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Mixtures of AISIM2 high speed steel and vanadium carbide (3, 6 or 10wt.%)were prepared by powdermetallur-
gy and sintered by concentrated solar energy (CSE). Two different powerful solar furnaceswere employed to sin-
ter the parts and the results were compared with those obtained by conventional powder metallurgy using a
tubular electric furnace. CSE allowed significant reduction of processing times and high heating rates. The wear
resistance of compactswas studied by using rotating pin-on-disk and linearly reciprocating ball-on-flatmethods.
Wear mechanisms were investigated by means of scanning electron microscopy (SEM) observations and chem-
ical inspections of themicrostructures of the samples. Betterwear properties than those obtained by convention-
al powder metallurgy were achieved. The refinement of the microstructure and the formation of carbonitrides
were the reasons for this.
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1. Introduction

High speed steel (HSS) has been used as a cuttingmaterial frequent-
ly competing with the cemented carbides in some applications [1]. HSS
tool steels are also commonly used in punch and die for cold forming
operations [2]. For all applications, the performance of HSS is directly re-
lated to themechanical properties of these materials like high hardness
and high wear resistance. The cost involved in repairing the tooling is
very high, thus, the economics implication of wear is obvious.

Conventional HSS with high vanadium contents have been used for
abrasive wear items in crush industry such as hammer, jaw, rotor, etc.,
being that the wear resistance of which is about 3–5 times higher
than that of high chromium cast irons [3]. It is well known that one
way to improve the wear behavior of HSS is the addition of ceramic re-
inforcements such as oxides or carbides. These composites are of diffi-
cult processing and the powder metallurgy (PM) offers many
advantages for the production of parts based on thesematerials. Several
studies based onHSS composites processed by PMhave been found. The
additions of alumina or carbides to HSS [4,5] resulted in an important
improvement of sinterability and wear behavior. In this regard the
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microstructure presents a great influence in the wear behavior of the
material, so the addition of TiC carbides to a matrix of high speed steel
M3 Class 2 (HSS M3/2) arrested growth and propagation of cracks [6],
enhanced the wear resistant of the steel [7] and increased the load car-
rying capacity of the steel [8]. An improvement of sinterability and also a
reinforcement of the base material was obtained by the addition of TiC
[9], Cr3C2 and VC [10,11]. Some studies are specific for AISI M2 rein-
forced by ceramic particles and processed by conventional PM, in
which an improvement on mechanical and tribological properties was
observed by adding NbC and TaC [12] or by using a tailored carbide
phase [13].

While these previous examples highlight the benefit of adding small
volume fractions of carbides to ametalmatrix and of refining themicro-
structure by conventional PM, even finermicrostructures have been ob-
tained with faster and more energetically effective field activated
sintering techniques [14,15]. For this reason, many recent studies are
based on improved the microstructures and mechanical properties of
high speed steels via high energy efficiency techniques [16–18]. Con-
centrated solar energy (CSE) is a technique of high energy efficiency
in high temperature processes. CSE is clean, renewable and pollutant
free. It comes from a natural and inexhaustible energy source and
shows a clear activator effect on sintering process [19,20]. This fact
can be explained looking at the solar radiation absorbed formetallicma-
terials. The energy absorbed by metals is in the UV–visible range is
higher than the energy absorbed from monochromatic lasers or from
the furnace as has been demonstrated by Pitts et al. [21].
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The aim of the present work is to study the wear properties of the
AISI M2 high speed steel parts with and without reinforcement joined
to the effect of being sintered by CSE. One of themost relevant problems
in the study ofwear behavior is the impossibility to simulate the real ap-
plication conditions. In this regard, manymethodologies have been pro-
posed. For example, there are more than ten ASTM standards for this
purpose. These standards state that the resultsmust not be extrapolated
to service conditions and only they are valid for comparative purposes
[22,23]. The test selection is one of the major problems for the analysis
of wear behavior, it is questionable the correlation between different
procedures [24,25]. Therefore, it is interesting to use different wear
tests using conditions test as similar as possible.

In this study, wear performance and wear mechanisms are investi-
gated by using rotating pin-on-disk and linearly reciprocating ball-on-
flat tests. Wear tracks are observed through scanning electron micros-
copy (SEM) with energy-dispersive X-ray spectroscopy (EDX) to ex-
plain the mechanisms of wear.

2. Materials and Methods

AISI M2 HSS powder and fine vanadium carbide powder, both with
irregular morphology to improve the compressibility of the piece
(Fig. 1), were used as starting materials. The chemical composition of
the steel powder (in wt.%) is as follows: Fe - 0.79C - 6.39 W - 1.78 V -
5.11 Mo - 4.24 Cr - 0.28Mn. The particle size distributions of both pow-
ders are given in Fig. 2. It can be seen that the particle size distribution of
Fig. 1. SEM micrographs of (a) M2 steel powder, (b) at higher magnifica
M2 powders is wider, with a d90 of 136.1 μm and with a d50 of 73.9 μm
(see Fig. 2a). Large particles of steel are used in order to improve theme-
chanical properties after process by powder metallurgy [26]. The VC
powder is smaller with a d90 of 14 μm and with d50 of 6.5 μm. The mix-
ture of both elements presents a bimodal size distribution (see Fig. 2b).

Themetal powderwas partially substituted by 3, 6 and 10wt.% of VC
powder, keeping a powder mass of 15 g in all cases. In order to achieve
an optimal distribution of VC in M2 matrix powder, the mixtures were
carried out in a planetary ball mill that allowed rotations in two direc-
tions. The mixtures were milled at 50 rpm for 2 h using stainless steel
balls and a ball to powder weight ratio of 4:1.

The composite powders of the different mixtures were consolidated
by cold uniaxial compaction at 650 MPa. Flat and cylindrical bars were
fabricated. The theoretical dimensions of the parts as replicated from
the die are shown in Fig. 3.

The samples were sintered in two powerful solar furnaces, one of
them located at the Plataforma Solar de Almería (CIEMAT, Spain)
(PSA) and the other at the Laboratoire PROcédés, Matériaux et Energie
Solaire (PROMES, CNRS) (HSO) located at Odeillo (South of France). At
the HSO facility, the power density achieved at the focus was 16,000
kW/m2 while at the PSA facility it was 3000 kW/m2 at the focus.

All sintering tests were carried out inside reactor chambers under
N2-H2 (95%–5%) atmosphere. The atmosphere was flowing both during
the test and for 15 min before and after preventing the oxidation of the
samples. The reactors are provided of water cooling systems to avoid
problems due to the high temperatures reached therein. For
tion, (c) vanadium carbide powder and (d) at higher magnification.



Fig. 2. Particle size distributions of (a) M2 steel powder and (b) mixtures of M2 steel and
vanadium carbide powders.

Table 1
Sintering conditions for unreinforced and reinforced M2 steels performed in all facilities.
Every sample was sintered in a 95% N2–5% H2 atmosphere.

Facility
Sample
identification

Content
of VC
(wt.%)

Heating/cooling
rate (°C/min)

Sintering/total
cycle time
(min)

Sintering
temperature
(°C)

TF M2 0 5/4 60/N600 1250–1330
M2 + 3VC 3 1220–1240
M2 + 6VC 6 1150–1240
M2 + 10VC 10 1135–1150

PSA M2 0 137/70 30/40 1115–1300
M2 + 3VC 3 1180–1200
M2 + 6VC 6 1000–1100
M2 + 10VC 10 1000–1025

HSO M2 + 3VC 3 735/110 5/12 920–1050
M2 + 6VC 6 940–1000
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comparison, the sintering experiments were also carried out in a con-
ventional tubular electric furnace (TF), also under N2-H2 atmosphere.
The sintering conditions are specified in Table 1.

Cross sections of the sintered samples were prepared and etched
with Nital's reagent (3 mL HNO3 and 100 mL ethanol). The microstruc-
ture of the sintered samples was analyzed by scanning electron micros-
copy. Mechanical characterization was based on Vickers microhardness
measurements on polished cross section surfaces, with a load of 200 g
(1.96 N) applied for 10 s (HV0.2). 10 indentations were made for each
sample in order to in order to ensure a correct measurement. Two test
methods for wear (rotating pin-on-disk and linearly reciprocating
ball-on-flat) were used.

Rotating pin-on-disk wear tests were carried out at room tempera-
ture using a pin-on-disk tribometer following ASTM G99-05 standard
[22] under dry sliding conditions. An alumina ball with a diameter of
6 mm and Vickers hardness of 1500 to 1650 was used as counter-
body. The disks were the sintered materials. Prior to starting the wear
Fig. 3. Geometry and theoretical dimensions of the compacted samples.
test, the specimens were polished using abrasive papers up to 1 μm di-
amond and ultrasonically cleaned. The test was conducted with sliding
velocity of 0.1m/s and, typically, a sliding distance of 500m. The normal
loadwas 10.0±0.1N. The diameter of thewear trackswas 10mm.Dur-
ing the test, the dynamic coefficient of friction (COF) was continuously
recorded.Wear track profiles weremeasured by a profilometer. The av-
erage wear volume loss was obtained from at least four independent
measurements for each track and the specific wear rates were calculat-
ed using the conventional expression:

Wear rate mm3N−1m−1
� �

¼ Volume loss mm3
� �

Normal load Nð Þ � Sliding distance mð Þ ð1Þ

All pin-on-disk tests were done three times to ensure repeatability.
The morphology of the wear scar was observed under SEM/EDX to in-
vestigate wear mechanisms.

Linearly reciprocating ball-on-flat wear tests were performed using
a reciprocating-sliding tribometer, following ASTMG133-95 [23], mon-
itoring the static coefficient of friction (in both sliding directions). Tests
were performed by applying a normal load of 10.0 ± 0.1 N to a station-
ary alumina ball of diameter 6mmwith a sliding distance of 500m. The
ball-on-flatmachinewas set to run at 2.5 Hzwith a reciprocation ampli-
tude of 10 mm and without lubrication. Before each test, the specimens
were polished using abrasive papers up to 1 μm diamond and ultrason-
ically cleaned.

After thewear tests, themorphology of eachwear scarwas observed
by optical microscopy and SEM. The resultant wear tracks were exam-
ined using profilometry to assess the general features of the wear
track and to determine the volume of material removed during testing
and then to calculate the specific wear rate. Finally, SEM and EDX
were used to obtain information regarding the morphology and chem-
ical composition of the wear debris.

It was not found significant loss of material for the alumina counter
body in both experimental setups. Only slightly higher values were
found for the highest reinforcement (10% of VC). Furthermore, somede-
tritus was observed on the alumina ball after each test.

3. Results and Discussion

3.1. Sintering Results, Hardness and Density

Some of the results are collected in Table 2. The optimum sintering
temperature (OT) is the temperature at which a best combination of
density, hardness and microstructure was achieved. Optimum sintered
samples were obtained in all facilities with relative densities higher
than 97%. In all cases, the optimum sintering temperature decreased
and the hardness increased with the addition of reinforcement. The
higher the amount added of reinforcement, the more pronounced
were these differences with respect to unreinforced M2 steel. The
solar activation in the solar facilities accentuated these results. In the

astm:G99
astm:G133


Table 2
Sintering window, optimum sintering temperature, microhardness and relative density values obtained for unreinforced and reinforced M2 steel sintered in all facilities.

Facility Sample Sintering window (°C) Optimum temperatura (°C) Hardness (HV0.2) Relative Density (%)

TF M2 1292–1295 1295 620 ± 30 99,2
M2 + 3VC 1233–1235 1233 850 ± 20 97,9
M2 + 6VC 1195–1200 1200 870 ± 20 100
M2 + 10VC 1135–1145 1140 880 ± 30 98

PSA M2 1190–1200 1200 735 ± 15 100
M2 + 3VC 1180–1200 1200 765 ± 20 100
M2 + 6VC 1030–1050 1050 780 ± 20 99,7
M2 + 10VC 1015–1025 1025 800 ± 20 100

HSO M2 + 3VC 990–1025 990 910 ± 30 97
M2 + 6VC 955–975 975 930 ± 30 98
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most powerful solar installation (HSO), sintering was obtained at
around 200 °C less than in a tubular furnace for the same material.
The total sintering timedecreases from cycles longer than 10 h in the tu-
bular electric furnace to cycles b15min in solar furnace atOdeillo (HSO)
and 40 min in solar furnace at Almería (PSA). The sintering window
(SW), the range of temperatures where the optimum densification is
achieved, was smaller than 30 °C in all cases.

When comparing the hardness values obtained for the samples
sintered in the tubular furnace and in the solar furnace PSA with those
obtained for the other solar furnace HSO, it is observed that sintering
in HSO produces higher hardness (between 910 and 930 ± 30 HV).
These differences could be attributed to the heating and cooling rates,
Fig. 4.Microstructures of unreinforced and reinforced M2 steel sintered in the tubular furnace o
VC, (c) M2 reinforced with 6 wt.% of VC and (d) M2 reinforced with 10 wt.% of VC.
which are the fastest in HSO. This promotedmodifications of themicro-
structure, that as will be detailed later, produced different precipitated
species which could explain these maximum values of hardness. How-
ever, the influence of the concentration of VC seems to be smaller
than the use of solar energy considering that the microhardness values
only rise slightly when the VC content is increased.

3.2. Microstructure

In general terms, themicrostructures obtained from the three instal-
lations are very similar. In Fig. 4 are shown typical microstructures ob-
tained for each composition sintered in the tubular furnace. The
btained by backscattered electronmode of SEM. (a) M2, (b) M2 reinforced with 3 wt.% of
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diffractograms (see Fig. 5) together with the microstructural analysis
allow us to identify the different phases included. So, the matrix with
gray contrast is mainly ferrite/martensite (Fe(α)), with some retained
austenite (Fe (γ)). The irregular and equiaxial particles with white con-
trast are identified as M6C carbides rich in molybdenum and tungsten.
These carbides are typical of the structure of high speed steels and
have been identified in other microstructural studies [27–29]. The par-
ticles with dark contrast are MN type nitrides rich in vanadium. This
last phase forming clusters appears in greater quantity when higher
proportion of VC is added (see Fig. 4a-d).

The phases found in the samples sintered in the tubular furnace and
in PSA are the same (see Fig. 5a-b). Themost important microstructural
difference found between the parts sintered in both facilities is that the
samples sintered in the PSA (see Fig. 6) show even finer microstruc-
tures. In addition, a large amount of small precipitates homogeneously
distributed throughout the grain has been found in all the samples
(Fig. 6a-d). This fact can be due to faster heating and cooling rates
achieved in PSA, but the holding sintering time was enough to allow a
complete transformation and a proper precipitation.

A new phase precipitated when the sintering process was carried
out in the solar furnace at Odeillo (HSO) (see Fig. 5c and 7), which
was identified as carbonitrides type M (C,N) [20]. The formation of
Fig. 5. XRD patterns of the M2 reinforced with 6 wt.% of VC sintered in the different cond
this phase could be due to an incomplete transformation of the carbides
into nitrides. The complete transformation suggested by Giménez et al.
[30] is VC + N2 → V(C,N) + C→ VN+ C. This equation is based on the
transformation enunciated by Palma et al. [31], in which VC + N2 →
V(C,N) + C. Whose justification is that an increasing N pressure in the
atmosphere leads to the progressive absorption of N by the material,
mainly through the M(C,N) phase, which is transformed to the MN
phase at the highest N pressure. However, in the HSO facility, the high
heating rate (~735 °C/min) and the very short holding sintering time,
only 5 min, could be responsible for the inhibition of the diffusion pro-
cess as it has been previously reported by Herranz et al. [20], explaining
the found incomplete transformation.

SEM/EDS was carried out to confirm the above interpretations. The
EDS analysis corresponding to M2 reinforced with 3 wt.% of VC sintered
in TF, Fig. 8a and Table 3, indicated that the precipitate 1 were enriched
in carbon, molybdenum and tungsten as compared to the matrix. The
precipitate 2were enriched in nitrogen and vanadium. A typical compo-
sition of ferrite/martensite, with about was observed in the matrix. For
M2 reinforced with 3 wt.% of VC sintered in HSO, Fig. 8b, the chemical
analysis of the precipitate 1 was similar to observed for composite
sintered in TF indicated higher carbon, higher molybdenum and higher
tungsten than in adjacent matrix. A more amount of precipitates 2 was
itions and installations. (a) TF at 1200 °C, (b) PSA at 1050 °C and (c) HSO at 975 °C.



Fig. 6.Microstructures of reinforced M2 steel sintered in PSA (a and b) M2 + 6 wt.% of VC sintered at 1000 °C and (c and d) M2 + 10 wt.% of VC sintered at 1025 °C.
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observed for composite sintered in HSO, these are richer in carbon than
observed for composite sintered in tubular furnace. Therefore the pre-
cipitates 1 can be identified as carbide type Fe3(Mo,W)3Cwhile the pre-
cipitates 2 can be identified as nitride type VN for sample sintered in
tubular furnace and carbonitride VCN for composite sintered in HSO
installation.
Fig. 7.Microstructure of M2 steel reinforced with 6 wt.% of VC sintered in HSO at 975 °C
obtained by backscattered electron mode of SEM.
3.3. Wear Behavior

3.3.1. Pin-On-Disk Method
The evolution of the dynamic coefficient of friction during pin-on-

disk test for samples sintered in TF and in PSA solar is shown in Fig. 9a
and b respectively at different concentrations of reinforcement. In all
cases, the COF was characterized by local fluctuations during the first
meters of the run while for the rest of the experiment a quasi-steady
state value was reached. For TF samples there were differences as a
function of concentration of reinforcement. The COF showed slowly de-
creaseswhen the concentration of VC increases. In effect, the COF forM2
was around 0.95 at the end of the test while it was around 0.65 for M2
reinforcedwith 10wt.% VC. A value around 0.78was found for PSA sam-
ples. The HSO samples showed the same behavior as PSA samples but
with lower COF, around 0.65 except for 3 wt.% VC which was clearly
lower (0.50). In Fig. 9c is shown the comparative behavior for 3% of re-
inforcement and for the three sintering techniques.

Table 4 shows the main results regarding wear behavior of the ma-
terials sintered in TF and PSA facilities. The wear rates and the average
depth registered from profilometer measurements showed that the
VC particles act as a real reinforcement on wear behavior. In all cases,
the composite materials presented lower wear rates and lower wear
depth than the base materials, which means that their wear resistance
is higher and that the tendency is towards a higher wear resistance
with carbide addition. For composites sintered in TF the wear behavior
improved with the concentration of VC. Thus, it can be assumed that



Fig. 8. SEM/EDS of M2 reinforced with 3 wt.% of VC (a) sintered in TF (b) sintered in HSO.
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adding carbides help to withstand wear. This behavior agrees high the
lower COF values observed for composites with high amount of rein-
forcement. For composites sintered in PSA, the best wear behavior
corresponded toM2 reinforcedwith 3wt.% of VC. The addition of higher
volumes of VC, although originated an ulterior hardening, did not pro-
duced a lower volume loss. This behavior was also observed for
Table 3
EDS results of the M2 reinforced with 3 wt.% of VC sintered in TF and PSA facilities.

Facility Sample C (wt.%) N (wt.%) Cr (wt.%)

TF Precipitate 1 18.22 – 2.99
Precipitate 2 11.31 19.73 2.97
Matrix 7.87 – 3.55

PSA Precipitate 1 19.57 – 3.75
Precipitate 2 18.74 12.61 0.75
Matrix 8.35 – 3.96
composites sintered in HSO, the composition corresponding to 3 wt.%
of VC showed again minimum volume loss (wear rate = 0.10 10−5

mm3/N·m) in accordance with the best COF observed for this sample.
The addition of 6 wt.% of VC powder deteriorate the wear resistance
and an important increase of wear rate was observed (wear rate =
1.16 10−5 mm3/N·m). Therefore, the effect of concentration of rein-
forcement was clearly different for solar sintering and conventional
sintering and similar for both solar installations although HSO gave bet-
ter results.

3.3.2. Linearly Reciprocating Ball-on-Flat Method
Reciprocatingwear test were used to study the tribological behavior

of the M2 steel and M2 composites under a different methodology. The
same counter ball and the same sliding distance were selected. Table 5
shows the average static COF for samples sintered in tubular furnace
and in PSA installation. As expected the static COF was slightly higher
than the dynamic COF registered with pin-on-disk apparatus. It can be
seen that again the static COF decreased for composites sintered in tu-
bular furnace, indicating that the reinforcement plays an important
role in controlling the COF. This effectwasmuch less important for sam-
ples sintered in the solar installations. The static COF of M2 obtained by
PSA were clearly lower than those obtained by TF. There are not impor-
tant differences for static COF with the VC content for composites ob-
tained by solar sintering. With the increase of the friction between the
sample and alumina counter body sphere, the frictional heating can be
expected to increase, resulting in a small temperature rise. The temper-
ature during the test was directly evaluated; the results indicated that a
maximum temperature of 36 °C was registered for M2 steel sample
sintered in tubular furnace. This temperature increasewas not observed
for M2 steel sintered in solar installations, in these cases the tempera-
ture was kept constant at 20 °C. For composites, there were no signifi-
cant temperature changes during the tests.

Fig. 10 shows thewear rate results obtained fromprofilometer at the
end of the rotating and reciprocating tests for samples reinforcedwith 3
and 6 wt.% of VC content which had the better wear resistance. In gen-
eral, the same trend was observed for both tests. The highest wear rate
corresponded to samples sintered in the tubular furnace. For composites
sintered by solar energy, the minimum values were registered for the
samples with 3 wt.% of VC content. It was noteworthy that the wear
rates of HSO were clearly lower than for PSA samples. As expected,
the volume losses were considerably lower for reciprocating test. In
general, it can be assumed that both tests are suitable to study dry
wear ofM2 andM2/VC composites although pin-on-disk leads to higher
losses mass and therefore it is less sensible to external influences.

3.3.3. Wear Mechanisms
The tribological behavior described so far requires some discussion.

The wear mechanisms of the conventional steels can be abrasive wear,
adhesion, oxidation, plastic deformation, mechanical mixing and
phase transformation. In this study, more than one mechanism is in-
volved as will be commented. Furthermore, the COF and wear rates
values are different for every material due to themicrostructural differ-
ences between them. The content of reinforcement and the type of
sintering processing are the most important influencing factors in
V (wt.%) W (wt.%) Mo (wt.%) Mn (wt.%) Fe (wt.%)

1.09 31.60 19.41 0.14 26.55
57.65 1.87 1.42 0.21 4.84
0.50 3.12 1.64 0.52 82.80
5.46 23.10 13.60 0.10 34.50
57.01 1.20 1.06 0.10 5.50
1.04 4.70 3.59 0.50 77.80



Fig. 9. COF for pin-on-disk test of (a) samples sintered in TF, (b) samples sintered in PSA
and (c) comparative for the three sintering facilities of M2 + 3 wt.% of VC samples.
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friction andwear resistance in the present study. This fact indicates that
wear mechanism strongly depends on the microstructure, which is in-
fluenced by the composition of the sample and the sintering conditions.
Regarding theM2 steel, the sintering process plays a relevant role in
the friction and wear behavior. The sample sintered in the tubular fur-
nace provides the highest size of precipitates and minimum hardness
and its wear and friction resistances are lower than for samples sintered
in solar installations. In this case, a higher COF provides lower wear re-
sistance. By having a larger COF, energy dissipation rate increases and
this could increase the temperature.

The microstructure of M2 obtained in the tubular furnace revealed
an important increment of V-rich particles forming clusters at the
edges of the grains when the concentration of reinforcement increased.
These phases are clearly visible in the samples with 3 and 6 wt.% of VC,
indicating that the reaction of VC andnitrogen takes place and promotes
the formation of secondary nitrides and carbides. These secondary
phases have a powerful grain growth inhibiting effect and provide a
strong hardening effect. Both effects justify the improvement of wear
resistance observed in the composites.

The results fromwear behavior of the composites processed by solar
sintering are encouraging. The COF values are very similar for all the
compositions although it tends to be lower when 3 wt.% of VC is
added. For both solar installations, PSA and HSO, composites reinforced
with 3 wt.% of VC present lower wear rate than the base material which
means that their wear resistance is higher. Moreover, higher contents of
carbide cause an increase onwear losses. Therefore, the wear resistance
shows amaximum at the concentration of 3 wt.% of VC even though the
hardness of the composite increases continuously with the amount of
carbide.

On one hand, for samples sintered in PSA, the maximum density
(100%) was obtained for composite reinforced with 3 wt.% of VC, a
higher value of wear resistance is assigned to lower porosity levels
[32]. On the other hand, it is known that if exists an insufficient bonding
between the reinforcement and the matrix or an unfavorable size and
distribution of hard phases inside the matrix, the high density of car-
bides produces an increase of wear rate due to the large amount of
loss material when the carbides are removed [4,5].

The microstructural analysis revealed that the microstructures ob-
tained in the solar furnaces had more homogeneous distribution of
the carbides inside and at grain boundaries than those obtained in the
tubular furnace. The secondary carbides, nitrides and carbonitrides on
composites sintered in the solar installations are smaller and some of
them have submicron and nanometer sizes [20]. Although the harden-
ing effect of reinforcement is less intense than in the tubular furnace,
an improvement of wear resistance was observed even for the lowest
addition of VC. This could be explained considering that thewearmech-
anisms of these materials are highly dependent of the carbides size and
their cohesion with the matrix. Larger precipitates at grain boundary
with low cohesion level with the matrix could easily fracture and
favor the third body effects on friction and wear [33]. Smaller precipi-
tates inside grain and with strong cohesion within the matrix inhibited
the formation of abrasive particles. This behavior has also been observed
in composites of M2 reinforced with other particles [34]. This effect was
muchmore emphasized in the solar installations and a lower amount of
VC was enough to observe the removal of precipitates and therefore is
not recommendable addition larger than 3%. Therefore, M2 reinforced
with 3 wt.% of VC is the optimal composition for composites sintered
by solar energy and the reinforcements of 6 wt.% and 10 wt.% of VC for
composites sintered in tubular furnace. These facts must be confirmed
by the observation of the wear tracks with SEM.

Theworn surfaces were studied by SEM/EDS (Fig. 11). This study re-
veals that abrasive wear mechanism was operating in all materials.
There are evidences of cohesive wear mechanism and an important
amount of debris. It was observed that the pin-on-disk worn surfaces
for M2 steel, composite with 3 wt.% of VC and composite with 10 wt.%
of VC, all of them sintered in solar installation, were different. For com-
posite, shear lips and deformed matrix were prominent (Fig. 11a) and
grooving characterized the worn surface of M2 steel (Fig. 11b). These
results indicate that the adhesive-induced delamination wear could



Table 4
Wear results of the materials sintered in TF, PSA and HSO facilities after pin-on-disk test.

Facility Sample identification Coefficient of friction Average depth (μm) Volume loss (mm3) Wear rate (10−5 mm3/N·m) Microhardness (HV0.2)

TF M2 0.92 9.150 0.1050 2.10 620 ± 30
M2 + 3VC 0.84 5.100 0.0841 1.68 850 ± 20
M2 + 6VC 0.80 3.700 0.0634 1.27 870 ± 20
M2 + 10VC 0.65 1.620 0.0404 0.81 880 ± 30

PSA M2 0.80 8.150 0.0902 1.80 735 ± 15
M2 + 3VC 0.78 2.075 0.0355 0.71 765 ± 20
M2 + 6VC 0.78 2.625 0.0467 0.93 780 ± 20
M2 + 10VC 0.75 3.700 0.0620 1.24 800 ± 20

HSO M2 + 3VC 0.50 0.970 0.0071 0.10 910 ± 30
M2 + 6VC 0.65 3.200 0.0586 1.16 930 ± 30

Table 5
Wear results of the materials sintered in TF, PSA and HSO facilities after linearly reciprocating ball-on-flat test.

Facility Sample identification Coefficient of friction Average depth (μm) Volume loss (mm3) Wear rate (10−5 mm3/N·m) Microhardness (HV0.2)

TF M2 0.96 8.70 0.081 1.62 620 ± 30
M2 + 3VC 0.87 6.25 0.052 1.00 850 ± 20
M2 + 6VC 0.83 3.65 0.046 0.92 870 ± 20
M2 + 10VC 0.76 6.95 0.073 1.46 880 ± 30

PSA M2 0.81 7.40 0.075 1.50 735 ± 15
M2 + 3VC 0.79 1.50 0.031 0.62 765 ± 20
M2 + 6VC 0.79 1.70 0.039 0.78 780 ± 20
M2 + 10VC 0.77 1.90 0.057 1.14 800 ± 20

HSO M2 + 3VC 0.65 1.40 0.028 0.56 910 ± 30
M2 + 6VC 0.76 1.90 0.043 0.86 930 ± 30
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dominate for composites while abrasive-induced delamination wear
was taking place for M2 steel. The beneficial effect of the clusters of car-
bide and nitrides in composite with 3 wt.% of VC can be observed in Fig.
11c. There is much less evidence of plastic deformation on areas with
secondary phases, which helps to withstand wear. This behavior is pos-
sible only when particles are well linked to the matrix and cannot be
easily detached. As expected, the addition of 3wt.% of VC also generated
an effective wear resistant film on the sliding contact surface for sample
Fig. 10. Wear rate obtained from profilometer measurements after pin-on-disk and
linearly reciprocating ball-on-flat tests of M2 + 3 wt.% of VC and M2 + 6 wt.% of VC
sintered in TF, PSA and HSO facilities.
sintered in HSO where a smooth worn surface was observed (Fig. 11d).
The figure shows the smooth surface of compacted fine particles with
fine grooves, this indicates that an abrasive wear mechanismwas pres-
ent. The homogeneous distribution of carbides in the matrix could also
explain the greater reduction in wear rate and the low COF registered
for this sample.

For composite with 10wt.% of VC dragmaterial and accumulation of
debris increased (Fig. 11e). The EDX analysis of these areas indicated a
higher oxygen and carbon content than the adjacent matrix. Conse-
quently, oxidation and precipitates release took place during sliding.
EDX confirmed that some black and small spots observed on the SEM
micrographs corresponded to trapped alumina particles, which agrees
with the fact that there is some volume loss of the pin. During the sliding
wear test, the hard phase was detached on the sliding contact, which
produced a three-body abrasive wear mechanism. The high hardness
of this particles produce abrasivewear on the pin and therefore alumina
particles can be incorporated to the debris. Because of the high contact
pressure between pin and disk, these particles are encrusted in matrix.

Fig. 12 shows SEMmicrographs after linearly reciprocating wear for
composites with 3 wt.% of VC sintered by solar energy. The wear track
width is higher than the observed on rotating wear although the scar
depth is clearly lower. Fig. 12a shows the scratches in the wear track
of a composite sintered in PSA but much less intensive than the ob-
served on rotating wear. The amount of wear debris was also small.
Fig. 12b shows primary carbides and secondary particles remaining in
the wear track and helping to withstand the wear. This behavior is pos-
sible because these particles are well linked to thematrix and cannot be
easily detached. Similar observations can be done for composite
sintered in HSO but in this case, more evidences of deformation of the
matrix and lower amount of debris was found, Fig. 12c. These observa-
tions agreewith the lowest wear rates registered for reciprocating tests.

Similar observations can be done for samples sintered in TF, but in
this case, there is more abrasive wear that can explain the highest
wear coefficients especially for M2 sample, Fig. 13a. Significant



Fig. 11. SEMmicrographs of worn surfaces after pin-on-disk test of (a) M2+ 3wt.% of VC sintered in PSA, (b) M2 sintered in PSA, (c) clusters of carbide and nitrides inM2+ 3wt.% of VC
sintered in PSA, (d) M2 + 3 wt.% of VC sintered in HSO and (e) M2 + 10 wt.% of VC sintered in PSA.
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Fig. 12. SEM micrographs of worn surfaces after linearly reciprocating ball-on-flat test of
M2 + 3 wt.% of VC (a) sintered in PSA, (b) primary carbides and secondary particles
remaining in the wear track and (c) sintered in HSO.

Fig. 13. SEM micrographs of worn surfaces after linearly reciprocating ball-on-flat test of
(a) M2 sintered in TF, (b) M2 + 10 wt.% of VC sintered in TF and (c) M2 + 10 wt.% of
VC sintered in PSA.
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improvements inwear are also found in VC composites compared to the
basematerials processed by TF. However the different behavior of com-
posites reinforced with 10 wt.% of VC can be explained by the micro-
structures of materials and wear tracks. For composites sintered in TF,
VC added in large amounts forms large size agglomerates of small parti-
cles which could be detachedwhen abraded and could be spread across
the wear track. These particles act as abrasives, promoting three-body
wear behavior and explaining the highest wear coefficient value ob-
served in reciprocating tests, Fig. 13b. This effect was also observed for
composites sintered in solar facilities when the amount of VC increases
but it is less intense. In these cases, particles are encrusted in thematrix,
Fig. 13c, protecting it and leading to lower wear coefficient values.
Therefore, it becomes clear that solar sintered processing is recom-
mended sintering process for these composites.

4. Conclusions

The rotating pin-on-disk and linearly reciprocating ball-on-flat tests
carried out on reinforced M2 steel sintered in different installations
allow concluding that the resistance to dry sliding wear is a complex
function of microstructure and hardness. There is a good correlation be-
tween rotating and reciprocating tests although pin-on-disk leads to
higher losses mass and therefore it was less sensible to external
influences.

The resistance towear is found to be the best for samples sintered by
concentrated solar energy. Theworst resistance behavior is observed for
non-reinforced M2 steel sintered in tubular electric furnace.

The effect of the amount of reinforcement is different for conven-
tional sintered and solar sintered samples. For samples sintered in the
tubular furnace, an improvement of wear resistance, measured by pin-
on-disk method, was observed as the concentration of VC increased. It
is found to be related with an increase of hardness. However, it is
enough a content of 3 wt.% of VC to achieve the best tribological proper-
ties. A higher content of carbide causes an increase on wear losses even
though a hardening effectwas observed. This could be relatedwith larg-
er precipitateswith low cohesion level with thematrix that could easily
fracture and favor the third body effects on wear.

The samples sintered in HSO solar furnace showed the best tribolog-
ical behavior. For HSO, sintering is more energetically activated. It orig-
inates a more homogeneous and finer microstructure with new phases
and with nanometer sizes in the minimum time that provides the
highest microhardness and the highest wear resistance.

The use of concentrated solar energy is able to producemetalmatrix
composite with a particular microstructure development and with bet-
ter microhardness and tribological properties than those obtained by
using traditional methods of processing. In addition, a much lower
time of processing is achieved.
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