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Abstract

Un-lubricated sliding wear behaviour of sub-micron grained (average grain size, G =0.45 um), self-mated alumina was studied using conformal-
contact with a unidirectional pin-on-disc wear testing machine. The wear characteristics of higher grained alumina samples (G =0.95 and 4 p.m)
are also studied under self mating condition for comparative analysis by using similar test parameters and identical test configuration. Sub-micron
grained alumina exhibits substantially higher wear resistance compared to the alumina of larger grain size. Scanning electron microscopy of the
worn out test samples reveals that in un-lubricated condition, compaction of wear debris on sliding surface governs the wear characteristics of the
present set of alumina. In many cases, partly revealed intergranular fracture was noticed. The strength of adhesion of the compacted wear debris
with sliding surface increases with decreasing grain size. In case of alumina of larger grain size, the stability of the compacted layer decreases due
to cracking. For sub-micron grained alumina, compacted layer of debris with increased adherence efficiently protects the virgin material resulting

substantial decrease in wear loss.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Significant improvement in mechanical properties of alu-
mina is possible through refinement of grain size. Particularly,
in recent time, with the growing availability of nano-sized
commercial powders, researchers have successfully fabri-
cated sub-micron grained alumina with high strength,! high
hardness>> and moderately high toughness.* These favourable
properties make this new generation, fine-grained alumina an
attractive material for load bearing and wear resistant appli-
cations ranging from pump, seals, nozzles to high-precision
biomedical-implants. Different novel processing routes such
as hot iso-static pressing (HIP),> pressure filtration or gel
casting!®7 were employed for this purpose. Even the age old slip
casting technique has also been exploited to produce sub-micron
grained alumina with the help of well-dispersed agglomerate-
free slip.®
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It has been already reported that a reduced grain size and a
narrow grain size distribution often promote improved sliding
and abrasive wear resistance of alumina.>”'! On the contrary,
in some cases, it has also been observed that increase in grain
size leads to increased wear resistance properties.'>~!# Surpris-
ingly, almost in all the above-mentioned studies, grain sizes
involved were in the order of one micron or more. In 1996,
Krell et al.!! first reported wear characteristics of sub-micron
grained alumina (G ~ 0.5 pm) at different humidity levels using
fretting wear-test configuration. Recently, Singha Roy et al.!
have described wear behaviour of 0.45 pm grained alumina in
biological environment. However, regarding un-lubricated slid-
ing wear behaviour of this new grade of high purity sub-micron
grained alumina, no further work has been reported till date and
consequently understanding about the wear mechanisms of alu-
mina with newly available sub-micron grain size still remains far
from being complete. In the present work, un-lubricated sliding
wear behaviour of alumina with sub-micron grain size (aver-
age grain size=0.45 wm) has been investigated. The result is
compared with the wear characteristics of similar material with
higher grain size (0.95 and 4 wum) under identical test-conditions.
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2. Materials and method

Sub-micron grained alumina was prepared by slip casting®
of commercially available a-alumina powder (TM DAR, Taimei
Chemical Co., Japan, Purity: 99.99%) with a mean particle size
of 170 nm. No sintering aid was added in the as-such procured
powder. The powder was dispersed in water with an additive
of HCI. The pH of the solution was optimized by a series of
sedimentation experiments and kept constant at a value of 2.4.
A solid loading of 30-vol.% was used to prepare the samples.
Soft agglomerates were broken by ultrasonic agitation and the
pH value was kept constant throughout the process by adding
additional HCI1 whenever required. The slip was kept unstirred
for 24 h to allow the hard agglomerates to settle down which
were then eliminated by carefully separating the supernatant.
The slip was poured in a gypsum mould and the cast samples
were air-dried. The air-dried samples were then further dried
up to 120 °C in an air-oven by increasing the temperature at a
rate of 10°C/day and subsequently pre-fired at 800 °C for 1h
to obtain a pre-fired density of >64% of the theoretical den-
sity. Pre-fired samples were carefully ground to the shape of
rectangular bar and then sintered at 1275 °C for 1h to obtain a
relative density of >99.8%. One end of the sintered bars were
mounted in an araldite-based polymer and subsequently given
to a shape of cylinder of 3.25 mm diameter with the help of a
cylindrical grinding machine. A 45° bevelled cut at the tip of

-
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the pin was made by using a surface-grinding machine. Finally
the flat surface of the cylindrical pin samples were polished to a
roughness value of R, <0.05 pm. The disc (¢ = 150 mm, thick-
ness = 8.5 mm) with a central hole of 25 mm was also prepared
through identical processing steps.

The microstructure (Fig. 1(a)) of the polished and thermally
etched samples was obtained by using a scanning electron
microscope (LEO 430i STEROSCAN, UK). The grain sizes
were determined by linear interception: average grain size
G =1.56 x average linear intercept'® and was found to be
G =0.45 pm. Wear test samples of coarser grain sizes (0.95 and
4 wm) were prepared by cold iso-static pressing (=150 MPa) of
the alumina powder followed by sintering at 1350 and 1600 °C,
respectively (Fig. 1(b and c)) and for comparison, they were
also used in the present wear study. Vicker’s hardness and frac-
ture toughness'” of all the sintered samples were determined by
indentation on polished sample (*216.5 mm diameter x 2.2 mm
thickness) at SO N load.

Simple pin-on-disc unidirectional wear and friction testing
machine (model no. TR 20L. manufactured by M/s Ducom, Ban-
galore, India) was used for this study. Each pin sample was
ultrasonically cleaned and dried before and after the experiment.
Volumetric wear of pin was calculated from gravimetric mea-
surement. All the experiments were conducted with a sliding
speed of 0.2m/s under a constant rotational speed of 50 rpm
of the disc. The temperature and relative humidity of the room

500 nm

Fig. 1. Microstructure of the alumina used for the present study with average grain size of (a) G=0.45 pm, (b) G=0.95 pm and (¢) G=4 pm.
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was kept constant at 24 °C and 45%, respectively. Each test was
continued up to a sliding distance of 7.2 km with normal load of
50N. The samples were weighed before and after the test on an
electronic microbalance (METTLER TOLEDO, model no. AG
285) with an accuracy up to five decimal places. Each experi-
ment was repeated at least thrice to check the reproducibility of
data. The wear rate of the worn out samples were calculated by
using the following equation:

volume loss due to wear

wear rate = P ;
normal load x sliding distance

3. Results

The density, Vicker’s hardness and indentation fracture
toughness of the alumina used in the present study are shown in
Table 1. The average coefficient of friction (u) of three different
varieties of alumina and their nature of variation with sliding dis-
tance are presented in Fig. 2(a and b). In case of coarser alumina,
i.e. G=0.95 and 4 pm, up to a sliding distance of ~2.35km, ‘u’
was found to be high with substantial fluctuations, which gradu-
ally decreased to a stable value (Fig. 2(a)). This initial instability
or the transient response may be treated as the start-up period. It
was interesting to observe that the sub-micron grained alumina
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Table 1
Density, Vickers hardness and indentation fracture toughness (test load =50 N)
data of various grained alumina used in the present study

Grain size 4 um 0.95 wm 0.45 pm
Density (g/cm?) 3.94 3.92 3.96
Vickers hardness (GPa) 17.50 20.56 23.77
Indentation toughness (MPa m?3) 3.21 3.25 3.28

exhibits almost no start-up period during wear experiments and
the probable reasons for this are discussed later. For sub-micron
grained alumina, at the beginning of the test, ‘u’ shows a slightly
lower value which then slowly increases and ultimately secures
stability.

Wear resistance of the sub-micron alumina was found to be
substantially high (Fig. 2(c)). The average value of wear rate
was found to decrease with decreasing average grain size and
sub-micron grained alumina with G=0.45 um suffered mini-
mum wear. The value was ~5-6 times lower than that in case
of alumina with higher grain sizes.

SEM micrographs of the worn out pin samples show that
the compaction of wear debris on sliding surfaces occurs in
sub-micron grained alumina (Fig. 3). In higher grained alumina
too, compaction was frequently noticed (Figs. 4 and 5). The
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Fig. 2. (a) Variation in coefficient of friction with sliding distance, (b) average coefficient of friction and (c) average wear factor of various alumina used in the

present study.
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Fig. 3. SEM micrograph for worn-out alumina pin with 0.45 wm grain size, showing (a) layer of compacted wear debris on the sliding surface of sub-micron alumina,
(b) ploughing marks on the compacted layer, (c) intergranular fracture partially covered by compacted wear debris and (d) wear debris generated due to friction of

sub-micron alumina.

SEM analysis of the wear debris generated in the present study
shows that the morphology of wear debris (collected on adhesive
tape) generated from all the alumina specimens, is more or less
same and their size lies in the range of 20-50 nm; however, in
most of the cases, they exist in the form of lump or agglomerate
(Fig. 3(d)). In all the cases, the compacted layer was produced
by these fine particles, generated by repeated fragmentation of
the dislodged grains which thereafter formed agglomerates, got

compressed and during further sliding, plastically deformed into
layers (Figs. 3(a), 5(a)). For higher grained alumina (i.e. G=4
and 0.95 wm), significant amount of cracking in the compacted
surface layer was observed and in many cases, this resulted to
the development of fish-scale like surface features by forming
a network of micro-cracks (Fig. 5(a)). However, for the sub-
micron grained sample, fair amount of scratching or ploughing
marks were observed on the compacted layer (Fig. 3(a and b)).

Fig. 4. SEM micrographs for worn-out alumina pin with 0.95 wm grain size, showing (a) abrasion marks on the compacted layer of wear debris and (b) intergranular

fracture with evidences of grain boundary microcracking.
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Fig. 5. SEM micrographs for worn-out alumina pin with 4 wm grain size, showing (a) ‘fish-scale’ like structure generated by networking of microcracks in the
compacted layer and (b) partly revealed brittle fracture beneath the layer of compacted wear debris.

For alumina with medium grain size (i.e. G=0.95 pm), occa-
sional cases of ploughing on the compacted layer were observed
(Fig. 4(a)). The SEM study of the worn out alumina pins with
G =0.45 pm reveals few areas where inter-granular fracture was
noticed (Fig. 3(c)). However, in case of 0.95 and 4 pum grain
size, extensive grain pull-out was observed in selected zones

(Fig. 4(b)).
4. Discussion

It is evident that for all grain sizes of alumina, wear involves
generation of fine particles and their compaction. This com-
pacted layer was found to play key role in the progressive
wear events for all the alumina samples under investigation
(Figs. 3 and 5). In case of unidirectional wear tests with self
mated alumina, several researchers have already reported about
the compacted layer containing significant amount of aluminium
hydroxide which may exist in the form of either boehmite or
bayerite.'820 In this particular study, perhaps the conformal
contact between the surfaces enhanced the scope of entrapment
and accumulation of fragmented particles. The SEM analysis of
the wear debris generated in the present study does not reveal
any major difference regarding the shape and size. The size of
the debris being very small, in almost all the cases it was found
that owing to high surface energy, they formed lumps. With time,
these lumps got plastically deformed and caused the formation
and progressive development of the layer. It is quite obvious that
finer these alumina particles are, greater will be their propen-
sity to react with moisture in the surrounding atmosphere to
form such agglomerate or hydroxide surface layer which suffers
compaction with time. This surface layer is not only prone to
fracture-damage but also much softer and suffers plastic defor-
mation than the remnant alumina particles and influences the
wear mechanism.

It was found that for all the alumina pins used in the present
study, the compacted and plastically deformed debris covers
almost the entire surface. For coarser alumina (i.e. G=4 and
0.95 wm), cracking in the compacted layer formed fish-scale
like surface features (Fig. 5(a)). The cracks might have been
generated due to the combined action of repeated cyclic and ther-

mal stresses in compacted layer. However, for the sub-micron
grained sample, the wear debris strongly adhered to the sub-
surface and did not suffer spalling or micro-fracture like other
cases. In this case, fair amount of scratching or ploughing marks
were observed on the compacted layer (Fig. 3(a and b)), in con-
trast to occasional cases of ploughing (Fig. 4(a)) for alumina with
medium grain size (i.e. G =0.95 wm). Generation of similar type
of unstable compacted layer with increasing grain size has also
been noticed in alumina—alumina wear couples by Zum Gahr
et al.>! In case of fine-grained material (e.g. G=0.45 um in the
present case), this strongly adherent layer efficiently protects
the underneath material and enhances the overall wear resis-
tance. Moreover in such cases, after fragmentation, the grain
size becomes even finer which readily reacts with moisture to
form aluminium hydroxide and gets accumulated at different
surface pores and discontinuities resulting the sliding surfaces
smooth and soft. This results in low coefficient of friction with
minimum fluctuations in case of smallest grain size in contrast
to higher grained alumina i.e. G=0.95 and 4 pwm, where fair
amount of scatter in coefficient of friction values during initial
start-up period was observed (Fig. 2(a)).

As mentioned earlier, the SEM study of the worn out alumina
pins with G=0.45 pum reveals few areas where intergranular
fracture was noticed (Fig. 3(c)) while, in case of 0.95 and 4 pm
grain size, extensive grain pull-out was observed (Fig. 4(b)). This
is in accordance with the proposition of Ajayi and Ludema®?
regarding wear of alumina by grain boundary microfracture.
As intergranular microfracture and grain dislodgement occurs
through microcrack propagation along individual grain bound-
aries, instead of long crack toughness, grain boundary toughness
becomes guiding factor for wear loss in such situation. Wear-
damage-induced stress (op) required to produce such grain
boundary micro-fracture are calculated by using the following
relationship (Eq. (1))° and shown in Table 2

1\ 12
op = o] (—) —1 (D)

where o7 is the internal tensile stress due to thermal expan-
sion anisotropy, the maximum value of o1 can be =100 MPa,
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Table 2
Wear-damage-induced stress required to cause grain boundary micro-fracture
for different grain sizes of alumina used in the present study

Grain size, [ (m) Wear damage stress, op (MPa)

Cho et al.’ Krell et al.2®
4 900 450
0.95 1952 570
0.45 2881 633

I the grain size of the alumina used in the experiment,
I =400 MPa, the critical grain size limit of alumina for sponta-
neous microfracture due to thermal expansion anisotropy.23~2
Following the proposition of Krell et al.2%, another set of values
of wear-damage-induced stress (op) was calculated (adopting
o1=50MPa for 4 pum, 30 MPa for 0.95 pm and 22 MPa for
0.45 pm from Fig. 5 of the respective reference) and also incor-
porated in Table 2. However, in the second set of data, the values
of op increase towards finer microstructures in a comparatively
moderate fashion. Both these set of data indicate that, due to ther-
mal expansion anisotropy, with grain refinement, op increases
and makes higher grained alumina more susceptible to grain
dislodgement. Hence, grain dislodgement through microcrack
propagation and severity of intergranular fracture is higher for
coarser grained material. For higher grained material, in many
cases, brittle fracture was partly revealed beneath the compacted
layer (Fig. 5(b)). In this context, it is to be noted that the forma-
tion and subsequent degeneration of compacted layer (either by
flake formation or by wear due to continuous sliding motion) is
a dynamic process. It may happen that in some portion of the
contacting surface, the wear debris is getting compacted and
simultaneously in other portions it is being worn out result-
ing intergranular fracture. Wear, being a system response, is
likely to depend on number of intrinsic and extrinsic parame-
ters and therefore number of micro-mechanisms is taking place
simultaneously. In the present case too, formation of compacted
layer and grain boundary micro-fracture leading to pull-out
are likely to occur side by side. Owing to smaller grain size
vis-a-vis smaller size of primarily generated wear debris, for-
mation of compacted layer predominated over other mechanism
in fine-grained alumina (G = 0.45 wm) while in other cases, grain
boundary microcracking and intergranular fracture was found to
be the main mechanism of wear. So far hierarchy of influences
of different material parameters is concerned; combination of
hardness (both macro and micro) and fracture toughness comes
first. Consequently, variation in wear can be mainly attributed to
these governing factors. However, it is apparently evident from
the data that there is some sort of variation regarding porosity
(higher porosity with higher grain size) that might have con-
tributed as well though it is still a conjecture and requires further
detailed experimentation.

5. Conclusions

e Superiority in sliding wear resistance was observed for alu-
mina with 0.45 pm grain size.

e Compacted layer of wear debris along with partly revealed
brittle fracture on the sliding surface was evident in all cases
and with decreasing grain size, extent of adherence of com-
pacted layer increases.

e With progress in wear, owing to subsequent rubbing, com-
pacted layer suffers mild abrasion in smaller grained alumina
while for larger grained specimens extensive cracking
occurred which led to flaking and delaminations.

e Sub-micron grained samples efficiently protects the under-
neath material by enhanced adherence with compacted wear
debris while in higher grained alumina, cracking followed by
flaking damages the protective layer, easily exposes the orig-
inal sliding surface and leads to significantly high wear loss
through intergranular fracture.
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