the increase in
sintering temperature, the wettability between liquid phase
and vanadium carbide reinforcement is improved, which
intensifies dissolution—precipitation of vanadium carbide
particles and increases the amount of liquid phase. As a
result, the densification increases. However, high sintering
temperature needs a larger electric current, which results in
the local temperature too high. And because of vacuum
sintering, excess sintering temperature causes severe vol-
atilization of metal, and the matrix is melted and overflows
from the end of the mold after 1050 °C (especially at
1150 °C), which results in the formation of voids in the
sintered specimen, thereby the density decreases.

The relation between sintering temperature and hardness
is also shown in Fig. 2. Figure 2 shows that the hardness
continuously increases with temperature. However, the
increase in hardness becomes slow above 900 °C. A maxi-
mum of 84.2 HRA can be obtained when the specimen was
sintered at 1150 °C. The hardness could be affected by
porosity, reinforcement content, and grain size [18]. Pores in
materials have no resistance to applied stress, so dense
materials with less porosity own higher hardness. Part of the
increase below 1050 °C in hardness could be explained by
the density’s influence. Moreover, the content of vanadium
carbide reinforcements increases with the temperature. The
formation of vanadium carbide, which exhibits high hard-
ness (2400 VHN for VgC,) [19], is beneficial to improve the
hardness of the composites. However, the size of grains is
increased significantly with sintering temperature, which
will decrease the hardness. Therefore, the increase in hard-
ness is slow between 900 and 1050 °C. The reason for the
hardness increase at 1050 °C might be as follows: when the
temperature is higher than 1050 °C, a part of iron matrixes,
which exhibits low hardness, overflows from the specimens.
Therefore, the ratio of reinforcements to iron matrix is lar-
ger, which causes the hardness increases while the relative
density decreasing. However, with the increase in the sin-
tering temperature between 1050 and 1150 °C, the porosity
also increases, which can be confirmed from the SEM pic-
tures. Thereby, the increase in the hardness is not significant.

Microstructure of the composite

The SEM micrographs and EDS analysis of VC/Fe com-
posite are shown in Fig. 3. Figure 3a shows the SEM
image of the specimen sintered at 1050 °C. The dark par-
ticles are vanadium carbide, and the white matrix is Fe.
Figure 3a shows that the vanadium carbide particulates are
near spherical and their sizes are about 1-3 um. The
reinforcements and the iron ones are homogenously
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Fig. 3 SEM micrographs and EDS analysis of VC/Fe composite: a micrograph of the composite sintered at 1050 °C, b micrograph of the

composite sintered at 1150 °C, and ¢ EDS of point A

distributed. It is very important to obtain homogeneous and
fine reinforcements in the matrix phase in order to enhance
mechanical properties. The SEM image of the specimen
sintered at 1150 °C is shown in Fig. 3b. It can be seen that
the size of reinforcements is increased markedly. Obvi-
ously, the amount of matrix is also decreased, which results
in the ratio of reinforcements to iron matrix becoming lar-
ger. In addition, some micropores can also be seen in the
composites. It could explain the reason for the densities
decreasing but the hardness having a slight increase after
1050 °C. In order to confirm the dark particulates are
vanadium carbide, EDS analysis is carried out. Figure 3c
shows the EDS spectra of the dark particulates (marked by
point A in Fig. 3a). Obviously, this region is rich in vana-
dium and carbon. With the combination of the XRD results,
it is evident that the dark particulates can be identified as
VgCy and VC, _x.

Conclusion
SPS technique has been successfully applied to the reaction

synthesis of vanadium carbide-reinforced iron matrix
composite in situ using commercial ferrovanadium and

amorphous carbon powders. After a relatively low onset
temperature (650-700 °C), it can realize solid-phase dif-
fusion between reactant V and C and the carbonification
reactions of V easily. The densities increase at first and
then decrease with the temperature. A maximum density of
6.27 glem® (~96.5% relative density) is obtained at
1050 °C for 5 min by the method. The hardness continu-
ously increases with temperature, but grows slowly after
900 °C. A maximum of 84.2 HRA can be obtained at
1150 °C. The vanadium carbide particulates contain VgC,
and VC,_x (1-X = 0.66-0.88). Moreover, the vanadium
carbide particulates, that are in a size of 1-3 um, and the
iron ones are homogenously distributed when the com-
posite is sintered at 1050 °C.

Acknowledgement This study was supported by a grant from the
National High Technology Research and Development Program of
China (863 Program) (No. 2008AA031105).

References

1. Ma JH, Wu MN, Du YH, Chen SQ, Ye J, Jin LL (2009) Mater
Lett 63:905
2. Zhang B, Li ZQ (2005) J Alloys Compd 392:183

@ Springer



2542 J Mater Sci (2010) 45:2538-2542
3. Zhao ZW, Liu Y, Cao H, Zheng HJ, Ye JW, Gao SJ, Tu MJ 12. Tsuchida T, Yamamoto S (2007) J Mater Sci 42:772. doi:
(2009) J Alloys Compd 468:58 10.1007/s10853-006-0719-y
4. Warren R (1980) J Mater Sci 15:2489. doi:10.1007/BF00550752 13. Li BH, Liu Y, Cao H, He L, Li J (2009) J Mater Sci 44:3909. doi:
5. Wang XH, Zhang M, Cheng L, Qu SY, Du BS (2009) Tribol Lett 10.1007/s10853-009-3527-3
34:177 14. Feng HB, Jia DC, Zhou Y (2005) Composites A 36:558
6. Wang YS, Zhang XY, Zeng GT, Li FC (2001) Composites A 15. Hulbert DM, Jiang DT, Dudina DV, Mukherjee AK (2009) Int J
32:281 Refract Met Hard Mater 27:367
7. Shimizu H, Yoshinaka M, Hirota K, Yamaguchi O (2002) Mater 16. Feng KQ, Hong M, Yang Y, Wang WJ (2009) Int J Refract Met
Res Bull 37:1557 Hard Mater 27:852
8. Wang LJ, Jiang W, Chen LD (2004) J Mater Sci 39:4515. doi: 17. Zhao ZW, Liu Y, Cao H, Gao SJ, Tu MJ (2008) Powder Technol
10.1023/B:JMSC.0000034145.54280.53 181:31
9. Feng HB, Zhou Y, Jia DC, Meng QC (2005) Mater Sci Eng A 18. Santos C, Strecker K, Baldacim SA, Silva OMM, Silva CRM
390:344 (2003) Int J Refract Met Hard Mater 21:245
10. Venkateswaran T, Basu B, Raju GB, Kim DY (2006) J Eur 19. Nam D, Do J, Lee S (2009) Scr Mater 60:695
Ceram Soc 26:2431
11. Munir ZA, Anselmi TU, Ohyanagi M (2006) J Mater Sci 41:763.

doi:10.1007/s10853-006-6555-2

@ Springer


http://dx.doi.org/10.1007/BF00550752
http://dx.doi.org/10.1023/B:JMSC.0000034145.54280.53
http://dx.doi.org/10.1007/s10853-006-6555-2
http://dx.doi.org/10.1007/s10853-006-0719-y
http://dx.doi.org/10.1007/s10853-009-3527-3

	Reaction synthesis of in situ vanadium carbide particulates-reinforced iron matrix composites by spark plasma sintering
	Introduction
	Experimental procedure
	Results and discussion
	Phase identification and evolution
	Densification and hardness
	Microstructure of the composite

	Conclusion
	Acknowledgement
	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 true
  /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 <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


