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bstract

n this paper, diopside was introduced into alumina as a sintering aid and fine structural alumina matrix ceramic materials were fabricated by the
echnology of pressureless sintering. The relative density, hardness and fracture toughness of the diopside-reinforced composites were investigated.
ribological tests were carried out at a rotation speed ranged from 40 to 160 rpm and in a normal load ranged from 50 to 200 N. SEM technique

as employed to observe worn surfaces of the test specimens and wear mechanisms were simultaneously discussed. Analysis of the experimental
ata and observations on worn surfaces revealed that the improvement in wear resistance of composites may be attributed mainly to the stronger
oughening effect due to addition of diopside in alumina matrix.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Major challenges in advanced structural ceramics such as
anufacture reproducible, long lifetime, self-lubricating are

lways proposed in mechanical systems that involve high loads,
elocities and temperatures. Advanced structural ceramics are
idely applied in the fields of fine measuring implement, fine

liding way, working platform and high-speed bearing, etc.,
here high precision durability and long working life are

equired. Among these advanced ceramics, fine alumina matrix
eramic materials are widely selected due to their virtues of
igh hardness, good chemical inertness, high wear resistance,
ow coefficient of thermal expansion and friction coefficient.
owever, processing and manufacturing of pure alumina prod-
cts is an expensive and difficult task. In our recent studies,

he introduction of diopside into alumina matrix can decrease
he manufacturing costs, shorten production cycle and improve

echanical properties.1 However, few articles reported the tribo-
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ogical properties of the diopside-reinforced fine alumina matrix
eramic composites.2

Wear generally increases with normal contact load, sliding
istance and sliding velocities, and a wear rate of 10−15 m3/N m
s usually set as limit above which a material is no longer con-
idered wear-resistant.3 Numerous investigations exploring the
nfluences of test conditions contact geometry, additives and
nvironment on the tribological behaviour of alumina matrix
eramics exist, due to their growing importance for high wear
esistance application.4–7 In this investigation, the influences of
otation speed and load values on the friction and wear behaviour
f fine alumina matrix ceramic materials toughened by diopside
re studied and explored.

. Experimental procedure

.1. Materials and specimens

High purity of 99.99% �-Al2O3 with grain size of 0.5–1 �m

nd diopside (MgCa(SiO3)2) were used as starting powders. The
mount and type of impurities in �-Al2O3 are shown in Table 1.
iopside is composed of SiO2 (55 wt.%), CaO (24 wt.%) and
gO (18 wt.%). The compositions and mechanical properties
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Table 1
The amount and type of impurities in �-Al2O3

Raw materials Impurities (mass fraction, ppm) ≤
�
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f pressureless sintered alumina matrix ceramics are listed in
able 2 (The suffix in AD0, AD3, AD6 and AD12 represents

he volume content of diopside. For example, AD0 means the
olume content of diopside is zero).

The raw materials were blended together according to their
roportions and ball milled for 60 h in an alcohol medium to
btain a homogeneous mixture. Then the slurry was dried in
acuum and screened. Green bodies (50 mm × 50 mm × 50 mm)
ere shaped using isostatic cold pressing technology in rub-
er molds. Lastly, the green bodies were sintered at 1520 ◦C
heating rate: 20 ◦C/min) for 140 min in N2 atmosphere using
ressureless sintering method.

.2. Characterization

Test specimens with nominal dimensions of 3 mm × 4 mm ×
6 mm were cut from the pressureless sintered bodies. Densi-
ies of the specimens were measured by Archimedes method.
ickers hardness was measured on polished surface with a

oad of 9.8 N for 5 s with a micro-hardness tester (produced
y Shanghai Hengyi electronic testing instrument corpora-
ion). Fracture toughness measurement was performed using
ndentation method. The indentations on sample surfaces were
enerated in a hardness tester (produced by Shandong Yex-
an material tester corporation), and the formula proposed
y Cook and Lawn8 was used to calculate the final fracture
oughness.

.3. Friction and wear tests

Friction and wear tests were carried out in a block-on-ring
brasion apparatus (MRH-3). The contact schematic diagram
or frictional couple is shown in Fig. 1. A plain carbon steel ring
HRC 38–45) with outer diameter of 50 mm, inner diameter of
5 mm and thickness of 10 mm, was used as the counterpart.
he investigated ceramics were cut into specimens with dimen-
ions of 5 mm × 8 mm × 16 mm. The specimens were ground

nd polished with diamond paste to an average surface rough-
ess of 0.1 �m. Sliding was performed under ambient conditions
f temperature and humidity over a period of 30 min. For all tests,
otation speeds of 40, 80, 120 and 160 rpm were applied. The

w
t

able 2
ompositions and mechanical properties of pressureless sintered alumina matrix cera

pecimens Compositions (vol.%) Relative density(

D0 100% Al2O3 88.6
D3 97% Al2O3 + 3% diopside 97.2
D6 94% Al2O3 + 6% diopside 97.5
D12 88% Al2O3 + 12% diopside 97.9
Fig. 1. Contact schematic diagram for the frictional couple.

ormal load ranged from 50 to 200 N, corresponding to a contact
ressure of about 5–15 MPa.

The friction coefficient is calculated according to the equation
s follows

= M

P × R
= F

P
(1)

here μ is friction coefficient, M is force moment of friction,
is the outer radius of carbon steel ring (25 mm), P refers to

he normal load (N) and F to friction force (N). P and F can be
irectly attained from the digital display of the apparatus.

The wear rate is obtained by the following formula

= V

L × P
(2)

n this equation, ω is wear rate (m3 N−1 m−1), V is volume loss
f the test specimens (m3) and L refers to the sliding distance
m).

The volume loss V of the block specimens in Eq. (2) is cal-
ulated and determined by the expression9

= BR2

a − b

[
a sin−1 a

2R
+

√
4R2 − a2 − b sin−1 b

2R

−
√

4R2 − b2
]

+ 2B

3(a − b)

[(
R2 − b2

4

)3/2

(
a2 )3/2

]

− R −

4
(3)

here B is the width of the test specimens (m), a and b refers
o the dimensions of the wear traces on the block specimens,

mics

%) Hardness (GPa) Fracture toughness (MPa m1/2)

7.3 4.1
15.6 5.2
13.7 5.3
13.5 5.0
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Fig. 2. Schematic diagram of wear traces on the block specimens.

Table 3
Friction coefficient of AD0 specimen

Rotation speeds (rpm) Normal load (N)

50 100 150 200

40 0.7619 0.7475 0.7065 0.6630
80 0.7485 0.7236 0.6382 0.6238
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Table 6
Friction coefficient of AD12 specimen

Rotation speeds (rpm) Normal load (N)

50 100 150 200

40 0.6490 0.6368 0.6262 0.6018
80 0.6318 0.6243 0.5800 0.5628
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0 3 6 12
plotted in Figs. 3–6 as a function of the normal load tested at
different speeds under dry sliding. As can be seen from Figs. 3–6
that the wear rates for all test specimens increased with increas-
20 0.7172 0.6780 0.6550 0.6005
60 0.6972 0.6164 0.5820 0.5391

hown in Fig. 2 and measured with a digital-reading microscope
JC-10). The average of three replicate test results is adopted in
rder to minimize data scattering and decrease the relative error.

Finally, the surfaces of the worn specimens were examined
y scanning electron microscopy (HITACHI S-570).

. Results and discussion

.1. Tribological behaviour: friction coefficient and wear
ate of the experiments

The measured friction coefficients of AD0, AD3, AD6 and
D12 at different normal loads and rotation speeds are shown

n Tables 3–6, respectively. Each table shows the same trend:

general decrease in the coefficient of friction with increasing

he normal load or rotation speed. During the friction and wear
ests, the increasing of rotation speed or normal load conduces
o improve the surface roughness of specimen and enlarge the

able 4
riction coefficient of AD3 specimen

otation speeds (rpm) Normal load (N)

50 100 150 200

40 0.6322 0.6009 0.6161 0.7018
80 0.6104 0.5924 0.5857 0.5699
20 0.5893 0.5859 0.5575 0.5417
60 0.5438 0.5361 0.5317 0.5106

able 5
riction coefficient of AD6 specimen

otation speeds (rpm) Normal load (N)

50 100 150 200

40 0.6912 0.6473 0.5484 0.5532
80 0.6757 0.6079 0.5165 0.5198
20 0.6500 0.5381 0.4930 0.4590
60 0.6068 0.5140 0.4728 0.4423

F
s

F
s

20 0.5833 0.5509 0.5113 0.5049
60 0.5600 0.4928 0.4900 0.4738

ontact area. The higher the rotation speed or normal load is, the
arger the shearing stress in contact area will be, and as a result,
he temperature of contact area may increase distinctly, making
he plastic deformation in contact area more easier. Thus the
riction coefficient decreases with increasing the rotation speed
r normal load. Compare Table 3 with Tables 4–6, it can be
een that the friction coefficient of pure alumina is in the range
f 0.53–0.76, and that of fine alumina matrix ceramic materials
oughened by diopside is in the range of 0.44–0.69, smaller than
hat of pure alumina, indicating that introduction of diopside
ecreases the friction coefficient of pressureless sintered fine
lumina matrix ceramic composites.

The measured wear rate of AD , AD , AD and AD are
ig. 3. Variation of wear rate for AD0 specimen with normal load and rotation
peed.

ig. 4. Variation of wear rate for AD3 specimen with normal load and rotation
peed.



202 C. Liu et al. / Journal of the European Ceramic Society 28 (2008) 199–204

F
s

i
a
b
l
s
o
c
t
w
e
W
i
t
i
a
o
b
t
t
t
t
T

s
t
i

F
s

F
(

c
T
p
r
o
i
t
i

3.2. Tribological behaviour: wear mechanisms

Figs. 7 and 8 show the SEM micrographs of worn surfaces of
AD3 specimen tested at normal loads of 50 and 200 N, respec-
ig. 5. Variation of wear rate for AD6 specimen with normal load and rotation
peed.

ng the normal load. While this trend of increase are not linear
nd are always accompanied with a jump of wear rate, induced
y wear transition. As we all know that higher rotation speed
owers the wear transition load, the similar trends of higher
peed causing higher wear and lower wear transition load were
bserved for pressureless sintered fine structural alumina matrix
eramic materials. Wear transition may be also in relevant to
he variation of wear mechanism, generally changing form mild
ear to severe wear. There are essential differences between

ffects of normal load and rotation speed on wear transition.
hen normal load increases, the stress in contact area, exceed-

ng critical stress, leads to formation and propagation of crack on
he surface of block specimen, fracture of severe wear may come
nto being. The influences of speed on wear and wear transition
re more complicated and usually attributed to the effect of speed
n the surface temperature. High surface temperature brought
y high sliding speed and smart friction, which, in turn, may be
he reason for wear rate reduction. It can be generally concluded
hat, the larger the normal load is applied, the earlier the wear
ransition occurs and the more severe the wear will be, and also,
he higher the temperature, the lower the wear transition loads.
his conclusion is similar with that drawn by Yushu Wang.10

Fine alumina matrix ceramic materials toughened by diop-

ide show low wear rate of magnitude 10−16 m3/N m, smaller
han pure alumina (10−15 m3/N m) abrasive wear. Obviously,
ntroduction of diopside into alumina matrix results in signifi-

ig. 6. Variation of wear rate for AD12 specimen with normal load and rotation
peed.

F
(

ig. 7. SEM micrographs of wear track on AD3 under dry sliding conditions
normal load: 50 N, rotation speed: 160 rpm).

ant improvement in tribological properties of the composites.
he major reason may be that, addition of diopside obviously
rompts the sintering of diopside-reinforced composites, the
elative density of composites reaches ≈97.9% as the content
f diopside is 12 vol.%. Based on this good densification rate,
mproved mechanical properties have been obtained. As a result,
ribological properties of the diopside-reinforced composites are
mproved significantly.
ig. 8. SEM micrographs of wear track on AD3 under dry sliding conditions
normal load: 200 N, rotation speed: 160 rpm).
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ig. 9. SEM micrographs of wear track on AD6 under dry sliding conditions
normal load: 50 N, rotation speed: 160 rpm).

ively. As can be seen from Fig. 7, the worn area of the AD3 tested
t lower load (50 N), was relatively smooth and covered with
ontinuous transfer films, which may be transferred from the
arbon steel ring. There is no distinct evidence of surface cracks
n Fig. 7, which may be due to the fact that the wear is steady and
he test specimen is in mild wear regime. After being tested at
igher load (200 N), however, the worn area is covered by wear

ebris, and some isolated grain pull-out occurs in the worn sur-
ace (Fig. 8), indicating that a transition from mild to severe wear
ccurred as the normal load increased from 50 to 200 N. SEM
icrographs of worn surfaces of AD6 specimen tested at normal

ig. 10. SEM micrographs of wear track on AD6 under dry sliding conditions
normal load: 200 N, rotation speed: 160 rpm).
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oads of 50 and 200 N are shown in Figs. 9 and 10, respectively.
he worn surfaces of AD6 specimen are also relatively smooth
nd few cracks can be detected. Clearly, such a phenomenon
an be attributed directly to the fact that AD6 specimen has a
arger value of fracture toughness compared with AD3 specimen
see Table 2). In our previous work, it was concluded that the
ear mechanisms of pure alumina might be brittle fracture and
rain pull-out.2 It can be concluded from the above analysis that
he dominant wear mechanism of the fabricated composites was

echanical interlocking combined with a little micro-fracture
nd grain pull-out.

. Conclusion

Fine structural alumina matrix ceramic materials are fab-
icated by pressureless sintering technology. The friction and
ear behaviour of fine structural alumina matrix ceramic com-
osites, coupled with carbon steel ring, were investigated
sing a block-on-ring apparatus in unlubricated conditions,
n air, at room temperature, at different sliding speed and
oad. The most useful result was found, where, the friction
oefficient values and wear rate of alumina matrix ceramic
omposites toughened by diopside are lower than that of
ure alumina. The wear rate of pure alumina was in the
rder of 10−15 m3/N m while that of alumina matrix ceramic
omposites toughened by diopside was 10−16 m3/N m. In
onclusion, introduction of diopside into alumina decreases
ts wear rate and coefficient of friction, and the wear rate
ncreases with the increase in load value. The dominant
ear mechanism of the fabricated composites was mechani-

al interlocking combined with a little micro-fracture and grain
ullout.
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