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Characterization of structural alumina ceramics
used in ballistic armour and wear applications
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Structural alumina ceramics used in ballistic armour and wear applications with varying
alumina contents and manufactured using both slip casting and dry pressing techniques,
have been investigated and characterized in terms of their hardness, elastic modulus,
fracture toughness, and microstructural characteristics. For a given alumina content,
fracture toughness decreases with increasing hardness. Dry pressed samples show slightly
higher hardness, and lower fracture toughness for the same alumina content. The
hardness, elastic modulus and fracture toughness are higher for the 98% alumina samples
while the differences between the lower alumina samples (95 and 91%) are negligible. The
grain sizes are bimodal with the majority <3 um and the size range narrows with
decreasing alumina content. The microstructures are composed of a matrix phase,
corundum («-Al,O3), grain boundary phases consisting of a glassy phase with varying
Al,03, SiO,, and CaO contents, a crystalline phase, triclinic anorthite (CaAl,Si,0g), and an
additional phase, spinel (MgAl,0,), in the lower alumina samples. The proportion of the
boundary phase increases with decreasing alumina content and no effect of fabrication
method is observed. © 2001 Kluwer Academic Publishers

1. Introduction

Structural alumina ceramics for ballistic armour and
wear applications are manufactured using either a slip
casting or a dry pressing technique. Slip casting is an
effective process for producing quantities of complex
parts or low volumes of simple parts when tooling cost
makes it prohibitive by alternative means. It is, how-
ever, a very slow and labour intensive process and the
cost of parts produced using the technique is higher
compared to more automated processes such as dry
pressing. Moreover, a high precompaction and sintering
without a liquid phase are the main characteristics of
the production process of high alumina ceramics. Slip
casting, in general use in the manufacture of almost
all other ceramic materials, is normally not applied to
high alumina ceramics because of insufficient precom-
paction [1]. Other methods such as dry pressing, hydro-
static molding, extrusion, injecting moulding, and hot
pressing have proven to be practical and successful in
compacting alumina powders.

Dry pressing is the most common and most economi-
cal process for the fabrication of high alumina ceramics,
although, it is restricted to parts with simple shapes and
to wall thickness greater than 1 mm [1]. Generally, dry
pressing is the most fundamental method used in the
manufacturing of flat ceramic tiles for both the wear
and armour markets.

However, in order to perform the dry pressing op-
eration successfully a firm understanding of both the
mechanics of the pressing operation and the properties
of the powder being pressed is required. The production
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of the dry pressed materials with desirable properties,
at least comparable to slip cast ceramics, is a challenge
with a number of technical barriers to overcome. For
example, there will be notable differences in the proper-
ties of the dry pressed material compared to the slip cast
ceramic, given the difference in the processing routes
of the powders. In the slip casting process, the pow-
ders are very finely dispersed and are deposited in the
mould cavity slowly and uniformly producing a very
homogeneous structure. In dry pressing, the same finely
dispersed powder is first spray dried into agglomerated
pellets of the powder and then crushed into a solid mass
under pressure. Distinct grain boundaries and pores
exist between the crushed pellets, which can persist
through to the fired body [2]. Moreover, the shrink-
age rate depends on the amount of precompaction [3];
the lower the precompaction, the higher the shrink-
age rate and non-uniform compaction within the same
body leads to variable shrinkage and consequently to
warping, cracking and development of internal stresses.
Therefore, the performance of pressed ceramics will
depend on how well the spray-dried powder can be
compacted and sintered to full density.

Generally, performance characteristics of structural
alumina ceramics depend on the details of their mi-
crostructures, which are determined largely by the pu-
rity of the starting powder, composition of the additives,
fabrication technique and the sintering conditions. The
present work investigates samples of structural alu-
mina ceramics manufactured using both slip casting and
dry pressing fabrication techniques and with varying
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TABLE I Alumina ceramic samples investigated

Alumina
Sample content (Wt%) Processing method
SC98-1 98 Slip casting
SC98-2 98 Slip casting (optimized)
DP98-1 98 Dry pressing
DP98-2 98 Dry pressing (lower viscosity)
SC95-1 95 Slip casting
SC95-2 95 Slip casting (different source)
SCI1-1 91 Slip casting
SCI1-2 91 Slip casting (different source)
DP91-1 91 Dry pressing

alumina contents and other fabrication parameters. The
various samples were characterized in terms of their
hardness, elastic modulus, fracture toughness and mi-
crostructural characteristics.

2. Experimental techniques
2.1. Materials
The Ceramic Protection Corporation (CPC), Calgary
supplied the alumina products investigated, and the var-
ious samples are described in terms of Al,O3 content
and processing method in Table I. The ceramic samples
vary either in terms of alumina content, density, manu-
facturing process or grade of raw materials used. They
are in three sets containing 98%, 95% and 91% alumina
and are accordingly designated with a prefix indicating
whether the manufacturing process was by slip casting
(SC) or by dry pressing (DP) and a terminal number
to distinguish between variants of the same kind. The
additives consist of SiO,, CaO, and MgO and are in
different proportions for the various alumina contents.
The SC98-1 and SC98-2 samples were both manu-
factured by the slip casting method, but SC98-2 was
produced using an improved proprietary process, i.e.,
an optimized dispersant content, a modern kiln and an
optimized kiln firing profile. The difference between
the dry-pressed, 98%, DP98-1 and DP98-2 samples is
that they were produced using press-powders manufac-
tured from slips with different viscosities and specific
gravities (lower for DP98-2) and different spray dry-
ing parameters. The 95% samples, SC95-1 and SC95-2,
and 91% samples, SC91-1 and SC91-2, are slip cast pro-
ducts, but manufactured with raw materials from differ-
ent sources. DP91-1 is a 91% alumina sample produced
using the dry pressing technique.

2.2. Mechanical properties

2.2.1. Hardness and fracture toughness

An indentation technique [4] was used for the determi-
nation of the fracture toughness and hardness of the ce-
ramic materials. The indentation technique is a simple,
inexpensive alternative to the ASTM E399-90 standard
procedure for measuring fracture toughness. The cor-
relation between values obtained from both toughness
values has been shown to be reasonably good for ce-
ramic materials [5]. A routine hardness testing facility
was used to make Vickers indentations on the optically
prepared sample surfaces. The indented surfaces were
then examined by optical microscopy, in reflected po-
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larized light. The characteristic dimensions of the plas-
tic impression and the indentation-induced cracks were
measured as averages over the two orthogonal radial
directions.

The fracture toughness, K, is defined by [4]:

1/2

K. = 002473 E2.q. 2~ (1)
¢ 32

where 2c¢ is the radial crack length, P the applied load,
E the Young’s Modulus and 2a the diagonal of the
indentation impression.

The Vicker’s hardness values, H,, were obtained
from a conversion table which is the same as the
expression

P
H, = 1.8544; 2)

where d = 2a in mm and P is in kg.

The samples were found to satisfy all the conditions
required for the technique to be applicable, as explained
in detail by Ostojic and McPherson [4]. At the differ-
ent loads, 5-10 indentations were made on each sam-
ple. Subsequent calculations were made using the mean
values of the impression diagonals and the radial crack
lengths. Standard deviations for the measured quanti-
ties were determined and used in determining the errors
in the calculated fracture toughness and hardness.

2.2.2. Elastic modulus
A Knoop indentation testing technique [6, 7] was used
to measure the elastic modulus of the ceramic samples.
This method is based on the measurement of the elastic
recovery of the surface impression of the indentation
diagonals (@ and ) made by Knoop indenter. The elas-
tic recovery is independent of load and is correlated
with the hardness (H) to elastic modulus (E) ratio as
follows:
/
Vb H 5

a’ a E

where a’ and b’ are the dimensions of the Knoop diago-
nals after elastic recovery, and « is a constant. The value
of o determined by curve-fitting the experimental data
to Equation 4 is 0.45 [6] and the values of a, b, a’ and
b’ are obtained from the Knoop indentations. The elas-
tic recovery (b’ /a’ — b/a) was evaluated with a known
value of a/b (7.11) for the Knoop indenter geometry
and H was obtained from the Vicker’s hardness mea-
surements to estimate £ . As indicated by Marshall et al.
[6], the relative error in the estimation of H/E is <10%
for most brittle materials.

2.3. Microstructural characterisation
Microstructural analysis was carried out using a com-
bination of scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray
diffractometry (XRD). Microchemical analysis was
performed using energy dispersive X-ray (EDX) spec-
troscopy in the SEM and TEM.



Materials for microstructural characterization using
SEM were prepared as for normal metallographic stud-
ies and thermally etched. Thermal etching of the sam-
ples was accomplished by heating the samples in air at
1400°C for one hour and the preferential volatilization
of material from the grain boundaries provides the etch-
ing. A Hitachi H2700 SEM equipped with an energy
dispersive X-ray (EDX) detector was used for the mi-
crotructural and composition analysis. Analysis of the
grain structure and apparent porosity were conducted
using linear and area intercept methods respectively on
the SEM images collected at various locations from
each of the samples. Specimens for TEM were pre-
pared using the standard procedures for ceramic ma-
terials. Disks, 3 mm in diameter and about 250 um
thickness, were mechanically dimpled, sputtered in an
ion mill to perforation and evaporation-coated with a
thin layer of carbon. The specimens were observed
in a JEOL 2010 TEM, equipped with an ultra thin
window (UTW) energy dispersive X-ray (EDX) detec-
tor. Phase identification was achieved using a combi-
nation of electron diffraction and EDX information.
X-ray diffractometry analysis of powder samples was
conducted using a Rigaku X-ray diffractometer sys-
tem, DMAXB. The XRD patterns were processed using
JADE, XRD pattern-processing software equipped with
a Search/Match module for phase identification using
the ICDD (International Centre for Diffraction Data)
PDF (Powder Diffraction File) and/ or user-created
databases.

3. Results and discussion
3.1. Mechanical properties
Table II shows the hardness, Hy, Young’s Modulus, E,
and fracture toughness, K, determined for the various
ceramic samples with an indentation load of 100 N.
Also included in Table II is the ratio H /K., (H is H,
expressed in GPa) proposed by Lawn and Marshall [8]
as a measure of the index of brittleness. However, the
parameter, H /K. does not appear to provide any addi-
tional insight into the behaviour of these materials and
will not be mentioned in the subsequent discussion.
Generally, hardness, elastic modulus, and fracture
toughness are higher for the 98% alumina samples,
while the differences between the 95% and 91% alu-
mina samples are not significant. The dry pressed sam-
ples show slightly higher hardness but lower fracture

TABLE II Hardness, Young’s modulus, fracture toughness, and index
of brittleness for an indentation load of 100 N

H, H E K H/K.
Sample (Kg/mm?) (GPa) (GPa) (MPa-m!'/2)  (um~1/2)
SC98-1 1288 +£37 126 299+30 3.09+02 4.0
SC98-2 1354434 133  325+15 298+01 45
DP98-1 1402+75 138 299+60 291404 4.7
DP98-2 1478 +44 145 289+76 277401 52
SC95-1 1097 £58 108  226+50 233+£03 46
SC95-2 1187466 11.6 251438 230+£02 5.0
SC91-1 1132435 11.1  259+34 251401 44
SC91-2 11504+ 16 113  229+18 237+02 48
DP91-1 1168 +£34 115 241+29 237402 49
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Figure 1 Variation of fracture toughness with hardness for ceramic prod-
ucts with different alumina compositions.

toughness than the slip cast samples of the same com-
position. This is shown by the results for DP98-1 and
DP98-2 compared with SC98-1 and SC98-2 and also
DP91-1 compared with SC91-1 and SC91-2.

Fig. 1 shows the variation of the fracture tough-
ness, K., with hardness, Hy, for samples with different
alumina compositions. For the same alumina content,
fracture toughness is shown to decrease with increas-
ing hardness. Generally, the dry pressed samples show
higher hardness and lower fracture toughness values
than the slip cast samples. The low fracture toughness
may be due to the less homogeneous structure of a dry
pressed ceramic compared to the slip cast products. In
slip casting, the ceramic powders are finely dispersed
in the mould cavity slowly and uniformly producing a
very homogeneous structure, whereas, in dry pressing,
the same finely dispersed powder is first spray dried
into agglomerated pellets and then crushed into a solid
mass. Distinct boundaries and pores exist between the
crushed pellets, which can persist through to the fired
body [2].

3.2. Microstructural characteristics

Typical SEM images of the slip cast and dry pressed
thermally etched 98% alumina samples are shown in
Fig. 2 and those of the 95% and 91% alumina samples
are shown in Fig. 3. Table III presents the average grain
sizes, approximate size ranges, approximate size distri-
bution, and percent apparent porosities determined for
the different ceramic samples.

The differences in the microstructures of the two
slip cast 98% alumina samples (Fig. 2a and b) show
the effect of processing parameters on the microstruc-
tures. The manufacturing of SC98-2 (Fig. 2a) was ac-
complished using an optimized process (i.e., disper-
sant content, kiln firing profile and a more modern
firing kiln, among other parameters) compared with
SC98-1. As shown in Table III, SC98-2 shows a finer
and more homogeneous grain structure than SC98-
1. This is consistent with the hardness values of the
samples (Table II). The finer and more homogeneous
grain structure in SC98-2 has produced a higher hard-
ness. Consistent with the general pattern, the fracture
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Figure 2 SEM images of the 98% alumina samples. Slip cast—(a) SC98-2 and (b) SC98-1; Dry pressed—(c) DP98-1 and (d) DP98-2.

TABLE III Average grain sizes and apparent porosities of the various
ceramic samples

Approx. size

Average Approx. distribution Apparent

grain size size range porosity
Sample  (um) (um) <30 >30um (%)
SC98-1 389+021 0.5-16.0 69%  31% 09+1.2
SC98-2  325+£023 0.8-13.0 91% 9% 16 £ 1.8
DP98-1 3.17+0.22 0.3-14.0 87%  13% 11+21
DP98-2  3.07+0.24 0.3-10.0 8%  11% 08 +3.1
SC95-1 3.624+038 0.5-11.0 80%  20% 21£7.0
SC95-2  3.89+£0.56 1.0-11.0 76%  24% 30+52
SCI1-1 3924046 0.5-6.3 83% 17% 29 +£43
SC91-1  333+£0.15 0.5-5.8 90%  10% 31+34
DP91-1 333+£0.24 0.8-58 89%  13% 39+6.1

toughness of SC98-2 is correspondingly lower than that
of SC98-1.

There is no obvious difference between the grain
structure of the optimized slip cast sample SC98-2
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(Fig. 2a) and the dry pressed 98% samples DP98-1 and
DP98-2 (Fig. 2c and d). However, the grain structure of
DP98-2 is a bit finer and the grain size is more homoge-
neous than for DP98-1 (Table III). Although, they are
both dry pressed samples, the characteristics of the slips
from which the powders were prepared and the spray
drying parameters were different. Most importantly, the
viscosity and specific gravity of the slip were lower for
the DP98-2 than they were for the DP9§-1.

The finer grain size and more homogeneous struc-
ture in SC98-2 compared with SC98-1 and in DP98-2
compared with DP98-1 does not produce a correspond-
ingly better hardness and fracture toughness. Within the
limit of accuracy of the indentation technique used, the
differences in the fracture toughness of all the 98%
alumina samples are negligible. Moreover, a compar-
ison of the published data on the influence of grain
size on fracture mechanics parameters of polycrys-
talline ceramics does not always reveal clear trends.
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Figure 3 SEM images of (a) SC95-1 (slip cast), (b) SC91-1 (slip cast)
and (c) DP91-1 (dry pressed).

Some variations will be due to differences in the mi-
crostructural characteristics that influence toughness,
and the difficulty in studying them independently [9].
Toughness values have been reported, which either de-
crease [10] or increase [11, 12] with increasing grain
size. In a review of intergranular fracture of polycrys-
talline ceramics, Pratt [13] has suggested that the dis-
agreement in the dependence of toughness on grain
size may stem partly from the use of different test-
ing techniques. Dalgleish er al. [9] investigated the
influence of grain size on the fracture toughness of

polycrystalline alumina using the single edge-notched
beam (SENB), the double-cantilever beam (DCB), and
the double torsion (DT) techniques. The toughness
values from SENB and DCB tests were reported [9]
to have shown an overall decrease with increasing
grain size, whereas the values from double torsion
tests showed little change. Steinbrech et al. [14] re-
ported that finer grained alumina ceramics showed
a higher crack resistance force at the initiation of
cracking but lost that beneficial effect during further
propagation.

As shown in Fig. 3, there is no difference between
the grain structures of the slip cast and dry pressed 91%
samples. The grain structure of the 95% alumina sample
appears coarser than that of the 91% samples, but finer
than the 98% samples in Fig. 2. However, as shown
in Table III, the differences in the measured average
grain sizes of the 95% and 91% samples are negligible.
The wide size ranges for the 95% samples, indicating a
less homogeneous structure, explains this. The SC95-1
and SC95-2 samples were produced using slip cast-
ing but the raw materials were from different sources.
As shown in Table III, within the error limits, their
grain sizes are similar but as indicated by the smaller
size range, SC95-2 shows a more homogeneous grain
structure and this likely explains its higher hardness and
lower fracture toughness (Table IT). SC91-1 and SC91-2
were both produced by slip casting but the raw materi-
als were from different sources. SC91-2 shows a finer
and more homogeneous grain structure (Table IT) and its
hardness is slightly higher and fracture toughness lower
than SC91-1. The dry pressed sample, DP91-1, has a
similar grain size to SC91-2 but the grain structure is a
bit more homogeneous (Table I1I) and this explains the
slightly higher hardness but similar fracture toughness
values (Table II).

Generally, the microstructures of the samples are
characterized by mixed grain sizes with some differ-
ences in the range and distribution. The grain sizes in
all the samples are bimodal with some grains that are
small and some that are quite large. Except for SC98-1,
the populations of small grains are very high in the 98%
alumina samples and are only interspersed by larger
grains. The grain size is most homogeneous in the 91%
alumina samples.

The average grain sizes of the dry pressed samples
are slightly smaller than those of the slip cast samples
of the same composition and this explains their higher
hardness values. Approximate size ranges are shown to
reduce with decreasing alumina content indicating in-
creasing grain size uniformity with decreasing alumina
content. The approximate size distributions show that
the majority of grains in all the samples are very fine
(~3.0 um). However, the proportion of large grains is
shown to be quite substantial in SC98-1, which is ob-
vious from the microstructure (Fig. 2b). Generally, ap-
parent porosity appears to increase with decreasing alu-
mina content. However, these high values may be due
to grain pullout. Grain pullout during sample polishing
is a well-known problem with high alumina ceramics.
A combination of the residual stresses from the second
phases and the stresses created during grinding has been
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reported to enhance pullout of alumina grains [15]. A
higher proportion of porosity/secondary phase would
explain the lower hardness and fracture toughness in
the lower alumina samples. Porosity in ceramics acts
much like an internal flaw and lowers fracture tough-
ness [16]. A glassy secondary phase, shown later to be
more pronounced in the low alumina samples, is the
weakest link in the chain of load-bearing microstruc-
tural features within the sintered body [17].

The TEM microstructures show the proportion of
the secondary phase to increase with decreasing alu-
mina content (Fig. 4). In the 98% alumina samples, the
secondary phase is mainly found at the triple-points
of the alumina matrix grains (Fig. 4a), whereas in the
91% samples, in some areas, the alumina grains are
totally embedded in the secondary phase (Fig. 4c). Al-
though, the boundary phase appears to be discrete, it has
been reported to be continuous and that it wets most of
the boundaries except low angle boundaries and spe-
cial boundaries such as basal and rhombohedral twins
[18-20]. As mentioned earlier, the Al,O3 grain size dis-
tribution is bimodal, consisting of grains less than 3 um
in size (above 80%) and those significantly greater than
3 pum in size (less than 20%). The regions shown in the
images represent the former. There is no difference in
the amount and distribution of the secondary phase be-
tween the slip cast and dry pressed samples.

Typical EDX spectra from the samples are shown in
Fig. 5. The carbon peak in Fig. 5a is due to the thin
conducting C layer deposited on all the TEM samples.
The matrix grains in all the samples contain only Al
and O, indicating pure alumina. Slight variations were
observed in the compositions of the boundary phases
in the different samples. In the 98% samples, SC98-2
(Fig. 2a) and DP98-1 (Fig. 2c) show a small amount of
a secondary phase containing Ca and Si, whereas, the
secondary phases are more prevalent in SC98-1 and
DP98-2 (Fig. 2b and d) and they contain substantial
amounts of Si and Ca. In the 95% and 91% samples,
some areas also contain Mg, in trace quantities, in addi-
tion to Si and Ca (Fig. 5d). The Mg-rich phase is more
pronounced in the 95% samples and was detected in
both the SEM-EDX and TEM-EDX analyses, whereas,
the SEM-EDX analysis did not show the presence of
Mg in the 91% samples.

Generally, the samples contain two main types of
secondary phases. The compositions inferred from the
spectra with the assumption of a thin film limit are
roughly 73% SiO;, 15% Al;0O3, and 12% CaO by
weight for one (Fig. 5b) and 42% SiO,, 35% Al,Os3,
and 23% CaO for the other (Fig. 5c). One phase is
predominantly SiO, while the other contains Al,O3
and CaO in more substantial quantities. Analysis of
the diffraction patterns shows the alumina matrix to
be a-Al,0s, i.e., corundum (Fig. 6a). The secondary
phase, with high alumina content, is crystalline (Fig. 6b)
and identified as anorthite, and the SiO;-rich phase
is amorphous (diffuse ring in Fig. 6¢). The spots in
Fig. 6¢ are from the matrix phase. No diffraction pat-
tern was obtained for the Mg-rich phase because the ar-
eas where it was found were too small. However, with
the XRD analysis, the phase was identified as spinel

5000

Figure 4 Typical TEM images of the ceramic samples. (a) 98% alumina;
(b) 95% alumina; (c) 91% alumina. A denotes alumina grains and B
denotes boundary phases.

(MgAl,0y) in the two 95% alumina samples (Fig. 7).
No additional phase (other than corundum and anor-
thite) was identified in the 91% alumina samples, de-
spite the relatively high percentage of additives. This
may be an indication that any additional phases may
be amorphous and/or below the dectectability limit of
XRD. Powell-Dogan and Heuer [15, 18] have shown
that the phases in high alumina ceramics depend on



TABLE IV Hardness and fracture toughness at different indentation

00 A a
- @) loads
Intensity *°
wl 0 Loads 100N 200N
* c Sample  H, K. H, K.
! (Kg/mm?)  (MPa-m'/?) (Kg/mm?) (MPa-m'/?)
‘ Energy (kV) SCO8-1 1288437 3094025 1314449 2634022
- Si b) SC98-2 1354 +34 298+0.12 1254+179 2.88+0.59
o 9 DP98-1  1402+£75 2914041  1239+£253 330+ 1.02
Intensity e DP98-2 1478 +44 27740.19 1283+74 2974037
- SCY5-1 1097 +58 2.33+£030 965+ 154  2.05+0.62
" Al c SC95-2  1187+£66 230+£027  1171+£51  241+0.21
A SCY1-1 1132435 251+£0.11 1049+ 100 2.46+0.38
o s T s s SC91-2 1150+ 16 2374022  1145+£33  231+021
Energy (kV) DP9I-1 1168 +£34 2374023 1158+£42 2434029
1200
1000 y Si (c)
800 Al
i 800 . . .
Intensity * ca lar fracture) or grain-boundary energies (intergranular
- J\A fracture). At large crack sizes the microstructural in-
o , fluence is “averaged out,” and the toughness becomes
0 1 2 3 4 5 € 7 8 9 10 . .
Energy (kV) representative of the polycrystalline aggregate [22]. As
si shown in Fig. 8a, the transition indentation load varies
(@ ; : : ;
for different materials and different grain structure [21].
o The P/N in Fig. 8a represents indentation load P in
Intensity Al Newtons (V) and D is the grain size. The normalized
Wl 1 Mg values in Fig. 8b were obtained by dividing the apparent
. G toughness, K& where K2 levels out, by the poly-
Energy (kV) crystalline toughness, K°, and the indentation load P

Figure 5 Typical TEM EDX spectra from the ceramic samples. (a) Ma-
trix alumina grains; (b) amorphous boundary phase; (c) crystalline
boundary phase (anorthite); (d) Mg-containing boundary phase in 95%
and 91% samples.

the initial boundary glass composition and the thermal
history.

4. General discussion

The trends in the mechanical behaviour of ceramics, as
reported by Lawn et al. [21] and Cook et al. [22], show
a characteristic transition from indentation-controlled
behaviour to microstructure-controlled behaviour as a
function of the ratio of crack size to grain size. In partic-
ular, strength trends for ceramics with microstructures
of different characteristic dimension appear to be con-
sistent with a systematic increase in material tough-
ness as the ratio of crack size to grain size increases
[23-28]. This toughening effect may reflect an intrin-
sic change from single-crystal to polycrystalline be-
haviour as the crack grows from subgrain to multigrain
dimensions [23, 24, 26]. Lawn et al. [21] and Cook et al.
[22] have used the indentation technique to investigate
the microscopic-to-macroscopic crack-size transition
in coarse-grained alumina ceramics and their plots of
normalized apparent toughness as function of indenta-
tion loads are reproduced in Fig. 8. Indentation flaws
were introduced into the strength specimens and the
size of the cracks varied systematically with the contact
load. In direct analogy to the R-curve effects reported
in other crack propagation configurations, at the lower
end of the crack-size spectrum the toughness is deter-
mined by single-crystal cleavage energies (transgranu-

by the characteristic transition load, P*, for the differ-
ent samples.

To compare mechanical properties of materials, it
must be shown that the property is in the same region
on the R-curve for the different samples. Except for
SC98-1, within the limits of experimental errors, the
results for 100 N and 200 N compared in Table IV ap-
pear not to be significantly different, indicating that the
values lie within the polycrystalline toughness plateau
region. The SC98-1 behaviour falls into the single-
crystal toughness region and this is consistent with the
relatively coarse grain structure of the sample
(Fig. 2b). In addition to correlating processing and
microstructures of the samples, attempt is also
made to explain the properties in terms of the
microstructures.

4.1. Grain structure and properties

The grain structure and properties of the samples are
not significantly affected by the manufacturing method
(Figs 2 and 3 and Table II). The dry pressed sam-
ples have a slightly finer grain structure and exhibit
slightly higher hardness, lower fracture toughness and
are slightly more brittle. Generally, fracture toughness
decreases and index of brittleness increases with in-
creasing hardness. Grain size appears to decrease and
the distribution is more uniform, with decreasing alu-
mina content.

The MgO content of the additives in the 98% alumina
samples is relatively low and this could be the reason
for the wide distribution of grain sizes and the isolated
pores trapped within larger grains (Fig. 2). In addition to
helping to reduce sintering temperature and time, MgO
is known to prevent discontinuous grain growth and
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Figure 6 Typical diffraction patterns from (a) alumina matrix, and (b, c) intergranular secondary phases.

allows sintering to theoretical or near theoretical den-
sity [29-31]. Discontinuous grain growth means that
grain boundaries break away from the pores, thereby
including the pores in the new large grains. The obvious
effect of discontinuous grain growth is lower strength.
The SiO; content is responsible for the predominant sil-
icate glassy phase, a weak link between the grains of the
alumina matrix [17]. Both undoped and CaSiOs-doped
materials have been reported to be susceptible to exag-
gerated growth of a small fraction of the grains in the
sample, leading to wide distributions of grain sizes and
frequently to isolated pores trapped within the larger
grains [32].

The presence of CaO impurities has less influence
on sintering; they have, however, a long-term effect in
reducing the mechanical strength of alumina ceram-
ics [33,34], due to calcium migration and segregation
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and reaction with the environment [35—-37]. The relative
proportions of the SiO,, CaO and MgO in the additives,
therefore, play a principal role in sintered alumina mi-
crostructure and properties.

4.2. Secondary phases
All the samples are shown to contain, as secondary
phases, anorthite and a glassy phase with varying pro-
portions of Al,Os, SiO;, and CaO. CaSiO3;-doped
alumina has been shown to contain a glassy grain-
boundary phase, said to be indicative of liquid-phase
sintering [32, 38], but the presence of anorthite has not
been widely reported.

The Mg-containing secondary phase found in some
of the samples is consistent with what is reported in
literature. The microstructures of alumina doped with
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Figure 7 Typical spectra from the X-ray powder diffractometry analysis. (a) Most samples except 95% alumina samples; (b) 95% samples showing

an additional phase, spinel.

0.2-0.5 wt% MgO have been reported to contain spinel,
MgAl,O4 [29,39]. XRD analysis of a commercial
85 wt% Al,O3 by Travitzky et al. [40] shows the pres-
ence of corundum, spinel and small amounts of anor-
thite and cordierite (2MgO - 2A1,03 - 5Si0;). The sol-
ubility of Mg in Al,O3 is very limited. Roy and Coble
[41] measured the Mg solubility in the range of the
usual sintering temperatures and reported 1400 ppm
at 1830°C and 300 ppm at 1630°C. The maximum
solubility of Mg in Al,Os is approximately 1 wt% at
1975°C [42]. Spinel is formed when the MgO content
exceeds the solubility limit and even for levels below
and up to the solubility limit, segregation of Mg at the
grain boundaries has been reported [43]. The presence
of spinel has also been observed in other high Al,O3-

ceramics [18,44]. The MgO content in the 98% alu-
mina samples is very small and well below the solu-
bility limit, hence, no trace of Mg is shown in any of
the chemical analyses. XRD analysis indicates the pres-
ence of spinel in the 95% alumina samples but not in
the 91% samples, although the TEM energy dispersive
x-ray analysis does indicate the presence of Mg in some
of the secondary phases. The MgO content of the addi-
tives in the 95% and 91% alumina samples is the same
and the only difference is the SiO;, content, which is
higher for the 91% samples. The higher SiO; content
may have suppressed the formation of spinel or reduced
it to below the detection level in the XRD analysis. It is
also possible that the Mg-containing secondary phase
in the 91% sample is amorphous.
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Figure 8 (a) Strength characteristics of alumina ceramics with two grain
sizes [21]. (b) Normalized apparent toughness of alumina ceramics [22]
as a function of indentation loads.

5. Conclusions

The various alumina ceramic samples have been in-
vestigated for their hardness, fracture toughness and
microstructural characteristics and the following con-
clusions are drawn:

1. An indentation technique has been applied and
shown to work reasonably well for the determination
of the fracture toughness of all the ceramic samples. A
load of 100 N was determined to be optimal for this
technique.

2. The expression used for the determination of the
relative index of brittleness provides a reasonable pat-
tern, which is consistent with established fact.

3. Generally, for a given alumina content the fracture
toughness decreases with increasing hardness.

4. The fracture toughness and hardness values are
higher for the 98% alumina samples but the differences
between the lower alumina samples are negligible.
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5. The hardness values of the dry pressed samples ap-
pear to be slightly higher than for the slip cast samples,
although, their fracture toughness values are lower.

6. Significant effects of the processing parameters in
slip casting are demonstrated, with the SC98-2 show-
ing a superior microstructure with a finer grain struc-
ture and better mechanical properties than the SC98-1.
SC98-2 was manufactured using an optimized process.

7. The effects of slip properties and spray drying pa-
rameters in dry pressing are demonstrated with different
microsrostructures and properties shown for DP98-1
and DP98-2. The grain structure is a bit finer for DP98-2
and it shows a slightly higher hardness, lower fracture
toughness and slightly higher index of brittleness.

8. The grain sizes of the samples are bimodal with
the majority <3 um in size. The size range narrows
with decreasing alumina content. The wide grain size
distribution in the 98% alumina samples may be due to
the low MgO content of the additives.

9. The microstructures of the ceramic samples are
composed of a matrix phase, corundum («-Al,O3),
and grain boundary phases which consist of a glassy
phase with varying Al, Si and Ca contents and a crys-
talline phase, triclinic anorthite (CaAl,Si;Og). Mg-rich
phases were found in the 95% and 91% alumina sam-
ples. The phase was identified by XRD as spinel in the
95% samples.
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