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Fabrication of engineering ceramics by injection
moulding a suspension with optimum powder

properties

Part Il Mechanical properties and wear behaviour

R.E.F. Q. NOGUEIRA, D. T. GAWNE, M. J. EDIRISINGHE*
Department of Materials Technology, Brunel University, Uxbridge, Middlesex UB8 3PH, UK

The mechanical properties of alumina test bars fabricated using injection moulding as the shaping
operation, are described. The modulus of rupture, hardness, fracture toughness and wear
behaviour of the ceramic specimens are reported. Test bars were injection mouided using

a polypropylene-based high molecular weight organic vehicle. The processing and microstructure
of the test bars were discussed in Part I. The alumina powder was selected in a previous
investigation, which considered the compounding, compression moulding, removat of organic
vehicle and sintering of several formulations containing different alumina powders.

1. Introduction

The increase in the demand for engineering ceramics
in recent years has generated a great deal of interest in
the mechanical properties of these materials. The high
melting point of ceramics dictates that artefacts have
to be fabricated by assembling powder particles to the
required shape. The characteristics of ceramic pow-
ders, e.g. size distribution and shape, are also impor-
tant, but once the ceramic powder has been selected
(e.g. this investigation) the fabrication process used
has a significant influence on the microstructure and
properties of the ceramic [1, 2]. Many processes, such
as pressing, extrusion, slip casting and injection
moulding, are available for fabrication of ceramic
shapes and all these require a final sintering stage in
order to achieve a high density. Defects are mainly
introduced at the fabrication stage and once this hap-
pens they are retained as strength-limiting flaws in
ceramic artefacts. Therefore, it is important to assess
the properties of the ceramic bodies in relation to the
fabrication procedure used.

The strength of ceramic materials is generally char-
acterized by flexure testing, also referred to as bend
testing [3-5]. A flexural strength test is based on
simple bending theory and consists of a bar of the
material supported at two ends and loaded from
above at one (three-point bend test) or two (four-point
bend test) points. The outermost fibres of a bend
specimen experience uniaxial tensile stress. Bend
strength is defined as the maximum value of this
tensile stress (at failure) and is often called the
modulus of rupture (MOR). For a rectangular speci-
men such as the sintered test bars used in this
investigation
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MOR = = (1
where F is the load at failure and [ is the load span,
b and d are the width and thickness of each specimen,
respectively.

Strength values of ceramics show wide scatter and
are therefore analysed statistically, the most common
method being Weibull statistics [4, 6, 7]. Thus, the
equation

1

—5 = oxp (/o) @
is usually used to analyse statistically strength values
obtained from testing of ceramics. P is the probability
of failure at the stress, o, and can be calculated using
a standard procedure (e.g. [8-107). m and o, are
constants; m s defined as the Weibull modulus, which
is an estimate of the reliability of the component, and
is obtained by calculating the gradient of the graph of
the logarithmic form of Equation 2.

There is a lack of standards for the hardness testing
of ceramic materials. However, macro-indentation
methods, such as the Vickers hardness test, have been
widely applied to investigate the hardness of ceramic
materials [11-13]. Micro-hardness tests are not fa-
voured for measuring the hardness of high-alumina
ceramics due to inconsistency of results [11,13].
Hardness values of ceramic materials show consider-
able scatter mainly due to the presence of defects such
as cracks and porosity [137] and therefore it is recom-
mended that 5-10 randomly positioned indentations
are made to estimate the macrohardness of a ceramic

[14].
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In the absence of a standard test, indentation
methods have been widely used to evaluate the frac-
ture toughness of ceramics [12, 15-17]. In one such
method, the indentation causes cracks and the
measurement of crack lengths leads to an estimate of
the fracture toughness (DCM method). On the other
hand, fracture toughness can be estimated from
strength measurements such as in the single-edge
notched beam (SENB) method. The DCM method is
simpler and requires small specimens which must be
carefully prepared so that they are free of surface
stresses prior to indentation. However, post-indenta-
tion slow crack growth is a problem [18]. Also, there
is no accepted formula to calculate the fracture tough-
ness, K¢, from results of this test and the method
tends to overestimate the fracture toughness. In fact,
over a dozen expressions are found in the literature
[15, 19]. Liang et al. [17] have proposed the equation

(Kic®d/Hval®) (Hy/E$)* o = (c/a)/18a~ 151
&)

where Hy 1s the Vickers hardness, 2a is the length of
the diagonal of the square indentation produced by
the Vickers hardness test, E is the Young’s modulus,
and 2¢ is the crack length. ¢ is a constraint factor
(~ 3) and « is given by the expression.

14{1 — 8[(4v — 0.5)/(1 + v)1*} 4)

where v is the Poisson’s ratio of the material
K¢ values obtained by the DCM method and Equa-
tion 3 compared with those determined using the
SENB method did not show a significant difference for
alumina ceramics having grain sizes in the range
2-12 um up to indentation loads of 300 N [17].

Because ceramic materials have a high hardness,
they are frequently used in engineering applications
where adverse tribological conditions persist and
therefore the assessment of their resistance to wear is
extremely important. However, wear resistance is not
an intrinsic property of the material but is related to
the engineering system in which the material is used
[20, 21]. Current understanding of wear of ceramics is
inadequate for predicting reliable data for design pur-
poses [22-25].

Several parameters (e.g. microstructural features,
test procedure and surrounding atmosphere) affect
wear test results of ceramics [26-28]. Therefore, to
date, there is no universal sliding wear test and only
a few devices are standardized [29]. The reciprocating
pin-on-flat wear test used with a diamond indentor in
this investigation is useful to simulate sliding wear of
the heavy abrasive type [30]. There are three main
methods by which wear can be measured [29]; by
weight loss of specimens, by weighing the wear debris
produced, or by following the dimensional changes
which occur as a result of wear (e.g. wear scar depth).
The last method was used in the present work.

In this investigation the flexure strength, hardness,
fracture toughness and wear behaviour of a well-
characterized batch of alumina specimens have been
determined. These specimens have been fabricated
using an injection moulding processing route. An
extensive data review [31] published by the National
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Physical Laboratory (NPL) UK, which classifies high-
alumina ceramics into groups (A1-A12) according to
the aluminium oxide content, and analyses their
structure and properties, provides a basis for the com-
parison of the properties of these specimens with those
made using other commercially available aluminas.
Also, mechanical properties of injection moulded cer-
amics are scarce in the literature and this investigation
allows the comparison of the properties measured
with those obtained for alumina specimens made
using similar and other processing methods.

2. Experimental procedure

2.1. Materials and processing

A152.5G (Alcoa Manufacturing (GB), Worcester, UK)
was the alumina ceramic powder used. Particle char-
acteristics of this powder have been described in Part
I [32]. The test bars were made by injection moulding
a suspension containing 63 vol % alumina powder
dispersed in a polypropylene-based organic vehicle.
Twin-screw extrusion was used to disperse the ceramic
powder in the organic vehicle. The injection moulded
test bars were subjected to slow pyrolysis in static air
to remove the organic vehicle. Test bars were sub-
sequently sintered by heating in static air to 1650 °C at
30°C min~! and soaking at this temperature for 2h
followed by cooling in the furnace to room temper-
ature. Full details of the organic vehicle used and
processing are given in Part 1 [32].

2.2. Flexural strength testing

A standard jig fitted to a model 4206 Instron universal
testing machine was used to test 30 sintered bars in
three-point bending. The testing conditions are given
in Table I. The load span was limited to 39 mm due to
the geometries of the specimen and the jig. Halves of
test bars resulting from flexure tests were used for
hardness, fracture toughness and wear tests described
below.

2.3. Hardness testing

Vickers hardness testing was used with a load of 20 kg.
The specimens were degreased with an organic solvent
before testing. Each specimen was subjected to at least

"15 indentations.

2.4. Fracture toughness testing

The indentation method was used to determine the
fracture toughness. This required the measurement of
the lengths of cracks originating from the corners of
Vickers hardness test impressions.

TABLE I Conditions for flexural testing

Crosshead speed (mm min~!) 0.5
Load span (mm) 39
Humidity (%) 50
Temperature (°C) 23




Specimens were mounted in cold resin and polished
to improve reflectivity, allowing a more precise
measurement of crack lengths. The polishing sequence
was as follows. Initially, the specimens were ground
with SiC powder on a flat glass plate. SiC powders
with average particle sizes of 170, 30, 20 and 12 ym
were used in the sequence given. Subsequently, the
specimens were polished with 6 and 1 pm diamond
pastes.

Each specimen was subjected to at least five inden-
tations using a 40 kg load. After indentation, the crack
lengths were measured. Measurements were repeated
24 h later when the cracks had stabilized. The average
of the two measurements was used in the calculations.
Tests were also done using soda-lime glass having
a known fracture toughness to ensure the validity of
the experiments.

2.5. Wear testing
Broken halves of specimens used for flexure tests,
measuring approximately 30 mm x {1 mm x 3 mm,
were tested under sliding wear conditions using a re-
ciprocating pin-on-flat wear machine. Each specimen
tested was fixed in the specimen holder which moved
in reciprocating fashion at a selected speed. In this
investigation the speed was fixed at 50 cycles per
minute. A Rockwell diamond cone indentor was used
as the pin, and it was pressed against the specimen
under different loads, ranging from 10-60 N.

Initially, the specimens were tested as-sintered,
without preparing the surface, because the surface
roughness average, R,, was ~0.6 um. However, vari-
ations in the thicknesses of the samples, of up to
200 um, made the results of wear tests inconsistent,
particularly under lower loads. It was then decided to
grind and polish the specimens by mounting them in
cold resin, applying the same procedure described in
Section 2.4 above. The back of the mounting was
machined flat, parallel to the surface to be tested. This
was done to ensure that the surface of each specimen
was horizontal. After this procedure, the largest vari-
ation in height between any two points of the surface
was 10 um. Wear was measured as the depth of the
track made by the indentor corresponding to a given
number of cycles. This was measured by a linear
voltage displacement transducer, and the signal was
registered on a chart recorder. Test duration was 1 h
for each track (3000 cycles), and three or four tracks
were made on each specimen. Environmental condi-
tions were not controlled, but both ambient temper-
ature and humidity were measured before and after
each test to ensure that there was no significant
change in these parameters during testing.

The specimens were examined in a Talysurf
4 (Taylor Hobson, Leicester, UK), before and after
being tested in order to calibrate the wear measure-
ments.

2.6. Microscopy
Fracture surfaces of test bars resulting from flexural
testing and specimens subjected to wear tests were

examined using a Cambridge S250 scanning electron
microscope. All specimens were lightly coated with
gold to prevent charging during microscopical exam-
ination.

3. Resuits and discussion

3.1. Specimen characteristics

A batch of sintered alumina test bars used in this
investigation is shown in Fig. 1. The linear shrinkage
from the as-moulded to the sintered stage is 12.96 %
(standard deviation 0.21) which corresponds to a vol-
ume shrinkage of ~38%. As reported previously
[32], these test bars have a relative density of ~96 %
(standard deviation 0.6) and their average grain size is

~7 um [32].
The AL, O; content of the as-received alumina pow-
der is 99.7wt%  (manufacturers specifications).

Taking into consideration the 0.25 wt % MgO added
as a sintering aid [32], these specimens fall into Group
A5 of the NPL classification [31] where the Al,O;
content is 99-99.6 wt %.

3.2. Flexural strength

Flexural strength results (Table II) show an average
value of 268 MPa (standard deviation 45). The NPL
data review suggests a three-point bend average
flexural strength of 200-250 MPa for an average grain
size of ~7 pm [31] but the fabrication procedure of
the test bars is not mentioned. Mutsuddy [33] and
Fanelli et al. [34] report flexural strengths of 260 MPa
(standard deviation 53) and 309 MPa (standard devi-
ation 6), respectively, for alumina bodies injection
moulded using A16.SG alumina.

Compared with A152.SG alumina used in this in-
vestigation, A16.8G is a powder with a narrower par-
ticle-size distribution and a smaller median particle
size. Hence, better sinterability is expected [35]. How-
ever, the relative density and average grain size of the
specimens quoted by Mutsuddy [33] was 97%, and
13 pm, respectively. In comparison, Fanelli et al. [34]
used specimens with a relative density of 94%, but
grain size measurements are not mentioned. To com-
plicate matters further, Mutsuddy [33] and Fanelli et

Figure I A batch of sintered alumina test bars used in this work.
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TABLE II Flexural strength of injection moulded alumina speci-
mens (three-point bend test)

Specimen Flexural Specimen Flexural
strength strength
(MPa) (MPa)
1 277 16 268
2 280 17 225
3 250 18 294
4 224 19 274
5 287 20 282
6 317 21 271
7 249 22 204
8 251 23 257
9 235 24 198
10 339 25 202
11 376 26 279
12 237 27 236
13 241 28 255
14 337 29 315
15 220 30 358

al. [34] used four-point and three-point bend tests,
respectively. In general, three-point bend tests report
higher average strength values with greater scatter in
results [36] but four-point bend testing requires strin-
gent control of jig-specimen alignment [37] and it is
difficult to ensure this, especially with brittle materials.
Although the flexural strength values reported in this
investigation broadly agree with the values quoted in
the literature [31, 33, 34], different test procedures,
relative densities and microstructures make close
comparison impossible.

Fanelli et al. [34] also suggest that the flexural
strength of injection moulded alumina ceramics is
similar to that of pressed and slip-cast bodies. They
also indicate that the hardness of injection moulded
and slip-cast alumina is higher than that of a pressed
body. It is interesting that in these comparisons the
injection moulded alumina specimens had a lower
density [34]. In fact, it has been suggested that, in
comparison with pressing, an injection moulding pro-
cessing route achieves a lower final density for a com-
bination of alumina powder characteristics [38].
However, powder characteristics have to be optimized
for each fabrication procedure and therefore the above
comparison is not completely valid.

Failure of alumina at room temperature is usually
caused by the propagation of an isolated defect or the
linking together of several small defects [39]. Scann-
ing electron microscopy of the fracture surfaces of the
test bars subjected to flexural testing showed that in
the present investigation failure was most commonly
caused by linking together of fine pores (Fig. 2) present
in the specimens as indicated in Part I (Fig. 9 of [32] ).
The presence of iron inclusions transferred to the
formulation during processing due to wear of machin-
ery would have also helped failure. Fig. 3a shows an
inclusion, identified as iron by EDX (Fig. 3b), present
on the fracture surface of a test bar.

3.3. Weibull modulus
The flexural strength values were plotted (Fig. 4) ac-
cording to Equation 2 to determine the Weibull
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Figure 2 Scanning electron micrograph showing the linking to-
gether of fine pores to give failure in most test bars.

Al

0.4 (keV) 10.7

(b)

Figure 3 (a) Scanning electron micrograph showing an inclusion
present on the fracture surface of a test bar. (b} EDX analysis in the
region of the inclusion.

modulus, m. From Fig. 4, m~7 for the batch of speci-
mens used in this investigation. Some commercial
ceramic products claim to have much higher m values,
in the range 15-20, but according to Boch et al. [40]
these refer to strength tests done on small bars which
have been carefully polished and prepared by cold
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Figure 4 Logarithmic plot of Equation 2 to estimate the Weibull
modulus.

isostatic pressing, whereas for actual injection
moulded and coarse-ground components, m is closer
to 10. In general, fine machining, polishing and
smoothing of sharp edges increases the Weibull
modulus of test bars compared with those subjected to
testing in the as-sintered condition [41], as in this
investigation.

The batch size of 30 specimens was considered to be
large enough to estimate an average flexural strength
and Weibull modulus. Glandus and Boch [42] invest-
igated the influence of the number of specimens tested
on the mean strength and Weibull modulus values.
They concluded that the mean strength of alumina
ceramics could be estimated to an acceptable accuracy
using a batch of 10 specimens. In the case of the
Weibull modulus, a batch of 30 specimens gave an
uncertainty of approximately 13%. In a recent collab-
orative research programme in which seven laborator-
ies from four countries took part [43], a sample size of
30 specimens was chosen as a compromise between
obtaining narrow confidence limits and economic
considerations. In fact, sintered alumina ceramics with
99.5% relative density were tested and Weibull
modulus values ranging between 7 and 13 were re-
ported [43].

3.4. Hardness

Results (Table I1IT) show that the batch of specimens
tested have an average hardness of 1540 kgmm™?
{standard deviation 55). The only direct comparison
available in the literature [34] is 1467 kgmm ™2
(standard deviation 91) reported for injection moulded
alumina samples where the starting powder was
A16.SG alumina.

In general, a higher hardness can be achieved in
high alumina ceramics by increasing the alumina con-
tent [13]. A finer grain size increases the hardness,
although some microhardness results have indicated
the opposite trend [13]. However, per cent porosity
rather than grain size is more effective in controlling
hardness in high density, high-alumina ceramics [11].
The load used for indentation also affects the hardness
values reported [ 31] with the hardness increasing with
decreasing load because of the response, ie. plastic

TABLE 11] Hardness values reported as the average of 15 inden-
tations. Standard deviation of hardness values for each sample are
given in parenthesis

Specimen Hardness Specimen Hardness
(kg mm ™) (kg mm™?)
1 1524 (50) 14 1570 (110)
5 1564 (51) 15 1460 (166)
7 1519 (164) 19 1524 (65)
8 1656 (225) 24 1564 (51)
9 1466 (163) 26 1505 (97)
11 1494 (66) 28 1506 (112)
12 1658 (178) 25 1564 (55)
i3 1511 (134) 30 1566 (109)

flow, densification of porosity and fracture, of the
material under the high local pressure of the indentor.
The above reasons make comparison of the resuits
obtained in this investigation with the NPL classifica-
tion [31] values for group AS alumina difficult. The
closest comparison is a hardness value of 1357
(standard deviation 51) measured under a load of
10 kg for a Group A5 alumina having ~4 pm mean
grain size but the fabrication route used to produce
the specimens tested was not mentioned.

3.4. Fracture toughness

Results (Table 1V) show that the present batch of
alumina specimens tested show an average K¢ value
of 41 MPa m'/? (standard deviation 0.3) and there-
fore is in the range 3.5-5.5 MPam'/? expected for
Group A5 high alumina ceramics [31]. However, it is
lower than the value obtained by Liang et al. [17] who
proposed Equation 3.

The Young’s modulus and Poisson’s ratio values
used to calculate K¢ using Equation 3 were corrected
according to the method suggested by Morrell {317 to
account for the 4.3 vol % porosity present. Consider-
ing that these specimens were only ~96 % dense and
the fact that they contained micro-pore type defects
(as discussed in Part I), the calculated K,c value of
~4 MPam?'? seems high. However, K¢ is also de-
pendent on grain size with a larger grain size increas-
ing the K¢ value of ceramics [31, 43].

3.5. Wear behaviour

Fig. 5 shows how the penetration depth of the dia-
mond-tipped slider increases with the number of
sliding cycles for four applicd loads. Two stages of
wear are evident. The first stage up to approximately
500 cycles shows a high wear rate (running-in wear),
which subsequently gives way to milder wear in the
second stage (equilibrium wear). The average wear
rate in both of these stages increases approximately
linearly with the applied load (Fig. 6).

SEM observations on the worn surfaces of the
alumina revealed increased surface damage with in-
creasing load (Fig. 7). The observations also showed
extensive plastic deformation, particularly in Fig. 7b,
in which the alumina has been smeared into smooth
flat regions with torn edges. Plastic deformation is not
observed in alumina under tensile loading but is
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TABLE IV Fracture toughness of alumina calculated using
Equation 3

Specimen Kic (MPam'?)
7 4,27
14 430
25 404
28 430
30 3.63

100 - 60 N

Wear depth (um)

<

0 1 2
No. of cycles (10%)

Figure 5 Wear of alumina under various loads in the reciprocating
diamond scratch test.

shown to take place under the high hydrostatic com-
pressive stresses encountered at a sliding interface
[44].

In addition to the smooth deformed regions, the
wear track also contains many deep pits (Fig. 7). These
pits could be the valleys in the initial topography in
which only the peaks were deformed. In order to check
this possibility, the R, value of the alumina surface
before wear was measured and the R, value estimated.
The R, value represents the average peak height,
whereas the R, value, more usefully in this case, gives
the difference in height between the highest peak and
the deepest valley. Previous work on alumina [45]
showed that R,~7 R,, so that for the measured
R, value of 0.6 ym, R, is estimated at 4 ym. Wear
depths of up to 100 um were measured in the current
experiments and so it is concluded that the pits ob-
served (Fig. 7) are not due to the valleys in the initial
surface topography.

Close examination of Fig. 7c¢ shows the presence of
fine cracks and pits of a similar size to that of the
constituent grains. The cracks appear to delineate
regions corresponding to the alumina grains. The fol-
lowing mechanism for material removal from the sur-
face appears likely.

Plastic deformation takes place leading to disloca-
tion pile-ups and crack initiation at grain boundaries
oriented at right angles to the sliding direction at the
surface due to the high tensile stresses generated by
the frictional forces during sliding. The cracks initially
extend along the grain boundaries in the traverse
direction owing to their relatively low fracture tough-
ness, and then follow the grain contours until event-
ually the entire grain is circumvented and plucked out
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Figure 6 Wear of alumina as a function of load for {(a) running-in,
and (b) equilibrium wear stages.

of the surface to form a pit. The wear debris (Fig. 8)
contains many particles much smaller than the grain
size, which is most likely because the pulled-out grains
are comminuted between the sliding surfaces.

The wear rates in the running-in stage were approx-
imately 25 times those in the equilibrium stage. This
ratio is generally much higher than those encountered
for metals, for which values of 5-10 times are more
common [46]. The particularly high wear rates of
alumina in the running-in period are attributed to its
low fracture toughness (compared with metals) and
the roughness of the initial surface, in which the ex-
posed peaks experience tensile stresses and conse-
quently suffer fast fracture on contact with the sliding
counterface. The sensitivity of the wear of ceramics to
the initial surface roughness has been demonstrated
previously [44]. After the removal of these high spots,
the remaining surface topography is sufficiently con-
strained by the surrounding material to enable
hydrostatic compressive stresses to be developed with
the accompanying plastic deformation and reduced
wear rates. The scale of fracture therefore shifts from
macroscopic during running-in, to microscopic in the
equilibrium stage.

Wear of alumina during the running-in stage fol-
lows a brittle fracture mechanism with rapid material-
removal rates, whereas in the equilibrium stage,
plastic deformation is prevalent and the wear behavi-
our tends somewhat to be similar to that of metals.
The initial surface finish of alumina is therefore critical
and a smooth surface will clearly be beneficial in
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Figure 7 Surface of alumina after wear under loads of (a) 20 N, (b)
40 N and (c) 60 N.

minimizing macroscopic brittle fracture and improv-
ing wear resistance. Material removal in the equilib-
rium stage is mainly caused by plastic deformation
and grain-boundary fracture. Wear resistance should
thus be enhanced by increasing the hardness and
grain-boundary fracture toughness. Recent work by
Ajayi and Ludema [47] has shown that additions of
silica, magnesia and calcia to alumina improve its
wear resistance due to the formation of a glassy phase
along the grain boundaries even though the hardness
decreased. These results are consistent with the above
mechanisms, because this amorphous phase is capable
of viscous flow and is expected to improve the grain-

Figure 8 Debris resulting from the wear of alumina in the recip-
rocating diamond scratch test.

boundary fracture toughness by accommodating the
deformation of the neighbouring grains and reducing
the residual stress levels.

4. Conclusions

Several mechanical properties and wear behaviour of
a well-characterized batch of as-sintered alumina spe-
cimens fabricated using injection moulding have been
estimated in this investigation. The mechanical prop-
erties are: an average modulus of rupture of 268 MPa,
a Weibull modulus of 7, an average hardness of
1540 kgmm~2 and an average Ky value of
4.1 MPam?'?,

The main microstructural feature of failure during
flexural testing was the linking together of micropores
present in the test bars. Iron particles introduced to
the alumina due to wear of processing machinery were
also found on the fracture surfaces.

Wear under sliding took place in a severe running-
in stage followed by a much milder equilibrium
period. Wear during running-in was attributed to
macroscopic brittle fracture and in the equilibrium
stage, to plastic deformation and intergranular frac-
ture. Material removal during equilibrium wear takes
place by plastic deformation, the initiation of cracks at
grain boundaries across the sliding direction, and their
propagation around grain contours, resulting in grain
pull-out.
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