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In this study, the effects of vanadium on the morphology and wear behavior of a eutectic Cr-Fe-C hardfacing
alloy were discussed. The alloys tested contained different amounts of vanadium, ranging from 0 to 2.39 wt%.
A fibrous V4C3 was found when the alloy contained 0.93 wt% vanadium. The addition of vanadium was found
to decrease the fraction of eutectic M23C6 and increase the width of the interspaces between the eutectic cells.
The DTA results revealed that V4C3 formed just before the eutectic α+M23C6 during solidification. The surface
hardness was shown to increase with increasing vanadium content, which also caused the hardness deviation
and wear loss to decrease; however, the addition of vanadium was not shown to affect the hardness of eutectic
α+M23C6. The V4C3 could be scratched off during the wear test due to the increase in the width of the interspaces
between the eutectic cells; therefore, the alloys that contained 0.93 and 2.39 wt% vanadium exhibited similar
wear loss results. 
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1. INTRODUCTION

Abrasive wear occurs in many industrial processes. To resist
abrasion, hardfacing alloys can be applied to work pieces to
act as resistant coatings. Hardfacing can be applied using sev-
eral techniques, such as plasma spraying, laser cladding, ther-
mal spraying and welding processes [1]. Abrasion resistant
materials consist of hard reinforcement phases, primarily car-
bides or borides, and a metal matrix. One of the most com-
mon hardfacing alloys is the chromium-carbide-reinforced
alloy [1]. The Cr-Fe-C hardfacing alloys are widely used in
mining and mineral processing industries due to the high
fraction of carbide reinforcements. These alloys can be made
of a martensite, austenite or ferrite matrix with M7C3 or M23C6

carbide as the reinforcement [1-5]. 
Additive elements such as niobium, titanium, molybdenum

and vanadium can improve the wear resistance of Cr-Fe-C
alloys [6-8]. These elements are strong carbide formers that
help form secondary carbides in the hardfacing alloys [9]. The
addition of vanadium reduces the primary carbide size in the
hypereutectic alloy and increases its resistance to abrasion
[7,10]. The Cr-Fe-C alloy is typically characterized by three
different morphologies (hypoeutectic, eutectic and hypereu-
tectic), depending on the carbon content present. The effect

of vanadium on hypereutectic alloys has been described in
detail in previous studies, while its effects in hypoeutectic
and eutectic alloys still require additional examination. This
study discussed the effect of vanadium on the microstructure
and wear behaviors of a eutectic Cr-Fe-C hardfacing alloy.

2. EXPERIMENTAL PROCEDURES

The base metal substrates for the welding processes in the
experiments of this study were prepared from S45C steel
plates (0.48 wt% C, 0.2 wt% Si, 0.7 wt% Mn, 0.1 wt% Cr,
and 98 wt% Fe) with dimensions of 50 mm × 50 mm × 20 mm.
Before welding, the substrates were ground and cleaned with
acetone. The fillers used were mixtures of pure chromium,
carbo-chromium powder (20 wt% carbon) and carbo-vana-
dium powder (4 wt% carbon), which were mixed in a mechan-
ical mixer; these compositions are listed in Table 1, and all
fillers were designed to have a mass of 13 g. Compact fillers
with dimensions of 30 mm × 25 mm × 3 mm were formed after
the powders were prepared at a constant high pressure of
2200 psi (15.17 N·m-2).

Gas tungsten arc welding (GTAW) was performed with an
oscillating traversing path. The welding torch used was installed
on an automated system that carried the torch back and forth
at a constant speed above the filler. The welding parameters
included a welding voltage of 15 V, a welding current of 200
A, an argon flow rate of 15 L·min-1, a torch traveling speed
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of 20 mm·min-1 and an oscillating speed of 250 mm·min-1.
The chemical compositions of the clad alloys were ana-

lyzed with an electron probe microanalysis device (EPMA,
JOEL JXA-8500F). The crystal structures were determined
by X-ray diffraction (XRD, MXT III) with Cu Kα radiation
(λ=1.54 Å) at 40 kV, 30 mA and a scanning range of 20-100°
in a step-scan mode (0.02° per step). The recorded spectrum
was matched against the data from the Joint Committee of
Powder Diffraction Standards (JCPDS) to identify the crys-
tal structures of each phase. The microstructure of the clad-
dings was observed using an optical microscope (OM) and a
field-emission scanning electron microscope (FE-SEM, JOEL
JSM6700). The etchant was composed of 20 g of NH4F·HF
and 0.5 g of K2S2O5 in 100 mL of deionized water. Surface
phase fractions were measured using an image analysis soft-
ware (Image-Pro Plus, ver. 4.5.0). Ten pictures at 100 mag-
nifications were taken for quantitative measurements. The
phase transitions during the heating process in the alloy were
determined by differential thermal analysis (DTA) under an
argon atmosphere. The flow rate of argon was 4 L·min-1, the
heating rate was 10 °C·min-1, and the highest temperature
reached was 1500 °C. The surface hardness was determined
using a Rockwell hardness tester (C scale) and a Vickers hard-
ness tester with a 0.49 N (0.05 kg) load. Wear tests were per-
formed in a dry-sand rubber-wheel testing machine based on
ASTM G65-04 standards. Rounded quartz particles with mean
diameters between 200 and 300 μm and hardness values of
1000-1100 HV were used. The sand flow rate was approxi-
mately 350 g·min-1, and the chosen test load was 130 N (13.27
kg). The speed of the dry-sand rubber wheel was set to 200 rpm.
After the wear test, the worn surface of a alloy was examined
using a scanning electron microscope (JOEL JSM5400).

3. RESULTS AND DISCUSSION

3.1. Composition and phases
The elemental compositions of all of the alloys are listed in

Table 2. The vanadium content was the primary difference
between the four alloys and varied between 0 and 2.39 wt%.
Chromium, iron and carbon were the primary components of
the alloys, and their contents varied from 65.57 to 68.03 wt%,
26.29 to 28.23 wt%, and 3.22 to 3.39 wt%, respectively. Sil-
icon, manganese and oxygen originated from the base metal
and acted as impurities. Both chromium and vanadium were

diluted with the base metal during welding. 
Figure 1 shows the diffraction results of the four alloys.

The diffraction results show that all four alloys consisted of
α phase (i.e., a solid solution of iron and chromium) and
M23C6 carbides (“M” indicates metal elements). These are
the two primary phases of a high-chromium Cr-Fe-C system.
The vanadium carbide (V4C3) showed diffraction peaks that
matched the diffraction pattern. The diffraction peaks of V4C3

could not be observed clearly because they overlapped with
the peaks of M23C6; however, a change in the peak width
could still indicate the existence of V4C3. The peak widths of
the two marked peaks are shown in Table 3. As the vana-
dium content of the alloy increased from 0 to 2.39 wt%, the
width of Peak 1 increased by 0.08°, and the width of Peak 2
increased by 0.1°. The appearance of the V4C3 peaks broadened
the M23C6 peaks; there was also a diffraction peak of MnO2

located at 42°. Because the fillers did not contain manganese,
the source of the manganese observed in the results was likely
the base metal.

Table 1. Filler compositions

Alloy
Element (wt%) Powder (g)

C Cr V Cr-C Cr V-C
A 4.0 96.0 0 2.6 10.4 0
B 4.0 95.0 1.0 2.57 10.29 0.14
C 4.0 94.0 2.0 2.55 10.18 0.24
D 4.0 92.0 4.0 2.492 9.968 0.54

Table 2. Chemical compositions of alloys (wt%)

Alloy Si Fe C V Mn Cr O
A 0.08 26.25 3.22 0 0.38 66.43 1.56
B 0.06 26.23 3.31 0.54 0.51 68.03 1.23
C 0.09 28.23 3.39 0.93 0.45 65.57 1.24
D 0.08 25.29 3.38 2.39 0.43 66.53 1.26

Fig. 1. Diffraction patterns of all alloys.

Table 3. Peak widths of marked peaks in Fig. 1

Alloy
Peak width (degree)

Peak 1 Peak 2
A 0.281 0.434
B 0.334 0.513
C 0.336 0.529
D 0.361 0.539



Vanadium Affected on the Microstructure and Wear Resistance 103

3.2. Microstructural evolution
The OM images of the clad alloys are shown in Fig. 2. All

four alloys showed a eutectic structure that consisted of
lamellar M23C6 carbide and an inter-lamellar α phase. It is shown
that M23C6 lamellae were connected to a spine, and three
spines linked to form a eutectic cell; this is the typical eutec-
tic α+M23C6 structure that has been reported in the literature
[11,12]. In alloy A, all eutectic cells remained near each other
and had few interspaces between them. Additionally, it is shown
that there were a few black particles (red circles) that were
located within the interspaces. These particles are likely not
particles of vanadium carbide because alloy A did not contain
vanadium, as shown in Table 3; the particles might be MnO2

inclusions because MnO2 was found in the diffraction pattern.
Alloy B contained eutectic cells and inclusion particles, as
found in alloy A; however, it is shown that the interspaces
between the eutectic cells in alloy B were broader and more
apparent than those in alloy A. The eutectic cells could be
distinguished from each other in alloy B because the interspaces
were present. Because the vanadium content was the only
difference between alloys A and B, the broadening of the
interspaces must have resulted from the addition of the vana-
dium. In alloy C, the interspaces were more apparent than
those in alloy B; there were also many small particles (yellow
arrows) that were distributed in the interspaces between the
eutectic cells. These small particles differed from the black
particles in size and were only found in alloy C; these small
particles were not found in alloy B. Alloy D exhibited a mor-
phology similar to that of alloy C but contained significantly
more small particles in its interspaces. Comparing the mor-
phologies of the four alloys, it could be concluded that as the
vanadium content increased, the interspaces between the eutec-
tic cells increased and became more significant; also, small
particles appeared and became more distributed in the inter-
spaces when the vanadium content reached 0.93 wt%. Black

particles were also found in the alloys whether vanadium
was present or not.

Figure 3 shows the SEM images of the four alloys. Using
the secondary image mode, the eutectic morphologies and
the small particles are clearly shown; however, the black par-
ticles shown in Fig. 2 are not shown in Fig. 3. The eutectic cells
in alloy A are shown to be near to their neighboring eutectic
cells, as shown by the OM. The interspaces between the
eutectic cells became wider in alloy B, and no particles were
found in these interspaces. The small particles appeared in
alloys C and D and were found to be distributed in the inter-
spaces. A close view of the circled area of alloy D is shown
in Fig. 4. The small particles exhibit a fibrous structure, and
the EDS spectrum revealed that these fibers and globes con-
tained vanadium and carbon; the fibers are thus likely V4C3,
which was measured in the XRD pattern. It has been reported
that the fibrous or small vanadium carbide particles origi-

Fig. 2. OM images of (a) alloy A, (b) alloy B, (c) alloy C, and (d) alloy D.

Fig. 3. SEM images of (a) alloy A, (b) alloy B, (c) alloy C, and (d)
alloy D.

Fig. 4. SEM images and EDS spectrum of V4C3.
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nated from a eutectic transformation [13-16]. In Adnane’s report,
the eutectic austenite+VCx with a fibrous structure solidifies
just before the eutectic austenite+M7C3 structure; the two
eutectic phases also have similar melting points, which are
1297 and 1284 °C, respectively [13]. In this study, the fibrous
V4C3 might be a eutectic structure that solidified just before the
α+M23C6 eutectics. To examine the phase transformation tem-
perature of the alloys, a DTA was performed, and the two heat-
ing curves of alloy A and D are shown in Fig. 5. The melting
point of alloy A was 1298.6 °C. Because alloy A was a fully
eutectic α+M23C6 alloy, it had only one melting point, and
there was only one endothermic peak on the curve. The
melting point of alloy D was determined to be 1302.5°C; this
should be the melting point of the eutectic α+M23C6. How-
ever, it is also shown that there were two endothermic peaks
on the curve (blue arrows). Thus, there must be another melt-
ing reaction that had a higher melting point than 1302.5 °C,
even though the temperature could not be determined from
the curve shown. However, it could still be concluded that
the V4C3 must have solidified as a eutectic structure of α+V4C3

before the formation of eutectic α+M23C6 during welding.
A peak indicating the presence of MnO2 also appeared in

the XRD results. The EDS results, as shown in Fig. 6, shows
that the particles, which were larger than the V4C3 particles,
were in fact MnO2. Additionally, vanadium was found to have
dissolved into the MnO2 particles, as shown in the spectrum
of alloy D. Compared to Fig. 2, it is shown that the MnO2

particles were present in all of the alloys. Because the fillers
did not contain vanadium, the base metal must be the source
of this manganese. The microstructure of the base metal is
also shown in Fig. 6. Particles also appeared in the base metal;
however, the EDS results showed that these particles were
composed of manganese sulfide, which is a common inclu-
sion in steels. Manganese will typically interact with sulfur
in molten iron during steel making and form manganese sul-

fide as an inclusion in the cast. The source of oxygen can be
the weld metal, filler, flux or the air [17]. GTAW used Ar as a
shielding gas to avoid oxygen in the air, but could not avert it
from the weld metal and filler. In this study, the fillers were
pieces of compact powders, so the air was trapped in the filler
and acted as the source of oxygen. This manganese sulfide
can also interact with oxygen to form oxides (i.e., slag) [18].
The addition of vanadium promotes the formation of MnO2,
and the vanadium tends to dissolve into the MnO2 [19]. There-
fore, the MnO2 in alloy D contained vanadium, while that in
alloy A did not.

The phase fractions of all of the alloys are shown in Table 4.
The V4C3 phase was not found in alloys A and B; thus, its
fraction in these two alloys was not calculated. The V4C3 fraction
was found to increase as the vanadium content increased in
alloys C and D. The M23C6 fraction decreased from 60.67 to
51.84% as the vanadium content increased, while the total
carbon content remained constant. In contrast with the M23C6

fraction, the amount of α increased from 38.05 to 42.95%.
Vanadium has been considered to be a strong carbide former;
it also has a higher affinity to combine with carbon than with
chromium. As discussed earlier, the V4C3 solidified just before
the M23C6. When the alloy solidified, vanadium adsorbed onto
carbon to form carbides before chromium [9]; the resulting

Fig. 5. DTA curves of alloy A and D.

Fig. 6. MnO2 particles in the alloys, and MnS in the base metal.

Table 4. Fractions of all phases in each alloy

Alloy
Phase fraction (%)

α M23C6 V4C3 MnO2

A 38.05 60.67 - 1.26
B 40.16 58.03 - 1.6
C 41.27 56.22 1.34 1.16
D 42.95 51.84 4.05 1.15
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depletion of carbon in the liquid phase resulted in a lower
amount of chromium carbides after the vanadium carbides
formed. An increase in the vanadium content will thus push
the eutectic composition to have a higher carbon content [7];
therefore, in a hypereutectic alloy, the amount of primary
carbide decreases, while the amount of eutectic structure
increases. The additional vanadium content will change the
morphology of the material from a hypereutectic to a hypoeu-
tectic structure. In this study, the amount of eutectic M23C6

decreased with the increase in vanadium content, while the
amount of α phase increased. Although an alloy’s composition
does not represent the absolute eutectic composition, a com-
pletely eutectic structure can still form over a range of com-
positions near the eutectic composition [20]. Therefore, in this
study, the four alloys exhibited a eutectic structure, even though
the vanadium addition changed the eutectic composition. If
the alloy contained additional vanadium content, a hypoeu-
tectic structure, consisting of the primary α and eutectic α+M23C6

phases, would replace the current eutectic morphology.

3.3. Surface hardness and wear behaviors
The hardness results, as shown in Fig. 7, show that the average

hardness of the alloys without the addition of vanadium was
approximately 46.1 HRC. With the addition of vanadium, the
surface hardness increased to approximately 50.5 HRC when
the vanadium content was 0.54 wt% and exhibited the high-
est hardness of 53.6 HRC when the alloy contained 2.39 wt% of
vanadium. The surface hardness was thus shown to increase
with the increase in vanadium content. Although the V4C3 in
alloy B could not be observed with the microscope, the dif-
fraction results showed that it was present. Besides, the hard-
ness deviation decreased with the increase in vanadium content
in alloy B, C and D. The addition of vanadium resulted in a
reduction in the amount of M23C6 and an increase in the width
of the eutectic structure interspaces. These interspaces became
the weak point in alloy B, so the hardness deviation of alloy

B was greater than that for alloy A. As the vanadium content
increased because V4C3 was distributed in the interspaces
between the eutectic M23C6, the surface hardness of alloy D
became more uniform than that of alloy B. Table 5 shows the
Vickers hardness of the different structures in alloys A and
D. The tested alloys did not include alloys B and C because
V4C3 was not observed in alloy B and could not be precisely
indented in alloy C; therefore, only alloys A and D were selected
for testing. Without the addition of vanadium, the eutectic
structure in alloy A exhibited a hardness of 822.4 HV. In alloy
D, the structure of α+V4C3 exhibited a hardness of 1020.6
HV, while the α+M23C6 structure exhibited a hardness of
822.8 HV. The addition of vanadium did not affect the hard-
ness of the α+M23C6 structure. Therefore, the increase in the
surface hardness was caused by the presence of V4C3. The
wear losses were measured to be 565.1, 375.2, 273.1 and
268.8 for alloys A, B, C and D, respectively, and a lower wear
loss was assumed to indicate a higher wear resistance. Addi-
tionally, higher vanadium content tended to result in a higher
hardness and thus, a higher resistance to wear. Comparing
alloys C and D, the difference in the wear loss between these
two alloys was only 4.3 mg, even though alloy D had a higher
vanadium content and a higher hardness than alloy C. The two
alloys showed similar wear loss results, even though alloy D
had twice the vanadium content of alloy C (0.93 and 2.39 wt%
in alloys C and D, respectively). Vanadium carbide has been
reported to resist abrasion [8,16]. It has also been reported
that the wear resistance of a hardfacing alloy is determined by
the carbide composition, size, shape and distribution [21].
Additionally, an increase in the carbide fraction can improve
the wear resistance of an alloy [22]. In this study, the carbide
fraction decreased as the vanadium content and the wear resis-
tance increased. With the appearance of vanadium carbide,
the wear resistance was found to improve, even though the total
carbide fraction decreased. A schematic diagram was illustrated
in Fig. 8. With the increase of vanadium content in clad alloys,
V4C3 carbides could be observed in the interspaces of the eutectic
α+M23C6 cells, and the width of the interspaces also increased
because of the decrease in the amount of M23C6 carbides.
The formation of V4C3 carbides resulted in the increase in
hardness and the decrease in wear loss because of the high
hardness of the V4C3. It was also found that although additional
vanadium content tended to result in a higher hardness, the
increase in the wear resistance slowed after the vanadium
content reached 0.93 wt%. Theoretically, higher vanadium
contents could resist wear more effectively; however, the
decrease in the wear loss was not significant after the vanadiumFig. 7. Surface hardness and wear loss of each alloy.

Table 5. Vickers hardness of different structures

Structure
α+M23C6

(alloy A)
α+M23C6

(alloy D)
α+V4C3

(alloy D)
Hardness (HV0.05) 822.4±16.7 822.8±39.6 1020.6±15.9
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content reached a certain value. Qi’s reports that additional
vanadium content tends to increase the presence of eutectic
structure while the amount of primary carbide decreases; the
alloy that contains the maximum vanadium content exhibited
the lowest wear loss, but the value was near that which con-
tains the second highest vanadium content [7]. In this study,
all of the alloys exhibited a fully eutectic morphology; thus,
the discussion of the primary carbide was not applicable. As
a result, worn surfaces of the alloys were observed.

The worn surfaces are shown in Fig. 9. The results showed
that all of the alloys exhibited discontinuous grooves on their
surfaces (i.e. wear traces); these discontinuous grooves formed
while the abrasives particles were interrupted during abra-
sion. In alloys A and B, few grooves were found and those
found were deeper than the others found in other alloys;
these grooves indicated that severe abrasion had taken place.
In alloy C, no deep grooves were found, indicating that alloy
C had a better abrasion resistance than alloys A or B; the wear
loss result of alloy C also confirmed this finding. In alloy D,
the worn surface exhibited grooves as well as many cavities
(indicated by arrows). A detailed view of the cavities is shown

in Fig. 10. The EDS spectrum showed that the cavities con-
tained vanadium; thus, the cavities must be the sites where
V4C3 is located. Cavities can form when carbides are pulled
from the surface of a material [23]. Thus, it could be con-
cluded that the V4C3 was scratched off of the surface during
the abrasion test. As shown in Fig. 3, V4C3 was distributed
into the interspaces of the eutectic cells. Additionally, the
width of the interspaces increased with the addition of vanadium
because the M23C6 fraction decreased. The distance between
the carbides determines whether abrasive particles can abrade
the matrix and remove carbides [4]; if the distance between
the carbides increased, abrasive particles could easily attack the
interspaces. In this study, the addition of vanadium increased
the interspaces between the eutectic cells. In alloy B, the inter-
spaces were not sufficiently for the abrasive particles to attack
the interspaces of the material; as a result, the worn surface
was similar to that of alloy A. For alloys C and D, the inter-
spaces contained V4C3, which acted as reinforcement, but the
interspaces in alloy D were larger than those in alloy C. As
illustrated in Fig. 11, the abrasive particles could attack and
scratch the V4C3 off in alloy D, leaving cavities. Therefore,
although there was a higher amount of V4C3 in alloy D, the
reduction in the wear loss was similar to that of alloy C. Consid-
ering the cost of raw materials and wear performance, alloy
C would thus be the best choice for practical applications of
this material.

Fig. 8. Transition of eutectic Cr-Fe-C alloys with different vanadium
contents.

Fig. 9. Worn surfaces of (a) alloy A, (b) alloy B, (c) alloy C, and (d)
alloy D.

Fig. 10. Worn cavities of alloy D.

Fig. 11. The wear behavior of alloy D.
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4. CONCLUSIONS

A eutectic Cr-Fe-C hardfacing alloy containing different
amounts of vanadium was investigated in this study. The con-
clusions of this study are listed below:

(1) The addition of vanadium resulted in the formation of
fibrous V4C3, which distributed into the interspaces between
the eutectic α+M23C6 cells.

(2) V4C3 solidified just before the eutectic α+M23C6 during
solidification.

(3) An increase in the vanadium content resulted in a decrease
in the phase fraction of M23C6 present.

(4) The alloy’s hardness was shown to increase as the
vanadium content increased, while the hardness deviation and
wear loss decreased.

(5) The V4C3 tended to be scratched off of the alloy’s sur-
face due to the increase in the interspaces between the eutec-
tic cells.
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