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Introduction

Hardfacing is a widely diffused strategy to improve
surface properties of tools and plant equipment by the
deposition of a material layer aimed at improving
surface wear and corrosion resistance without significant
changes of ductility and toughness of the substrate.
This method can be used to produce deposits having
thickness up to the millimetre scale, by cladding based
technologies (e.g. laser deposition, plasma torch arc
cladding) or by casting based processes (e.g. spin
casting).

The wear resistance of the coating can be significantly
improved by promoting a dispersion of hard phases in
the microstructure. Hence, Fe based hardfacing alloys
usually rely on copious precipitation of primary and
secondary carbides based on strong carbide-forming
elements like Ti, W, Mo, Cr, Nb and V.2 Distribution
and size of secondary carbides also have a great
influence on wear resistance of steels. In particular, the
hardness can be increased by the formation of a fine
dispersion of secondary carbides in a relatively ductile
and tough matrix such as tempered martensite.” When
high wear resistance properties are required, also the
toughness of the carbides has to be considered to
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prevent premature failure of these phases.® Hardfacing
alloys with a combination of hard and tough carbides
showed very high abrasive wear resistance since tough
phases can sustain higher loads and service times before
failure occurs under the action of the abrasive environment.'
In particular, it has been shown that V is a strong carbide-
forming element, producing MC type phases charac-
terised by high hardness.”!® It was also stated that V has a
high solubility in a-Fe solid solution and in other M3C
and M,C; carbides.>!! Moreover, limited amounts of V
in Fe-Cr—C alloys, revealed to have relatively low effects
on the solidification behaviour.”

In this paper, a standard Fe—-C-B-Ni hardfacing alloy
in the form of powder was blended with increasing
amount of Fe-V rich powders and cast in alumina
crucible in order to analyse the relationship between
chemistry, microstructure, solidification behaviour and
properties such as hardness and wear behaviour of the
new experimental alloys.

Materials and experimental procedures

The reference material was a commercial Fe based C—B—
Ni abrasion resistant powder alloy with the chemical
composition reported in Table 1 and a particle size in
the range 45-355 pm. Batches of the reference alloy were
blended with several additions: 5, 10, 20, 30 and 40 wt-%
of an atomised Fe—-12V—Cr alloy powder (particle size in
the range 50-150 pm), whose composition is given in
Table 1. Both starting powders are characterised by an



1 a micrograph (SEM) of reference Fe—-C—B-Ni (V0) alloy powder and b SEM image of Fe-12V-Cr powder used in casting

experiments

almost spherical shape as shown in Fig. 1. The new V-
bearing alloys were thus designed to reach nominal V
concentrations ranging from about 0.6 up to about
4.9 wt-% as described in Table 2.

After blending the powder mixtures, the materials
were placed in alumina crucibles of size 70 x 14 x 10 mm
or in cylindrical crucibles having diameter of 25 mm and
height of 20 mm. Melting was performed in a furnace
equipped with a flow of Ar as shielding gas. Differential
scanning calorimetry (DSC, Setaram Instrumentation)
was used to investigate the melting, solidification
and solid state phase transformations of the alloys.
Differential scanning calorimetry thermograms were
generated by imposing a heating ramp up to 1250°C at
a rate of 30°C min~', 15 min holding at maximum
temperature followed by a cooling step at the same rate.
In particular, the heat flow was recorded as a function of
temperature and by analysing the cooling curves, the
offset and onset points of the melting and solidification
ranges were determined. X-ray diffraction analyses were
performed to identify alloy phases found after solidifica-
tion. X-ray diffraction measurements were carried out
by a PANalitical X-Pert PRO instrument, with a 6-0
configuration, equipped with a RTMS X’Celerator
sensor. Cu K, (A=0.15418 nm) radiation was employed
to perform the tests. Microstructural investigations were
carried out after metallographic polishing and etching
with a solution of Nital 3%, by optical microscopy and
scanning electron microscopy (SEM). Preliminary ana-
lyses revealed that, for the investigated cooling rates,
the microstructure of samples cast in the two types
of crucibles was fully comparable. Energy dispersive
spectrometer was also adopted to characterise the
chemistry of phases.

Macrohardness tests were carried out using a Vickers
equipment with a load of 981 N while microhardness
was performed by a Vickers indenter with loads of 0.49
and 0.981 N depending on the size of the phases to be
measured. Wear tests were carried out on sectioned
samples (cast in the larger cylindrical crucibles) using a

Table 1 Chemical compositions (wt-%) of reference Fe—
C-B—Ni alloy (V0) and of Fe-12V-Cr powder

C+BSi Mn Cr Ni Mo V Fe

Fe-C—-B-Ni (V0) 4.3
Fe-12V-Cr 238

2.06 0540 3930 0 Balance
0.9 05 5206 1.2512.2 Balance

pin-on-disc tribometer (TRB, CSM Instruments) with
an alumina ball (diameter of 6 mm) as a pin, at linear
sliding speed of 0.1 m s~ ' along a circular path of about
7 mm in diameter. A normal load of 5 N was used for
about 14 000 cycles, corresponding to a sliding distance
of 300 m. Wear tracks were observed by SEM and their
profiles were measured using a contact profilometer
from which the volume loss was determined.

Results and discussion

Solidification behaviour and microstructure

In the Fe-C-B-Ni reference alloy (VO0) was observed the
presence of coarse columnar primary Fe carbides/
borides of the type Fe3(C,B), a limited amount of
graphite, both in globular and flake-like morphologies
and o-Fe + Fe3(C,B) lamellar eutectic. In addition, small
amounts of Fe-rich solid solution close to the graphite
phase was detected (Fig. 2).

The addition of increasing amounts of Fe-V powder
led to the microstructures depicted in Fig. 3. It can be
inferred that alloys V1, V2 and V3, with an addition of
Fe—12V-Cr powder to the base alloy up to 20% and a V
content up to 2.44%, featured an hypereutectic micro-
structure while higher V-rich powder additions pro-
moted the shift to an hypoeutectic microstructure, as
shown in Fig. 3g-/. In these latter images, the globular
dark features observed at low magnification represent
dendrite branches intersecting the section plane of the
sample.

The XRD spectra of alloys VO, V3 and V5 are
reported in Fig. 4. The XRD spectrum of the base alloy
VO confirms the presence of the oriented orthorhombic
Fe;(C,B) phase, o-Fe and o’-martensite. The preferential
orientation of the primary carbides/borides in the
base alloy can be related to a directional solidification
occurred during casting (Fig. 2a).

Table 2 Compositions (wt-%) of experimental
alloys (balance Fe)

high V

Alloy code C+B Si Mn Cr Ni Mo V

V1 422 200 054 026 376 0.06 0.61
\4 415 194 054 052 360 013 122
V3 4 183 053 1.04 326 025 244
\Z 3.85 171 053 156 293 0.38 3.66

V5 3.7 160 052 208 260 050 4.88




a optical micrograph; b detail of microstructure shown by higher magnification SEM image
2 Representative micrographs of Fe—C—B-Ni reference alloy (V0)

a,bVi;c,dV2;e fV3; g, h V4; i, I V5
3 Representative micrographs taken at two different magnifications of alloys
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4 Spectra (XRD) of investigated alloys VO, V3 and V5

In the near eutectic and the hypoeutectic alloys V3
and V5 a more random orientation of the Mj3(C,B)
phase was observed by XRD. In the same high V alloys
it was identified the presence of a bainitic-martensitic
structure depicted also by optical observations (Fig. 3f
and /). Moreover, in the alloy V5 the peaks of the V4C;
carbides have been identified (Fig. 4).

From combined analyses of XRD data and micro-
structure observation, it can be stated that in the high V
hypereutectic alloys (V1, V2 and V3), the primary Fe-
rich carbides/borides were less homogeneously oriented
and they were found in lower amount than in the
corresponding base alloy. As expected, a higher content
of the eutectic structure was formed when Fe-V rich
powders were progressively added (compare Fig. 3a—e).
It is therefore suggested that vanadium contributed to
promote the formation of the eutectic, decreasing the
primary carbide fraction and the graphite content. This
observation is in agreement with the results obtained by
Qi et al., who demonstrated by thermodynamic calcula-
tions that the eutectic composition shifted to higher C
concentrations for higher V additions.'> As confirmed
by XRD, a bainitic-martensitic structure was observed
in the Fe-rich phase of the eutectic fraction found in the
hypereutectic alloys (see Fig. 3b—f) and in the primary
phase of the hypoeutectic V4 and VS5 alloys (see Fig. 3/).
In the near-eutectic (V3) and hypoeutectic compositions
(V4 and V5) further presence of small V-rich carbides
was detected.

6 a SEM micrograph and b V chemical map of V-rich carbides detected in alloy V5

5 Micrograph (SEM) collected by backscattered electron

signal of alloy V3. Blocky shaped phases are V-rich
carbides

In the alloy V3, these carbides had a blocky shape
with a size of a few micrometers, as shown in Fig. 5. By
increasing the Fe-12V-Cr content up to 30 wt-%, a
combination of cubic and spherical morphologies of the
V-rich carbides was observed within a hypoeutectic
composition (see Fig. 3%). In the hypoeutectic alloy V5
the presence of almost spherical V4C;5 carbides with an
average size of 5 um that had nucleated close to (or as
part of) the eutectic carbides was observed, as shown in
Fig. 6.

The reference Fe—-C-B-Ni alloy and the alloys V3 and
V5 have been analysed by DSC in order to verify the
possible influence of V on the melting and solidification
behaviour. These two alloys were selected for the DSC
analysis and pin-on-disc tests because they showed the
most significant microstructures among the new V-
bearing alloys. In fact, it was only possible to detect
microsize V-rich particles in the alloys containing more
than 10 wt-% of Fe-12V-Cr, hence, starting from the
near-eutectic alloy V3 (see Fig. 5). Moreover, for the
highest Fe-12V-Cr addition, corresponding to the
alloy V5, the structure shifted to a fully hypoeutectic
composition with a homogeneous distribution of sphe-
rical V4C5 carbides, as shown in Fig. 6.

Figure 7 shows the DSC curves of the reference VO
alloy and of the V-rich alloys V3 and V5. Both on
heating and cooling curves, two main peaks are

V Kai
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7 a heating and b cooling curves of reference V0 alloy and of V-rich alloys V3 and V5
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8 Vickers hardness evolution of investigated cast alloys
as a function of V content. Open symbols refer to
microhardness (applied load in brackets), full symbols
to macrohardness

observed. The first peak at higher temperature is
supposed to be related to the formation/dissolution of
the primary phases, M3(C,B) carbides/borides in case of
reference VO alloy and alloy V3, Fe-rich solid solution
for the V5 alloy. The peak at lower temperature is
caused by the solidification/melting of the eutectic.

From analysis of the cooling and heating curves, the
onset and offset temperatures of the solidification and
melting processes were obtained. The measured values
are summarised in Table 3. It is to remind that the width
of solidification range is of great importance for the
evaluation of solidification cracking susceptibility. It is
established that the wider the solidification range, the
higher the cracking probability in cast alloys."?

Table 3 Melting and solidification ranges of analysed alloys

In the case of the hypereutectic alloy V3, it is inferred
that the small addition of V did not increase significantly
the solidification and melting ranges (AT) but it slightly
increased the onset and offset temperatures of solidifica-
tion during cooling. On the contrary, for the hypoeu-
tectic V5 alloy, wider solidification and melting ranges
were measured compared to the base alloy mainly due to
the marked hypoeutectic nature of the composition.

Hardness and wear behaviour

In Fig. 8 the bulk hardness of the alloys and the
microhardness measured in the different phases of the
investigated alloys are plotted. As expected, the high V
alloys V2, V3 and V4 resulted to be harder than the
reference alloy V0. In the case of the hypoeutectic alloys
V4 and V5, a decrease in hardness is observed due to the
lack of contribution given by the primary carbides.
However, the presence of a hard matrix and of the finer
V-rich hard carbides allowed to preserve a relatively
high hardness even for these alloys. From specific
measurements it can be reported that the microhardness
of the globular V-rich carbides was 19204342 HV. This
result is consistent with the hardness value reported in
literature.'”

In the V-bearing hypereutectic alloys (samples V1, V2
and V3), improved microhardness values of the primary
M;5(C,B) carbides have also been recorded, probably due
to the effect of V as substitutional element. A higher
microhardness value of the matrix was measured in the
bainitic-martensitic structure with respect to the main
eutectoid structure observed in the reference alloy
(Fig. 2b) whereas, in general, the Fe-rich solid solution
was only slightly affected by the presence of V.

Alloys V3 and V5 were also considered to compare
their wear behaviour with that of the reference alloy VO.
In Fig. 9 three representative curves of the friction
coefficient behaviour are reported as a function of the

Heating Cooling
Alloy T onset/°C T offset/°C AT/°C T onset/°C T offset/°C AT/°C
Fe-C-B-Ni (reference) 1090.1 1149.1 59 1088.2 1025.6 62.6
V3 1096.7 1149.8 53.1 1114.9 1042.5 72.4
V5 1135.6 1236 100.4 1191.6 1064.5 1271
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9 Evolution of friction coefficient of reference alloy (VO0)
and of near-eutectic (V3) and hypoeutectic (V5) V-rich
alloys

sliding distance. The three alloys showed a quite similar
friction coefficient evolution featuring a steady state
region after about 100 m of sliding distances. A similar
condition was already observed for other tested Fe-Cr—
B alloys in the literature and it was explained by
considering the effects of oxide layer produced during
the wear process.'*

In Table 4 the data about wear volume loss are
summarised for the investigated alloys after the pin-on-
disc tests at a sliding distance of 300 m. A remarkably
higher volume loss was measured in the reference alloy
when compared with alloys V3 and V5. The improve-
ment led by the V addition can be estimated in 76 and
84% over the reference material for the V3 and V5 alloy,
respectively.

Analyses of the wear tracks of the investigated alloys
showed the presence of specific regions covered by an
oxidation layer mainly rich in Fe, O and Si. Cracks were
often found associated to these oxide regions, as
reported in Fig. 10.

In particular, from Fig. 10c¢ showing the worn surface
of V5 alloy, it is noticed that the small spherical V-rich
carbides are generally still embedded in the matrix and
no sign of cracking or carbide pull-out is observed in the
surrounding matrix.

It can therefore be supposed that the high wear
performance of the V-bearing alloys could mainly be
attributed to the high bulk hardness retained in these
alloys and to the support to load-bearing action offered
by the fine dispersion of tough V-rich carbides dispersed
in the microstructure of the new alloys.

Conclusions

New V-rich Fe-C-B-Ni alloys cast in a laboratory
furnace were investigated. The addition of Fe-12V-Cr
powder to the reference alloy up to 20 wt-% promoted
the formation of larger amount of eutectic structure,

Table 4 Volume losses after wear tests of investigated

alloys
Alloy Volume loss/ x 10*um?®
Reference Fe-C-B-Ni 1982+ 150.6
V3 484 +83.1
V5 318+62.8

a reference alloy VO; b alloy V3; c alloy V5

10 Views (SEM) collected by backscattered electron sig-
nal of wear tracks of materials tested after sliding dis-
tance of 300 m

thus decreasing the primary carbide fraction and the
graphite content as well. By increasing the Fe-12V-Cr
content above 20 wt-% the V-bearing alloys assumed
hypoeutectic compositions with V-rich carbides and
primary dendrites characterised by a bainitic-martensitic
structure. Different morphologies of vanadium carbides
were observed based on the V-rich additions. In 20 wt-%
of Fe-12V-Cr addition (about 2.5 wt-% of V), blocky
shaped vanadium carbides with the size of a few
micrometers was identified in a eutectic microstructure,
whereas, for higher Fe-12V-Cr contents V4C; particles
with a near-spherical shape were observed within the
hypoeutectic structure.

Vanadium did not significantly widen the solidifica-
tion gap, at least for the hypereutectic composition,



which is a desired requisite for the Ilimitation of
solidification cracking during casting processes.

V alloying allowed increasing the hardness due to the
contribution of V-rich carbides and to the conversion of
the matrix into a bainitic-martensitic structure.

The high V alloys showed improved wear performance
under pin-on-disc testing condition, both for hypereutec-
tic and for hypoeutectic compositions. In particular, a
decreasing of 76 and 84% of the volume loss was
measured respectively for the alloys V3 and V5 compared
to the reference material. In particular, it was observed
that micro-size V4C; carbides provide an effective load-
bearing action considering that they remain embedded
within the hard matrix without cracking. It can be
concluded that the high wear performances of the V-
bearing alloys are due to the favourable combination of
distribution, size and carbide morphology in the hard
matrix. Accordingly, the V-rich carbides are retained
without being torn out during the pin-on-disc testing.
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