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ABSTRACT

In this research, the sliding wear of sintered WC/40vol% (FeAl-B) composites was studied
at high temperatures. It is expected that the wear behavior of WC/FeAl can be improved in
the presence of boron at high temperatures. The composites contained different amounts of
boron and alumina was chosen as the counter body material in the wear tests. The tests were
carried out at temperatures ranging from ambient to 600 °C so that the effect of boron and
temperature on wear resistance could be specified. The results showed that while hardness
slightly decreased with increasing the boron content to 500 ppm in the FeAl-B matrix, the
fracture toughness increased significantly. The maximum wear resistance of the WC/FeAl-
500 ppm B composite was recorded at all the temperatures examined. Investigations of the
wear surfaces showed that while the wear mechanism of the WC/FeAl-B composites was
an abrasive one at room temperature and 300°C, a more adhesive wear mechanism was

detected at 400°C and a matrix oxidation mechanism was observed at 600 °C.
© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Comportamiento de desgaste por deslizamiento de los compuestos de
matriz intermetalica WC/FeAl-B a altas temperaturas

RESUMEN

En esta investigacion, se estudio el desgaste por deslizamiento de los compuestos sinteriza-
dos WC/40vol% (FeAl-B) a altas temperaturas. Se espera que el comportamiento de desgaste
de WC/FeAl pueda mejorarse en presencia de boro a altas temperaturas. Los compuestos que
contenian diferentes cantidades de boro y alimina se eligieron como material del cuerpo
del contador en las pruebas de desgaste. Las pruebas se llevaron a cabo a temperaturas que
varian desde la temperatura ambiente hasta 600°C, de modo que se pudiera especificar el
efecto del boro y la temperatura sobre la resistencia al desgaste. Los resultados mostraron
que sibien la dureza disminuyd ligeramente al aumentar el contenido de boro a 500 ppm en
la matriz de FeAl-B, la tenacidad a la fractura aument? significativamente. La resistencia al
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desgaste maxima del compuesto WC/FeAl-500 ppm B se registré a todas las temperaturas
examinadas. Las investigaciones de las superficies de desgaste mostraron que, si bien el
mecanismo de desgaste de los compuestos WC/FeAl-B era abrasivo a temperatura ambi-

ente y 300°C, se detecté un mecanismo de desgaste mas adhesivo a 400°C y se observ6 un

mecanismo de oxidacién de la

matriz a 600°C.

© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cermets with a cobalt matrix have shown several restrictions
like weak corrosion and oxidation resistance, high density and
weak wear resistance. Besides, the mechanical properties of
these hard metals decline significantly at high temperatures
[1]. Metallic bearing materials such as cobalt, chromium, and
molybdenum may lead to a series of complications [2].

Iron aluminides are strongly resistant to wear and ero-
sion. Their wear resistance at high temperatures is higher in
comparison with that of most binders like cobalt, nickel alu-
minides, and 304 stainless steel [3]. Furthermore, they offer
good corrosion and oxidation resistance, high melting points
and a rather low density while they can be manufactured
at low costs. Due to these properties, iron aluminides have
turned out to be suitable for structural applications under high
temperature service conditions [4].

Recently, it has been proved that improvement in tribolog-
ical traits of FesAl compounds can be achieved by merging
ceramic particles such as TiC, SiC, Al,03, and TiB, [5-7]. Zhang
et al. [8] showed the wear rate of the alloys is reduced by
increasing the amount of TiC under similar empirical con-
ditions, indicating that the addition of TiC hard particles
enhances the wear resistance of the FeAl-Cr compound at high
temperatures.

WC-FeAl and WC-Ni3Al composites have been manufac-
tured using the liquid phase sintering process under uniaxial
pressure [9]. With the increase of the NizAl content and also
the sintering temperature, density and fracture toughness of
cermets will increase and the porosity will decrease [10]. The
sliding wear resistance of these cermets is especially influ-
enced by their microstructural specifications such as form,
structure, dimension and hard particle distribution in partic-
ular [11].

Mosbah and Wexler [12] investigated the wear behavior of
the WC-FeAl composites at room temperature to find out that
it was better compared to the WC-Co composites. They also
considered that the fracture toughness of these hard metals
was lower in comparison with that of WC-Co because of the
low ductility of the FeAl matrix.

Generally speaking, the fracture toughness of aluminides
can be increased through peripheral atmospheric control,
microstructure control and heat treatment or by decreasing
the particle size and adding alloying components [13]. In this
relation, a method that has been newly employed to modify
the composition of these materials involves the enhancement
of the mechanical properties of the inter-metallics [14].

The reduction of tungsten carbide particle size enhances
hardness. Newly, it has been proposed that by using extremely
fine (smaller than 0.1 pm) particles of WC, dramatic improve-
ments in wear behavior can be achieved [15-17]. Jianxin et al.
[18] showed the wear rate of hard metals is enhanced with
increasing the experiment temperature. They also showed
that the cermet with the finest WC particles exhibited better
wear behavior at temperatures up to 600 °C due to its greater
hardness in comparison with the cermet with coarse WC par-
ticles.

Ahmadian et al. [19] presented the functional effects of
boron in the sintered WC/FeAl-B composites and observed
that increasing the boron quantities in such composites
resulted in their greater toughness compared with the com-
posites without boron due to the improved toughness of the
FeAl binder. In another study of the abrasive wear of the
WC/FeAl-B cermets at ambient temperature, the same authors
discovered that the wear behavior of WC-FeAl would increase
because of the addition of boron to the FeAl matrix [20].

During dry cutting or rapid machining with cermet devices,
the temperature of the contact surface between the work-
piece and the tool reaches to around 600 °C. The metal-ceramic
composites start to oxidize at temperatures above 450°C [21].
Hence, the friction and wear intensify and, consequently, the
amount of wear will increase and the device durability will
decrease [18|.

Given the good strength of intermetallics at high temper-
atures, it has been proposed that they can enhance the wear
behavior of the WC/FeAl-B composites when treated at high
temperatures. The present study was designed and imple-
mented to investigate the sliding wear of WC/FeAl-B cermets
at high temperatures.

Experimental procedure

WC-40vol%FeAl cermets with various amounts of boron (from
zero to 0.1 Wt.%) were prepared by uniaxial hot pressing of
the particles under the liquid phase sintering condition at
1500°C. Fe—40at%Al (FeAl) matrix alloys containing various
amounts (0, 250, 500, 750 and 1000 ppm) of boron were pro-
duced by applying vacuum arc melting and chill casting under
the argon atmosphere. Pure iron (Fe), aluminum (Al), boron (B)
and WC (Sandvik Hard Materials, Sweden) were used. The ele-
mental components with 99.9% or higher purity were utilized.
Ingot melting, cutting, spinning, and blending were imple-
mented several times to guarantee the homogeneity of boron.
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The intermetallic ultrafine particles (<45 pm) were obtained by
using a stainless steel ring grinding vessel under a specified
helium inert atmosphere. The mixing of the FeAl-B with WC
particles (0.69 um) was done in a circular mill under a spec-
ified atmosphere. Induction heating was utilized under the
controlled atmosphere and a loading of 20MPa. All the cer-
mets were sintered using a uniaxial hot press at 1500°C for
4min under a fractional argon atmosphere of approximately
102 Pa. Specimens of approximately complete density were
fabricated for wear experiments using graphite dies with a
6.35 mm diameter [19].

Characterization of the composites

X-ray diffraction analysis (XRD, Philips X'Pert-MPD with Cu-
Ko radiation 1.54A, and a scan speed of 0.05°) was used
for phase identification of these composites. Scanning elec-
tron microscopy (SEM, Philips, XL-Series) was applied for
microstructural and morphological study of tungsten carbide
particles in the specimens. Vickers hardness of the polished
samples was specified via a macro-hardness tester (Otto
Wolpert-Werke GMBH) under a load of 20kg. The results of
the hardness test were reported as the means of five test rep-
etitions. The image analysis method was used to determine
the indentation fracture toughness, Kjc, based on the mea-
surements of the crack lengths resulted from the five test
repetitions of Vickers hardness traces. Fracture toughness was
calculated by applying the Anstis’s formula [22]:

Kic = 0.016()% (+°) 1)

where E is the Young’s modulus of the specimens, P is the
indentation load, H is hardness and equals P/a?, a is the length
of one side of the indentation and c is the length from one
crack tip to the across from the crack tip divided by 2. Assum-
ing a simple two phase composite, the Young’s modulus was
calculated from the following formula [1]:

E:[(CEPEm+E3n) (1JZC)2 —E2 +EpEm] 2
[(CEp+Em) (14C)?]

where C is (1/Vp)/3~1 with Vp + Vin =1 (V, and Vi, are volume
fractions of WC and FeAl, E; is the Young’s modulus of WC
and equals 696 GPa [1]) and E, is the Young’s modulus of FeAl
(261 GPa [23].

Wear test

The composites were subjected to the sliding wear test by
applying the pin-on-disk method at room conditions as per
ASTM G 99-04 standard. The selected test method simulates
the usage of these composites. The wear specimens com-
prised of cylindrical pins that were 6.35 mm in diameter. Al, O3
was chosen as the counter-face material because of its high
mechanical and thermal stability at high temperatures up to
600°C. The diameter of alumina disks (1700 HV) was 50 mm
and their thickness was 5mm and the average size of Al,03
particles was measured to be about 200 pm. Using the control
section of the software setup, the primary conditions for the
tests were adjusted as reported in Table 1 (100 m sliding dis-

Table 1 - Conditions of the sliding wear tests at room
and high temperatures.

Parameter Regulated quantity
Vertical load 40N

Sliding distance 100m

Path radius 10mm

Revolving velocity 60rpm

Linear velocity 0.063ms?

Roughness (pins)
Roughness (disk)
Relative humidity
Lubrication

R;=0.183,R;=0.237, R, =1.075 pm
R.=0.386, Ry =0.464, R, =1.787 pm
Approximately 10%

Not used

tance belongs to the steady-state). The wear experiments were
conducted under identical conditions to compare the samples
results with each other. The wear experiments were accom-
plished at room temperature and also at 200, 300, 400, 500 and
600 °C. These conditions were selected according to the results
of prior researches as they were practical with reference to the
power of the apparatus and provided the demanded respon-
siveness in order to make distinctions among the mass losses
of various samples.

The results of the wear tests were reported as the means
of five test repetitions in the sense of the mass loss of each
specimen. Before and after each experiment, the samples were
soaked in acetone, cleaned ultrasonically, dried and weighted
within +0.0001 g. Finally, the topography of the worn surfaces
was observed by SEM.

Results and discussion
Characterization of the composites

The XRD patterns of WC-40vol%(FeAl-B) composites are
shown in Fig. 1. This figure demonstrates the main phases
of WC, FeggAlp4, and FeAls, and Fe,Als. Because of the low
solubility of tungsten and carbon in FeAl without boron [24],
no dissolved W or C was detected by X-ray diffraction. It can
be seen that increasing the amount of boron up to 1000 ppm
resulted in the broadening of the peaks of FeAl, which could be
associated with the refining of the aluminide grains [25]. Also,
there is a small shiftin the lattice parameter of iron aluminide.

Fig. 2 shows the SEM back-scattered electron images of
WC-40vol%(FeAl-B) cermets. The bright areas are related to
the WC powders and the black ones are attributed to the FeAl-
B binder. In these images, the WC particles are seen to have
a relatively uniform distribution in the matrix. It seems that
tungsten carbide particles wet properly and that the inter-
metallic binders constitute a continual inter-granular phase.
From a thermodynamic point of view, WC is congruous with
Fe-40at%Al throughout the liquid phase sintering [26]. It can
be seen that by adding some amounts of boron to the FeAl
binder, the tungsten carbide particles in WC-FeAl-B became
more flattened compared to the binder without boron. This
improvement was attributed to the enhanced solubility of WC
in the FeAl matrix in the presence of boron [25]. Moreover,
boron is known to segregate at the grain boundaries of FeAl.
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Fig. 1 - XRD patterns of WGC/40 vol%(FeAl-B) with various contents of boron in the aluminide binder (a) 0, (b) 250, (c) 500, (d)

750 and (e) 1000 ppm B.

Fig. 2 - SEM backscattered electron micrographs of WC/40 vol%(FeAl-B) with various contents of boron in the aluminide

binder (a) 0, (b) 500 and (c) 1000 ppm B.

This could affect the WC particle growth and prevent inter-
granular fracture of the intermetallic [27].

Fig. 3 illustrates the variations in the hardness and fracture
toughness of the WC/ (FeAl-B) cermets by changing the boron
content. (The error bars have been displayed for the chart
with standard deviation). Clearly, the composites exhibited a
slightly decreasing hardness with increasing the amounts of
boron in the intermetallic binder. This could be attributed to
the reducing hardness of iron aluminide with increasing the
boron content [28].

Fracture toughness increased significantly with boron
additions up to 500 ppm. Addition of more boron up to

1000 ppm, however, had no greatimpact on the fracture tough-
ness.

It has been indicated that the toughness of the WC-FeAl
cemented carbide can be raised by reforming the FeAl/WC
interface in the presence of Cr, Zr, and B [1]. The enhanced
fracture toughness of the WC-FeAl cemented carbide in the
presence of boron maybe because of the effect of such fac-
tors as enhanced ductility, toughness and strength of iron
aluminide, or maybe due to the enhanced tungsten carbide
solubility in the iron aluminide matrix, decreasing of WC con-
tiguity and aluminide grain size which leads to increased bond
strength of the WC/FeAl interface [25]. This chain of causes
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Fig. 3 - Effects of the amount of boron in the FeAl matrix on
the hardness and toughness of WC/ (FeAl-B).
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Fig. 4 — Effects of the amount of boron in the aluminide
matrix on the specific wear rate of WC/ (FeAl-B) at different
temperatures (°C).

results in an increased resistance against crack growth which,
consequently, improves the fracture toughness of the carbide
[27].

Wear resistance of the composites

Fig. 4 illustrates the variations in the specific wear rate of WC/
(FeAl-B) composites containing boron and treated at differ-
ent temperatures. (The error bars have been displayed for the
chart series with standard deviation). Firstly, it is obvious that
the wear resistance of WC/ (FeAl-B) improved with increas-
ing the boron content at all the specified temperatures. This
is, of course, true for a boron content below 500 ppm beyond
which it seems to have no significant, positive influence on the
wear resistance of these composites. A slight enhancement in
the boron content of FeAl leaves a great effect on the ductility
of iron aluminide at low temperatures, apparently due to the
strengtheninginfluence of boron at the grain boundary [29,30].
It has been proved that boron segregates at grain bound-
aries in iron aluminide, which enhances the particle boundary
cohesion and quickens sliding transmition across the grain
boundaries [31]. Aninvestigation has also shown that the pres-
ence of even trace amounts of boron increases the toughness
of WC-FeAl composite, thus increasing the interface strength
and wear resistance of the WC/aluminide cermets [25].

-#— 250 ppm B 500 ppm B

ey

16 AN

\
N—h

\

750 ppm B —4— 1000 ppm B

Specific wear rate (104 mm3/N.m)

0 100 200 300 400 500 600
Tempereature (°C)

Fig. 5 - Effects of temperature on the specific wear rate in
the WC/ (FeAl-B) cermets with various boron contents.

Secondly, the specific wear rate at high temperatures which
get close to its value obtained at ambient temperature when
the boron content is increased to 500 ppm. This represents the
proper behavior of this composite at high temperatures. The
third point that needs to be considered is the increasing spe-
cific wear rate by increasing the amount of boron from 500
to 1000 ppm. With the B increase up to 500 ppm, the fracture
toughness significantly improves but after 500 ppm, it remains
approximately stable while the hardness decreases. There-
fore, it is expected that with the increase of B up to 1000 ppm,
the wear resistance slightly decreases. Microstructure, carbide
particle size and volume ratio of the matrix in the cemented
carbides have an important effect on the wear resistance of
cermets [32].

The specific wear rate of the WC/ (FeAl-B) cermets as a
unit of temperature is observed in Fig. 5. (The error bars
have been displayed for the chart series with standard devi-
ation). The lowest and highest values of wear resistance at
all temperatures were recorded for the specimens contain-
ing zero and 500 ppm of boron, respectively. The specific wear
rate increased with increasing the temperature up to 300°C
because of the thermal collapse of the surface in all the spec-
imens. At 400°C, however, the specific wear rate declined
probably due to the adhesion phenomenon (Figs. 8 and 12).
Fractional oxidation of the surface at 500°C leads to a slight
adhesion (Figs. 9 and 12) so that the specific wear rate
increases. Raising the temperature to 600°C gives rise to the
forming of an oxide layer on the surface of the specimens to
decrease their specific wear rate again.

The friction coefficient of the WC/ (FeAl-B) composites
as a unit of boron content and temperature are shown in
Figs. 6 and 7 respectively. Increasing temperature up to 300°C
led to increase in the friction coefficients of the cermets
because of the higher intensity of the wear surface contact.
The friction coefficient decreased because of the reducing
specific wear rate at 400 °C (Fig. 5). The friction coefficient illus-
trated an increasing trend when oxide particles formed and
the cermets lost more of their masses at 500°C. At 600°C, an
oxide layer formed on the surface of the cermets reducing the
friction coefficient.
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Fig. 7 - Effects of temperature on the friction coefficients in
the WC/ (FeAl-B) cermets with various boron contents.

Wear surfaces

The SEM images of the worn surfaces of WC/FeAl-B cermets
at room temperature are shown in Fig. 8. For the sample with
no boron, wear occurred by forming craters at the junction

Spot Magn  Det WD
82 600x SE 112

surfaces between the cermets and the disk. Concerning the
higher hardness of the disk (1700 HV) compared with the
WC/FeAl composite (1600 HV), the crater formation is prob-
ably caused by plowing. In this composite, micro-fractures
were also detected on the worn surface. In the specimen with
500 ppm of boron, there was not any sign of the craters on
the wear surface. The solution of boron in the FeAl binder
resulted in a robust link at the binder and WC particles inter-
face, thereby reducing the probability for the fragile fractures
to form at the boundary of the binder and the reinforce-
ment particles [28]. This changed the wear mechanism from a
crater to an abrasive one. With increasing the boron content to
1000 ppm, the indentation fracture toughness remained con-
stant but hardness decreased. The wear mechanism in this
specimen was also identified as an abrasive one, but the depth
of the wear abrasion was greater in comparison with the spec-
imen containing 500 ppm of boron. In the absence of boron,
the dominant mechanism was crater formation and removal
of the brittle material. Finally, the WC-FeAl composite yielded
a higher specific wear rate, which is in good agreement with
the findings reported in Fig. 4. The same trend was observed
at all the temperature range examined.

The SEM images of the worn surfaces of WC/FeAl-B cer-
mets treated at 300°C are shown in Fig. 9. Several scratches,
cracks, and particles can be seen pulling out on the worn
surface (Fig. 9a). Particle de-bonding and pull out, binder extru-
sion, and band slipping are seen on the surface of the carbide
particles (Fig. 9a). However, no trace of intense plastic defor-
mation is observed in the wear surfaces (Fig. 9b and c). These
two specimens have similar surface features (the rough wear
track). These images are indicative of an abrasive wear mecha-
nism. A comparison of these wear surfaces with those treated
at ambient temperature reveals that they only differ in the
enhanced abrasions and the area on which the abrasions have
been developed. The wear mechanism of these composites
at 300°C is the same as that at ambient temperature except
for the higher specific wear rate of the former. This is veri-
fied by the specific wear rate results for all samples presented

Fig. 8 - SEM secondary electron images of the worn surfaces for WC/FeAl-B at room temperature (a) 0, (b) 500 and (c)

1000 ppm B.
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Fig. 9 - SEM secondary electron images of the worn surfaces for WC/FeAl-B at 300 °C (a) 0, (b) 500 and (c) 1000 ppm B.

in Fig. 5. Finally, the specimen containing 500 ppm of boron
exhibits the highest wear resistance because of its lower wear
abrasion both in quantity and depth compared to the other
cermets.

The SEM images of the worn surfaces of the WC/FeAl-B cer-
mets at 400 °C are shown in Fig. 10. In the secondary electron
images, an asperity is remarked on the specimens’ wear sur-
face which is the result of some debris from the disk adhering
onto the pin. Thermal collapse takes place at this temperature
on the surface of both the alumina disk and the composite
pins. Consequently, throughout the sliding wear of the pin on
the disk, some debris is separated from the surface of the disk
and sticks onto the pin. Increasing of the temperature to 400°C
will lead to deeper and also a greater number of craters on the
worn surface of the specimens. At this temperature, however,
some debris from the disk seemingly filled in some parts of
the craters, which decreased the specific wear rate in compar-
ison to the conditions observed at 300 °C. Also, this is in good
agreement with the specific wear rate results for all the sam-
ples presented in Fig. 5. Therefore, it seems that the dominant
mechanism at this temperature is adhesion.

The SEM images of the worn surfaces of the WC/FeAl-B
cermets at 600°C are shown in Fig. 11. Increasing the tem-
perature resulted in perfectly different wear surfaces. At this
temperature, the worn surfaces morphology looks different
from those at the lower temperatures. Here, the worn sur-
faces are relatively smooth and no craters are observed on the
wear track. Furthermore, new oxide substances are observed
in these images. Raising the temperature to 600°C leads to
the formation of an oxidative layer on the surface of the com-
posites which naturally reduces the contact area between the
pin and the disk throughout the sliding process. Therefore,
the specific wear rate became smaller than that of the com-
posite treated at 500 °C. This is approved by the specific wear
rate results for all the samples presented in Fig. 5. The hill-
like features observed in these images signify an oxidation
mechanism.

Elemental analysis of the sample surfaces treated at var-
ious temperatures provides the information as to whether
a physical or a chemical reaction has taken place. For this
purpose, energy dispersive spectrometry (EDS) was used to
analyze the elements of the adhered and non-adhered areas
of the WC/(FeAl-B) composite surfaces treated at 400°C. The
results are shown in Figs. 12 and 13 for the specimens with
500 and 1000 ppm of boron, respectively. The percentage of Al
is higher in the stuck areas than in the unstuck ones, showing
the transmission of Al,03 from the disk to the pin. Both mor-
phologies are shown in Fig. 10 and the EDS results confirm an
adhesive mechanism in operation at 400 °C. To investigate the
oxide formation at 600°C, the worn surfaces of the samples
at room temperature and 600 °C were analyzed utilizing the
EDS analysis [33]. The results of this analysis for the sample
with 500 ppm of boron after treatment at ambient tempera-
ture have shown the wear grooves similar to those in Fig. 8b.
A low and constant percentage of oxygen has been observed
in all the areas of the specimen, indicating the formation of
negligible oxide phases at ambient temperature. Abrasion can
be observed in Fig. 8 and the analytical results are indicative
of an abrasive mechanism for the WC/FeAl-B composites at
ambient temperature [33].

The EDS results for the specimen without boron after treat-
ment at 600 °C are presented in Fig. 14. The oxygen percentage
in the oxide (darker) area is greater than that in the non-
oxide areas, showing the existence of oxide substances in the
darker area. The percentage of oxygen at ambient temperature
is lower than that in the oxide area in the specimen treated
at 600°C. These observations indicate the possibility of the
oxide phase formation at high temperatures. Another analy-
sis shows that the wear surfaces include WOs3 after treatment
at 600°C [18]. WO3 is considered to be a recently constituted
phase due to the reaction of WC with O,. The reaction equa-
tion is expressed as follows [34]:

2WC + 50, — 2WO3 4 2CO,
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Fig. 11 - SEM secondary electron images of the worn surfaces for WC/FeAl-B at 600 °C (a) 0, (b) 500 and (c) 1000 ppm B.

The presence of oxides signifies an oxidation reaction tak-
ing place on the wear surfaces at high temperatures after
treatment at 600 °C. The morphologies showed in Fig. 11 and
the EDS results also indicate an oxidation mechanism at
600 °C [33]. The diversity in the characteristics of the WC-FeAl-
B composite worn surfaces upon heat treatment at various
temperatures is due to binder oxidation throughout wear
experiments [18].

Different mechanisms seem to be involved in the removal
of debris from the surface of the WC/FeAl-B cermets during
the wear tests at ambient temperature [12,20]. In this study,
the wear mechanisms including abrasion, particle ejection,
matrix elimination, adhesion, and oxidation were remarked
to be involved in debris removal from the WC/FeAl-B compos-
ites treated at different temperatures. Among these, matrix
removal and particle pull out (for the WC-FeAl specimen)
and abrasion (for the WC/FeAl-B specimen) were reckoned

to be the major ones involved at low temperatures (up to
300°C) while the adhesive was the major wear mechanism
at intermediate temperatures (400°C). Finally, the oxidation
wear mechanism was identified for the specimens treated
at 600°C. Generally speaking, some of the wear mechanisms
work simultaneously and, therefore, have synergic effects on
each other.

The significant wear resistance of these hard metals at high
temperatures is required in many industrial applications like
cutting tools, metal rollers, engine components, and mining
tools.

Conclusions

In this study, the sliding wear behavior of tungsten carbide
composites was investigated based on the intermetallic binder
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Fig. 13 — EDS analysis of the worn surfaces of the specimen with 1000 ppm of B treated at 400 °C of the (a) stuck and (b) not

stuck area.

with and without boron at high temperatures ranging from 25
to 600 °C. The major findings of this research are as follows:

1. Boron addition up to 1000 ppm to the WC/FeAl-B compos-
ites leads to a slight decrease in hardness but a significant
improvement in the fracture toughness.

2. The presence of boron up to 500 ppm in the WC/FeAl-B
composites leads to significant improvements in the wear

behavior of the specimens at all the temperatures checked.
This could be due to the optimum values of hardness and
toughness and the different wear mechanisms that are
simultaneously involved.
3. The wear mechanism of the WC/FeAl composite is accom-
panied by brittleness. In the presence of boron, on the
other hand, the wear type is replaced by an abrasive one.
This change could be related to the differences in the wear
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Fig. 14 - EDS analysis of the worn surface of the specimen without B of (a) non-oxide and (b) oxide area at 600 °C.

resistance of the composites. The wear mechanism of the
WC/FeAl-B composites was found to be abrasive at room
temperature and 300°C. On the other hand, at 400°C, the
wear mechanism changes to adhesive whereas the oxida-
tion mechanism was found to be dominant at 600 °C.
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