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bstract

he C-W2B5 composites with W2B5 content of 30 vol.% and 40 vol.% were fabricated by reaction hot pressing sintering. The mechanical properties
nd friction and wear behavior of the composites were investigated. For comparison, the friction and wear behavior of graphite was also studied.
t was found that the presence of W B grain resulted in notable improvements in mechanical properties and wear resistance of the composites
2 5

ompared to graphite in spite of a little higher friction coefficient. A graphite-rich mechanically mixed layer (MML) was formed on the worn
urface of the composites, which facilitated the low friction coefficient. Fracture and removal of the MML depending on the fracture toughness of
he composites and Hertzian stress levels were considered to be the main wear mechanism.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Compared with other materials, carbon/graphite materi-
ls possess excellent high thermal stability, corrosion resis-
ance, heat conduction and self-lubrication, and moreover retain
heir strength, modulus at elevated temperature.1 So they have
een widely applied in petrochemical engineering, machinery
nd aerospace fields as sealing elements.2,3 Nevertheless, low
trength and poor oxidation tolerance of the carbon/graphite
aterials could not meet the more and more severe challenge.
or example, the sealing components used on the turbopumps
nd aero-engine that operate at higher speeds and pressures will
xperience higher pressure, flexural stress and temperature,3,4

ven than the ultimate values of carbon/graphite materials. Thus,
mprovement in the mechanical properties and resistance to
ear and oxidation of the carbon/graphite materials are urgently

equired.

Despite the fact that an introduction of hard ceramics into

arbon to form carbon/ceramics composites has improved the
trength and oxidation resistance of carbon materials,5–7 there

∗ Corresponding author. Tel.: +86 451 8641 8694; fax: +86 451 8641 3922.
E-mail address: g.wen@hit.edu.cn (G. Wen).
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re relatively few studies on the friction and wear behavior
f such composites. However, it is reasonable to expect an
ncreased wear resistance of this kind of materials because of
he presence of hard ceramics and the increased strength and
oughness, as compared with graphite. On the other hand, car-
on/ceramics composites should have a lower friction coefficient
ue to the self-lubrication effect of carbon, as compared with
eramics, which is very important for many applications as mov-
ng components.

In our work, a new carbon/ceramics composite (C-W2B5)
as proposed and prepared by reaction hot-pressing technique
ecause of the excellent chemical and physical properties of

2B5, such as high melting point, high hardness, good corro-
ion resistance and anti-abrasion. In this article, the mechanical
roperties and friction and wear properties of this kind of mate-
ials were investigated.

. Experimental

.1. Materials preparation
The C-W2B5 composites were prepared from the starting
owders of B4C, WC and carbon black by hot-pressing at
000 ◦C and 25 MPa for 1 h. The W2B5 and carbon were in situ
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improved the mechanical properties of the composites compared
with neat graphite. The flexural strength and fracture toughness
of the C-40W2B5 composite were about five and seven times
that of graphite, respectively. Moreover, the mechanical proper-
478 Y. Lv et al. / Journal of the Europea

ormed through the reaction between B4C and WC powders,
ccording to the following overall equation8:

B4C + 8WC = 4W2B5 + 13C (1)

Based on this reaction formula, if the reaction is complete,
he volume percentage of carbon in the C-W2B5 composites
s about 30% that is not sufficient for many applications. The
arbon black was added into the starting materials to produce
igh carbon content composites. In present work, the amounts
f the W2B5 phase in the resulting materials were 30 vol.% and
0 vol.% respectively, and hereafter C-xW2B5 is used to refer to
he C-W2B5 composite containing x vol.% W2B5. The starting
ompositions are listed in Table 1.

.2. Characterisation

Bulk densities of the resulting materials were measured
y using Archimedes’ principle. X-ray diffraction and SEM
ere used to identify the reaction products and crack propa-
ation path induced by the Vickers indenter, respectively. For
echanical testing, standard flexural bars with dimensions of

6 mm × 4 mm × 3 mm were cut from the hot-pressed bodies
ollowed by a coarse and fine grinding, then the tensile faces
ere polished and the edges were beveled. Flexural strength
as measured on a 3-point bending fixture with a 30 mm span

t a crosshead speed of 0.5 mm/min. Samples used to measure
racture toughness with dimensions of 36 mm × 2 mm × 4 mm
ere notched a depth of 2 mm using a 100 �m thick diamond
heel. The KIC values were determined by the SENB method
ith a crosshead speed of 0.05 mm/min. Each mechanical prop-

rty data point represents an average of 5–6 measured values.
he Vickers hardness tests were carried out under a load of 40 N.

.3. Wear test

Dry sliding wear tests were conducted using a block-on-
ing type machine. The samples were machined into rect-
ngular blocks of 4 mm × 6 mm × 20 mm, and the faces of
mm × 20 mm were put in contact with the slider rings. The

lider ring (out diameter 40 mm) was made of AISI 52100 type
earing steel with a bulk hardness of HRC63 ± 1. Prior to wear
esting, all the contact surfaces were polished, cleaned in ace-
one in an ultrasonic cleaner and finally dried by blowing warm
ir. All the tests were carried out at room temperature with a
elative humidity of ∼30%. The normal loads FN of 15 N, 35 N,
5 N and 75 N, and a constant line speed of 0.4 m/s were used.
he sliding time for each test was normally 40 min. Wear tests
ere also performed on graphite at the same condition for refer-

nce. The friction torsion M was recorded every 30 s during each
est, and the friction coefficient was calculated by the formula

= M/R/FN, where R is the radius of the sliding ring. The width
f the wear track were measured, and then the volume losses

ere calculated according to the formula (2)

=
(

arcsin(b/2R)

180
πR2 − b

√
R2 − b2/4

2

)
w (2) F

(
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here V is the volume loss, b is the width of the wear track
nd w denotes the width of the specimen. The temperature of
he contact surface was measured by a nickel chromium–nickel
ilicon thermocouple probe, inserted in the specimen through a
ole near to the contact surface. After the wear test, the worn sur-
aces and wear debris were examined using a scanning electron
icroscope (SEM) coupled with EDX.

. Results and discussions

.1. Results

The reaction products of the sintered samples were first sub-
ect to XRD analysis. The results are shown in Fig. 1. Only the
iffraction peaks of W2B5 and carbon were detected in the two
pecimens, no other compounds related with this system, such as
4C, WC, WB and W2B being present, confirming that the reac-

ion between B4C and WC was complete according to the reac-
ion (1). The diffraction intensity of carbon was much weaker
han that of W2B5 in each sample, which might be attributed to its
ow crystallization degree (compared with the diffraction peak
f neat graphite (Fig. 1(a)). The bulk densities of the C-30W2B5
nd C-40W2B5 specimens were about 4.9 g/cm3 and 5.8 g/cm3,
espectively, and the relative densities were as high as 94.7% and
6.1%, as listed in Table 1.The high relative densities were con-
idered to mainly come from the reaction sintering. The reaction
roduced newly formed W2B5 and carbon that had high sinter-
ng activities. In addition the reaction is exothermic (�H0

298 =
91930 J, thermodynamic data are from the literature9,10),

esulting in a relatively high actual sintering temperature. Both
f these two effects promoted the densification of the materials.
he results of mechanical properties of as-sintered materials are

isted in Table 1. It is evident that the addition of W2B5 notably
ig. 1. XRD patterns of the C-W2B5 composites: (a) graphite; (b) C-30 W2B5;
c) C-40 W2B5.
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Table 1
Starting compositions and properties of the C-W2B5composites and graphite

Materials Starting compositions (vol.%) Relative
density (%)

Bulk density
(g/cm3)

Flexure strength
(MPa)

Fracture toughness
(MPa m1/2)

Vickers hardness
(GPa)

B4C WC Carbon black

Graphite – – – – – 52.5 ± 1.8 0.74 ± 0.1 –
C 9 165.9 ± 10.8 3.28 ± 0.1 1.08 ± 0.1
C 8 240.8 ± 25.6 5.07 ± 0.5 2.36 ± 0.1
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-30W2B5 19 17.5 63.5 94.7 4.
-40W2B5 27.6 25.2 47.2 96.1 5.

ies of the composites increased with increasing W2B5 content.
he high relative density, hard W2B5 grains and residual stress

esulting from the difference of the thermal expansion coeffi-
ient between W2B5 and carbon are believed to contribute to
he strengthening and toughening of the composites. In the C-
0W2B5 composite, the W2B5 with grain size of about 1–2 �m
ractured by a combination of intergranular and transgranular
ode, as indicated at the points A and B in Fig. 2, which resulted

n increased strength and toughness of the composite due to the
igh strength of W2B5 grains and crack deflection, as shown in
ig. 2. Furthermore, an isostatic tensile radial stress to the W2B5
rains and a compressive hoop stress and a tensile radial stress to
he carbon matrix were generated because the thermal expansion
oefficient of W2B5(7.8 × 10−6 K−1)11 is much greater than that
f graphite (≈2.5 × 10−6 K−1).12 As shown in Fig. 3, when the
rack front encountered the W2B5 grain, under the synergetic
ction of the compressive hoop stress and tensile radial stress,
he crack deflected from the original orientation and propagated
long the direction parallel with compressive hoop stress and
erpendicular to tensile radial stress. As the crack was close to
he W2B5 grain, it directly deviated towards the W2B5 grain
ue to the increasing tensile radial stress in the matrix (the max-
mum value being at the interface of the carbon and W2B5), and
eached the boundary of the W2B5 grain and the matrix, finally
he crack propagated along the original orientation. The spread-

ng path of the crack in the matrix lengthened, therefore leading
o toughening.13 And withal, the carbon grains with an average
ize of 0.16 �m estimated from the Eq. (3)14 was much smaller
han W2B5 grains, which resulted in a rather good toughening

ig. 2. SEM photograph of the crack propagation path of the C-40W2B5 com-
osite induced by a Vickers indenter.
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ig. 3. Schematic diagram for the stress states in the composite and crack prop-
gation path under residual stresses.

ffect due to the longer crack deflection.15

a = 9.5

(d002 − 3.354)
(3)

The representative friction traces of the C-W2B5 compos-
tes and graphite tested at low load of 15 N and high load of
5 N are shown in Fig. 4. The friction coefficients of all sam-
les became somewhat constant after an initial increased period
or any normal loads. The mean friction coefficients of the C-

2B5 composites and graphite at various loads are summarized
n Table 2. It is clear that normal load and W2B5 content in the
omposites had great effects on the friction coefficient. As the
oad and W2B5 content increased, the friction coefficients of
he samples were gradually increased. While for the C-30W2B5
omposite, the friction coefficient was comparable to that of
raphite, which suggested that within this volume percentage,
he addition of W2B5 had little influence on the friction coeffi-
ient of the carbon-based composites.

Fig. 5 shows the wear rates of the graphite and C-W2B5 com-

osites as a function of applied loads. It is clearly noted that
he wear rates of the composites were much lower than that of
raphite, as expected, especially at low loads (15 N and 35 N).
or example, the wear rate decreased from 0.398 × 10−3 mm3/m

able 2
riction coefficients of the graphite and C-W2B5 composites at different loads

2B5 content (vol.%) Normal load (N)

15 35 55 75

0 (Graphite) 0.139 0.194 0.205 0.214
0 0.185 0.201 0.223 0.234
0 0.241 0.274 0.341 0.389
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Fig. 4. Typical friction traces of the C-W2B5 composite

f the graphite to 0.066 × 10−3 mm3/m of the C-30W2B5 com-

osite when tested at 15 N. In addition, the wear rates increased
ith increasing applied load for all the materials. The wear rate
f the C-40W2B5 composite was a little higher than that of the
-30W2B5 composite.

ig. 5. Wear rates of the graphite and C-W2B5 composites at different loads.
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graphite: (a) graphite; (b) C-30W2B5; (c) C-40W2B5.

The typical SEM photographs of the worn surfaces for the
raphite and C-W2B5 composites at load of 15 N are shown in
ig. 6. In Fig. 6(a), a smooth film, coupled with some narrow
nd shallow furrows and blisters and cracks, was formed on the
orn surface of graphite, which agrees with the works by Clark

nd Lancaster16 and Blaw and Martin17 The presence of furrows
ndicated the micro cutting of the counterface because the bear-
ng steel is much harder than graphite. The blisters broke away
s relatively large flakes of debris after the cracks connected and
hen left the surface damaged.16 For the C-30W2B5 composite,
he worn surface was covered with a continuous and smooth
ayer accompanying some white particles, irregular pits and
mall tilted flakes being breaking-off, as shown in Fig. 6(b). The
DX analysis (Fig. 7(a)) revealed that this smooth layer included
lements of C, W, Fe and O, and the C content (81.32 at.%) was
ighest. The boron was not detected owing to the sensitivity lim-
tation of the EDX to the light element B, but it was believed

o be in the form of either W2B5 or B2O3 on the worn surface.
ince this layer consisted of elements from C-W2B5 composites
nd bearing steel, as well as environmental matter, i.e. oxygen, it
as defined as a “mechanically mixed layer” (MML).18 Therein
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Fig. 6. SEM photographs showing the worn surfaces of the graphite and C-W2B5 composites: (a) graphite; (b) C-30W2B5 composite; (c) high magnified photograph
of the white particle;(d) and (e) highly magnified photographs of the smooth layer and pit, respectively, in (b); (d) C-40W2B5 composite.
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Fig. 7. EDX spectrums of the worn surfaces of the C-W2B5 composites: (a)

o, Fe came from the counterpart, W and C from the composites,
nd O originated from the oxidation of the layer due to the fric-
ion heating. The high percentage of C indicated that this MML
as a graphite-rich film providing the composite a lower fric-

ion coefficient and an excellent wear resistance. Such graphite
ontaining lubrication film was also observed on the worn sur-
aces of ceramic-graphite and metal-graphite composites.18–20

he white particles were an aggregation of fine debris with a
rain size from 0.1 �m to 1 �m (Fig. 6(c)). The white parti-
les also contained elements of W, Fe, C and O (Fig. 7(b)). As
bserved in Fig. 6(d), the smooth MML presented many microc-

acks paralleling and interlacing the sliding direction (as pointed
y short white arrows), which resulted from the surface fatigue
imilar to carbon-graphite materials,16,17 while the pits were the
resh surfaces left by the removal of the tilted flakes as shown
n Fig. 6(e).
The morphology of the worn surface for the C-40W2B5 com-
osite was different from that of the C-30W2B5 composite.
s shown in Fig. 6(f), besides the discontinuous and smooth
raphite-rich MML (area A), the relatively rough film containing

t
M
w
(

W2B5 composite; (b) white particle in Fig. 6(c); (c) C-40W2B5 composite.

ne particles was on the worn surface (area B). From Fig. 7(c), it
an be seen that the C content (59.05 at.%) on the worn surface of
he C-40W2B5 composite decreased compared with C-30W2B5
omposite, whereas Fe, W and O content increased, which indi-
ated area B was rich in Fe, Fe2O3, W2B5 or oxide of tungsten
nd boron. The increase of the fine particles was attributed
o the increase of hard W2B5 grains in the composite, which
romoted the abrasive action between W2B5 and the counter-
art. Simultaneously the friction coefficient of the tribo-system
ncreased.18,19 The comparison made on the surfaces of the bear-
ng steel worn with the C-30W2B5 composite and C-40W2B5
omposite, respectively, confirmed that more intensive rubbing
ook place in the tribo-system of C-40W2B5 composite (Fig. 8).

To investigate the influence of normal load on the wear behav-
or of the composites, SEM micrographs of the worn surfaces
f C-30W2B5 composite tested at three applied loads were

aken (Fig. 9). As discussed above, a continuous graphite-rich

ML with small tilted flakes and microcracks was found on the
orn surface of the C-30W2B5 composite when tested at 15 N

Fig. 6(b)), which noted that the graphite-rich MML was stable
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Fig. 8. SEM micrographs of the worn surfaces of the bearing steel at load of 15 N (a) against C-30W2B5 composite (b) against C-40W2B5 composite.

Fig. 9. SEM photographs of the worn surfaces of C-30W2B5 composites, wear tested at different loads: (a) 35 N; (b) 55 N; (c) 75 N.
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ig. 10. SEM photographs of the wear debris for the C-30W2B5 composite test
ross section of the plate-like debris.

t low load. With increasing the applied load, the graphite-rich
ML became more extensive and easier fracture and removal.
s shown in Fig. 9(a) and (b), the area covered by the graphite-

ich MML reduced (the uncovered area was the substrate surface
eft by the removal of the MML), the cracks on the MML became
bvious and large pieces of flakes were being detached from the
ubstrate. Even at 75 N (Fig. 9(c)), most of the worn surfaces
ere uncovered with the MML. The variation of the worn sur-

aces as the load increasing for the C-40W2B5 composite was
imilar to the C-30W2B5 composite.

Two types of morphologies were observed in the debris col-
ected at 75 N for C-30W2B5 composite: powdery debris and
late-like debris, as exhibited in Fig. 10. The SEM photograph
f the cross section of the plate-like debris showed that it was

ainly comprised of ultrafine particles (Fig. 10(b)). Moreover,
icrocracks were present on the surface of the plate-like debris.
DX analysis noted that the plate-like debris was abundant in
lement of C (Fig. 11), which was in agreement with the com-

Fig. 11. EDX spectrum of the plate-like debris in Fig. 10(a).
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75 N (a) plate-like debris and powdery debris (b) high magnified images of the

osition of the MML on the worn surface of C-30W2B5. Such
esults strongly suggested that the plate-like debris was in fact
etached from the MML

. Discussions

The present work has certificated that a MML containing
lements from both sliding materials and environment was estab-
ished during the sliding process of C-W2B5 composites against
earing steel. Because the MML contacted the counterface
irectly, the composition of the MML controlled the friction
oefficient of the tribo-system, as discussed above. Moreover,
precondition for the wear of the composites was the removal
f the MML. Therefore, it is important for the establishment,
omposition and failure of the MML to understand the fric-
ion and wear mechanisms.21,22 In case of the relative simple
onfiguration of carbon against metal, the carbon grain was bro-
en down and smeared into a lubricant layer at the initial time.
fter a critical sliding, surface fatigue wear occurred.16,17 In

he case of ceramic against metal, fracture of surface ceramic
rains and abrasive wear of the counterpart took place.23 As it
ay be expected, the formation process of the MML for the

arbon/ceramics composites worn against bearing steel should
nclude breaking down and smearing of carbon grain, and crack-
ng of ceramic grains and abrasive wear of the counterpart. The
ailure of the MML may also result from surface fatigue as
arbon-graphite materials.

On the basis of above analysis and careful examination of
he worn surface and wear debris, the establishment and failure
f the MLL on the worn surface of the C-W2B5 composites are
uggested as follows. In the initial stage of sliding wear, car-
on grains were preferentially peeled by the asperities of the

ounterface and released on the worn surface as debris due to
ts softness and low strength. At the same time, a spot of iron
ebris was transferred from the counterface by micro cutting
f the hard W2B5 grains, and microcracks in the W2B5 grains
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ere produced and gradually propagated. As sliding wear con-
inued, W2B5 grains were cracked out on the worn surface as
ebris. The debris of carbon, Fe and W2B5 were subjected to
complicated process of fragmentation, mixing and compact-

ng under normal load and frictional force to form aggregation.
ost of the aggregation would progressively accumulate, mix

p and smear on the sliding surface to create the MML, except
or a small quantity of the aggregation detached from the worn
urface. With further sliding, extensive mechanical mixing of
aterials from both contact surfaces would be involved in more

reas on the surface.
Regarding the temperature rise as a result of frictional heat,

he average temperature on the worn surface was found to
ncrease with the W2B5 content. At 75 N, the average sur-
ace temperatures were about 298 K, 365 K and 395 K for the
raphite, C-30W2B5 and C-40W2B5 composites, respectively.
lthough the bulk surface temperature was not very high because
f the lower friction coefficient, the local flash temperature at real
ontact asperities of hard W2B5 and Fe could be much higher,
hich caused the oxidation of the very fine W2B5 and iron debris

ince the wear system was exposed to air.
After critical cycles of compressive stress and tangential

tress arising from the combined action of normal load and
rictional force, the surface fatigue occurred which was asso-
iated with fracture of the grains in the subsurface leading to a
eakening of the adhesion of the layer to its substrate.16,17 As
result, microcracks propagated in the MML and the MML-

ubstrate interface16 resulting in breaking away of partial MML
s flaky debris. Some of the flaky debris were scaled off the
orn surface, and the others would undergo further rubbing on

he worn surface. The fresh materials exposed on the wear sur-
ace may participate in the following friction process and form
new MML. It is this process of formation and failure of the
ML that controls the wear process of the composite.
The notable increase of fracture toughness of the C-W2B5

omposites, as shown in Table 1, dramatically improved their
ear resistance compared to neat graphite because, under cer-

ain shearing stress, high fracture toughness can hinder both the
racture of grains in the subsurface and the cracks propagation,
herefore retarding surface fatigue. However, the wear rate of
he C-40W2B5 composite was a little higher than that of the
-30W2B5 composite, which was ascribed to the higher fric-

ional force of C-40W2B5 composite producing higher shearing
tress. Analysis of the Hertzian stress fields produced during the
ear test, using the method described by Smith and Liu,24 indi-

ated the maximum shearing stress for the C-40W2B5 composite
∼310 MPa) was about 30% higher than that for the C-30W2B5
omposite (∼240 MPa) at normal load of 75 N.

. Conclusions

Based on the investigation of the mechanical properties and

riction and wear behavior of the C-W2B5 composites and
raphite, the following conclusions can be obtained.

The C-W2B5 composites are synthesized via an in situ reac-
ion sintering route from B4C, WC and carbon black powders,
amic Society 26 (2006) 3477–3486 3485

y hot-pressing at 2000 ◦C and 25 MPa for 1 h. The addition of
2B5 significantly improved the mechanical properties of the

omposites compared with neat graphite. The flexural strength
nd fracture toughness of the C-40W2B5 composite were about
our and seven times that of graphite, respectively. The high
elative density, hard W2B5 grains and residual stress are
elieved to contribute to the strengthening and toughening of the
omposites.

The compositions of the materials and the testing loads have
reat effects on the friction coefficient and wear rate of the
-W2B5 composites. The friction coefficients increased with

ncreasing W2B5 content and normal loads, while the fric-
ion coefficient of the C-30W2B5 composite was very close
o graphite. The composites had much lowered wear rates as
ompared with graphite. A mechanically mixed layer contain-
ng elements from the friction counterparts and environment
as formed on the worn surface. The composition of the MML

nd fracture toughness of the composites played a very impor-
ant role in both friction coefficient and wear rate. The very
ow friction coefficient and wear rate of the C-30W2B5 com-
osite was attributed to the presence of graphite-rich MML and
ncreased toughness. The higher friction coefficient of the C-
0W2B5 composite resulting from the increase of hard W2B5
rains increased the maximum shearing stress, hence increasing
ear rate in spite of the higher fracture toughness. The fracture

nd removal of the MML are considered to be the main wear
echanism of the C-W2B5 composites.
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