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Abstract

The liquid-phase-sintered Al2O3 (LPS) derived from commercial powders of di�erent particle size, e.g. coarse (70±100 mm),
medium (3.6±7.0 mm) and reactive (<2.0 mm) showed a substantial di�erences in Vickers indentation fracture behavior depending

upon their grain size distribution and thermal expansion coe�cient mismatch between the matrix grain and the intergranular pha-
ses. A high true hardness and a low indentation crack length was observed in the case of the LPS with reactive powder which was
attributed due to enhanced dissolution of Al2O3 into the glassy phase. A high ¯exural strength was achieved with the LPS of

medium powder. A high Kic-short always resulted either due to (i) the MgO/(CaO+BaO+KNaO) ratio of nearly 1 in the chemical
composition of LPS, or (ii) higher modulus of elasticity to hardness ratio, or (iii) reinforcement of coarse grains (>12 mm) in the
®ne-grained (�2 mm) microstructure. The crack path was predominantly intergranular at lower MgO/(CaO+BaO+KNaO) ratio

(<1.0) for the indentation load in between 9.81 and 49.03 N, whereas it was transgranular at a higher ratio (�1.6). A low Kic-short

was observed due to precipitation of anorthite phase in the LPS with a high MgO/(CaO+BaO+KNaO) ratio. Finally the sintered
density of 91±94 wt% LPS materials comprising of all powders produced a linear relationship with both the hardness and the
modulus of elasticity. # 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Hardness and fracture toughness have been exten-
sively applied in modeling functional characteristics like
strength, wear, and machining and ballistic performance
[1,2]. Convenience in measurement of these parameters
by a simple indentation technique [3] has been the
motivating factor for the material researchers to explore
further. Liquid-phase-sintered (LPS) Al2O3 are well
known for a better suitability over glass-free poly-
crystalline Al2O3 in many applications despite their low
hardness, macroscopic fracture toughness and mechan-
ical strength [4].
The hardness (H) of a brittle material, as evaluated by

conventional tests (Vickers, Knoop, Berkovich, etc.), is
a measure of a material's resistance to deformation,

densi®cation, displacement and fracture. The grain size
(G) though related [5,6] to H linearly by H�G ÿ1/2, has
been found to have exceptions at low loads (<200 g)
following the Meyer's law, P � Cdn, where P is the
load, d is the measured size of the impression and C is a
constant. A hardness minima has been reported when
the indentation size correspond to the grain size [5] in
the microstructure.
Braun et al. [7] showed the advantages of the inden-

tation method (Kic-short) over the conventional notched
beam specimen (Kic-long) for investigation of fracture
toughness (T-curves, KR-curves or R-curves) on the
basis of the short crack ¯aw of the order of micro-
structural defect size. The ¯aw tolerance has been
shown to be enhanced in Al2O3 by bridging either (i)
with a higher grain size or (ii) with a second phase e.g.
calcium hexaluminate/anorthite/Al2TiO5 at the grain
boundary [8±11]. Besides the grain-size, the microstructural
features like grain morphology, grain boundary phases,
porosity and also thermal history are believed to have a
signi®cant in¯uence on the mechanical properties.
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Toughening mechanisms like crack bowing, crack
de¯ection, microcracking and crack front debonding
have also been reported in ceramics and ceramic com-
posites [12±14].
The degree of crystallinity from the intergranular

glassy phase of commercial LPS Al2O3 was shown [15±
17] to have relatively little or no e�ect on the mechan-
ical properties. In these studies, the changes of the grain
shape and size in the microstructure were reported to be
insigni®cant. In our previous work [18], the di�erences
in the morphology of 89±94 wt% LPS Al2O3 materials
prepared in the laboratory using medium and coarse
grade powders were reported. The formation of elon-
gated grains (aspect ratio greater than 2.1) was favored
when the concentration of MgO was relatively low over
the concentration of alkali and alkaline earth oxides. It
was shown that MgO/(CaO+BaO+KNaO) ratio and
SiO2 content in the chemical composition controlled the
morphology and grain size distribution. As expected,
the thermal expansion mismatch stresses in the grain
boundary region also changed simultaneously due to
the di�erences in the thermal expansion of the glassy
phase [19].
In this article, the role of morphology, grain size dis-

tribution and intergranular phases in the microstructure
of LPS containing 89±97 wt% Al2O3 derived from dif-
ferent powders of commercial sources will be reported.
Hardness and the indentation fracture toughness have
been measured over a wide range of load in order to
understand the load dependent behavior. The nature of
crack formed at the indentation site will be co-related
with the microstructural features of di�erent LPS
materials. An attempt will also be made to establish the
interrelationship between the mechanical properties.

2. Experimental

Di�erent LPS materials with Al2O3 content of 89±97
wt% were prepared using powders of di�erent particle
size Ð coarse (70±100 mm), medium (3.6±7.0 mm), reac-
tive (<2.0 mm). In the coarse variety, two grades, i.e. `M'
and `S', were used. Likewise, `I' and `O' were the grades
in medium variety and `R' and `A16' in reactive variety.
Usage of di�erent sintering additives produced di�erent
phases in the grain boundary region with the con-
stituents, e.g. K2O, Na2O, CaO, BaO, MgO and SiO2.
91±94 wt% Al2O3 LPS materials have been classi®ed

into three categories, i.e. A, B and C with a view to dif-
ferentiate between the microstructure and internal ther-
mal expansion and modulus of elasticity mismatch
stresses. The materials with MgO/(CaO+BaO+KNaO)
ratio <1.0 are named `A' type, ratio between 1.0 and
1.5 as `B' type and between 1.5 and 2.0 as `C' type. The
materials of 95±97 wt% Al2O3 have been named `H'
type and that of the 88±90 wt% as `D' type. For easy

identi®cation, a su�x has been assigned to each of the
compositions, which denotes the grade of the powder
used in that composition.
Specimens were fabricated using uniaxial powder

compaction technique and sintered in normal air pres-
sure. Specimens of 91±97% of theoretical density with
negligible open porosity (<0.25%) were used in the
study along with few samples from commercial sources
(A5o and C5).
An image analyzer with software was employed to

carry out the morphological analysis. Details of mate-
rial selection, powder preparation, chemical composi-
tion of the sintered specimens, microstructural
characterization like grain size, morphology and the
relative amount of di�erent intergranular phases present
in the sintered specimen were characterized and repor-
ted elsewhere [18,20].
Specimens for hardness and indentation fracture

toughness were cut from the bulk and subsequently
polished using diamond paste starting with coarse (2±3
mm) grits and then down to 1 mm until an optically
re¯ecting surface was achieved. Hardness was measured
with Shimadzu's HSV2000 model hardness tester using
a Knoop indentor. The peak loads for the indentations
were in the range of 1.96±98.07 N, which was applied
for a duration of 15 s under constant loading/unloading
speed. True hardness, Ho, has been calculated from the
equation [21]

d � 14229=Ho� �1=2P1=2 ÿ de �1�

where de is the correction factor for elastic deformation.
The slope of the equation in (1) was obtained from the
regression analysis using an average of minimum 10
readings in `d' at each load. However the maximum load
considered for the determination of true hardness was
limited to 9.81 N so as to avoid the e�ect of crack for-
mation at higher loads except in C7A16 where it was
upto 24.52 N. The appearance of very small cracks,
however, was ignored.
Fracture toughness (Kic-short) was measured from the

crack length formed by Vickers indentation at the same
load interval and duration as that of the hardness test.
A minimum of 10 readings was taken at each load upto
9.81 N and ®ve readings at higher loads. The crack
length was measured within 30 s. A magni®cation of
500x attached with the hardness tester was used for the
measurement of the crack length. The pro®le of the
crack was recorded for each indentation at di�erent
loads. The tests were carried out at room temperature
and with �50% relative humidity in the atmosphere.
Indentations with extensive multiple cracks from the
corners or from the sides or that of the one containing
chipping were rejected. Parallelity in the specimen was
maintained su�ciently so as to get a uniform shape of
the indentation. Thermally etched (with cooling rate of
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sintering) specimen was used to investigate fracture path
in SEM (Leica S440).
Flexural strength was measured by three-point bend

test method at a load rate of 35 N/s. Modulus of elasti-
city was tested by sonic method as per ASTM procedure
[22].

3. Results and discussion

3.1. Microstructure

The SEM images explaining the morphological chan-
ges in the sintered sample have been presented elsewhere
[18,20]. Some of the related features are mentioned here
brie¯y. `A' type LPS prepared from coarse and medium
powders had elongated grains with aspect ratio (average
of major/minor axis) >2.1 while both the `B' and `C'
type had equiaxed grains with the aspect ratio �2.0.

Further, the elongation of the grains in these materials
was also favored when SiO2 content was low (3.88 wt%
in A6M and 3.83 wt% in B6I). Fig. 1 shows the TEM
images of A1I and B7I materials containing 92.13 and
91.78 wt% of Al2O3 and with MgO/(CaO+BaO+
KNaO) ratio of 0.41 and 1.31, respectively. The images
show the distribution of glassy phase and the triple point
junctions while indicating the morphological changes in
the Al2O3 grains occurred during sintering. Vol% of
glass and pore, as measured by the `point count' method,
has been found to be 21 and 9, respectively, for a 91±94%
Al2O3 LPS material such as B7I typically. The LPS
materials derived from the reactive powders have
equiaxed morphology as seen from Fig. 1(c). The micro-
graphs of 95±97%materials from the reactive powders as
well as coarse powder had equiaxed grains as represented
in Fig. 1(d). Table 1 shows the grain size analyses of cer-
tain selective LPS Al2O3 comprising of all varieties of
powders and Al2O3 content.

Fig. 1. Microstructure of LPS Al2O3 ceramics showing the di�erences in the morphology in (a) A1I, (b) B7I, (c) A7R and (d) H3A16 (aspect ratio and

Feret dia. of 2.34 and 1.93 mm in A1I and 1.99 and 2.81 mm in B7I).
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3.2. Mechanical properties

Fig. 2 represents the length of the crack from the
corner of an indentation, l � cÿ d=2� �, in log scale
against the applied load for various LPS materials. As
can be seen that the crack length is lower in the case of
those LPS derived from the reactive powders with a
nearly identical composition (compare A8R with A1I,

C7A16 with C1I and C2S and H3R with H6S). The same
®gure also implies (by converting ordinate to linear
scale) that the crack length follows a linear relationship
with the applied load. The square of correlation coe�-
cient (r2) has been found to be greater than 0.91 for all
the materials except in D2S where it is as low as 0.73 due
to a reduction in crack length at 49.03 N load. The
absence of a characteristic knee shows that the crack is
radial type and not in the Palmqvist regime. Kic-short has
been obtained from the following formula:

Kic-short � 0:018 E=H0� �1=2P=c3=2 �2�

where c is the crack length as de®ned elsewhere [21]. The
values of Kic-short have been found to be comparable
with the values of Kic-long obtained from `single edge
notched beam' test (SENB) carried out with 1.50 mm of
notched depth and at a crosshead speed of 0.5 mm/min.
Results of Kic-short and Kic-long are seen in Table 2. Table
3 shows the results of E, Ho and ¯exural strength along
with the related microstructural parameters like the
maximum size of the grains and voids observed in the
polished and etched specimen.

Table 1

Grain size analysis and aspect ratio of certain LPS Al2O3 ceramicsa

Material

code

Aspect

ratio

Feret dia. Major axis Minor axis

X
-

� X
-

� X
-

�

A5o 2.2 4.2 2.62 6.5 4.66 3.0 2.32

A7R 1.9 2.3 1.08 3.3 1.82 1.8 0.97

A8R 1.8 2.4 1.78 3.4 3.17 1.9 1.65

C1I 2.1 2.0 1.09 3.1 1.87 1.5 0.97

C2Siv 1.9 2.9 2.96 4.7 4.48 2.5 2.48

C6R 2.1 1.4 0.96 2.1 1.69 1.0 0.78

C7A16 2.0 1.0 0.59 1.5 1.45 0.7 0.51

H6S 1.8 3.5 1.85 4.7 2.84 2.6 1.88

H3A16 1.8 2.6 1.90 3.7 3.05 2.;1 1.74

H3R 1.9 1.8 1.17 2.6 1.92 1.4 1.02

a Dimension in mm.

Fig. 2. Indentation load versus crack length, l, for di�erent LPS Al2O3 derived from di�erent powders, e.g. 1. coarse (Malco�) &, 2. coarse (Indal�)
& and �, 3. medium (Indal) ^, 4. MROI grade (Indal) ~, 5. A16SG (Alcoa), USA. *. l=c-d/2. �Indian sources.
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Table 2

Fracture toughness by indentation and SENB method in LPS Al2O3 ceramics

Material code Load (N) d (mm) Hv (GPa) Kic (MPa m1/2) Std. dev. of Kic % OK crack system Nature of cracks

A1I 2.94 23.45 10.04 2.84 0.226 75 Multiple cracks and bowing
4.90 29.82 10.25 2.23 0.345 60 Multiple cracks and bowing
9.81 43.02 9.87 2.48 0.389 90 Zigzag and branched

24.52 70.69 9.10 2.75 0.180 75 Branched and multiple cracks
49.03 95.43 10.00 3.71 0.420 100 Bridged with extra cracks

A2M 2.94 22.20 11.09 2.64 ± 20 Zigzag and multiple cracks
4.90 28.27 11.53 2.57 0.314 75 Zigzag and multiple cracks
9.81 41.38 10.68 2.47 0.183 82 Zigzag and multiple cracks

A5o 2.94 21.57 11.74 2.68 ± 67 Multiple cracks and bowing
4.90 30.78 9.91 2.71 0.299 100 Chipping and zigzag cracks
9.81 40.27 11.35 2.42 0.599 100 Chipping, bowing/zigzag crack

A6M 1.96 16.35 13.63 3.33 0.358 60 Improper cracks and chipping
2.94 20.14 13.53 2.95 0.445 40 Chipping and multiple cracks
4.90 26.36 13.11 3.33 0.477 67 Zigzag and multiple crack
9.81 38.63 12.20 3.47 0.407 90 Multiple cracks

24.52 62.19 11.76 3.25 0.351 67 Zigzag and multiple crack
49.03 87.35 11.92 3.40 0.241 100 Bridged with extra cracks

B1S 2.94 22.10 11.28 2.97 0.290 82 Fairly straight crack and bowing
4.90 28.22 11.44 2.98 0.435 90 Fairly straight crack and bowing
9.81 41.78 10.46 3.30 0.361 80 Straight and multiple crack

24.52 64.49 10.94 3.40 0.315 90 Straight, ribbed and multi. crack
49.03 92.52 10.65 3.46 0.131 100 Straight, ribbed and multi. crack
98.07 129.88 10.78 3.08 0.423 100 Straight, ribbed and bridged

B6I 1.96 16.76 13.13 3.19 0.268 27 Improper cracks and chipping
2.94 21.01 12.47 3.05 0.552 80 Multiple cracks
4.90 27.01 12.48 3.07 0.378 63 Multiple cracks
9.81 39.27 11.82 3.51 0.288 50 Multiple cracks

B7I 1.96 16.61 13.24 2.85 0.293 45 Improper cracks and chipping
2.94 21.80 11.61 3.19 0.514 75 All types
4.90 29.12 10.87 2.60 0.184 69 All types
9.81 39.91 11.46 3.25 0.193 67 Straight and multiple cracks

24.52 62.97 11.49 3.30 0.320 89 Straight and multiple cracks
49.03 92.58 10.62 3.23 0.253 100 Bridged and strat., ribbed crack
98.07 133.25 10.24 3.13 0.349 67 Bridged and strat., multi. cracks

SENB 3.35 0.710

C1I 2.94 22.72 10.89 2.51 0.191 78 Bowing
4.90 29.97 10.24 2.27 0.394 100 Bridged and bowing
9.81 42.93 9.89 2.99 0.326 86 Bowing and straight cracks

24.52 70.49 9.22 2.78 0.273 88 Bowing and straight cracks
49.03 98.54 9.41 3.06 0.362 100 Bridged with extra cracks
98.07 135.48 9.92 3.37 ± 100 Bridged with extra cracks

C2S 1.96 18.17 10.88 ± ± 0 Not identi®able in two corners
2.94 21.38 10.60 2.75 0.362 67 Fairly straight and bowing
4.90 30.40 10.00 3.10 0.318 63 Fairly straight and bowing
9.81 43.56 9.62 3.40 0.391 50 Fairly straight and bowing

24.52 68.50 9.71 3.38 0.336 60 Multicracked, bridged and straight
49.03 98.62 9.35 3.52 0.124 60 Multicracked, bridged and straight

C2Siv 1.96 17.89 11.43 2.95 0.456 33 All types
2.94 23.04 10.39 2.68 0.297 66 Zigzag
4.90 29.13 10.74 2.54 0.209 90 Zigzag and branched
9.81 43.51 9.62 3.06 0.087 50 Zigzag and multiple cracks

C2Svi 1.96 18.16 11.10 ± ± 0 Improper crack formation
2.94 22.99 10.44 1.69 0.219 63 Multiple cracks
4.90 30.45 9.97 3.21 0.682 33 Multiple cracks
9.81 46.00 8.61 2.83 0.093 90 Multiple crack and branched
SENB 2.91 0.185

C5 1.96 18.54 10.69 ± ± 0 Not identi®able in two corners
2.94 23.32 10.13 2.68 0.259 50 Not identi®able in all corners
4.90 29.34 10.60 2.83 0.469 88 Fairly straight and bowing
9.81 42.86 9.92 3.13 0.330 91 Fairly straight and bowing

24.52 70.01 9.30 3.10 0.241 67 Multiple crack and branched

(continued on next page)
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The plot of `Knoop hardness against load' for various
LPS materials is seen in Fig. 3. A higher hardness
observed at lower load in the said ®gure, well known as
``indentation-size e�ect'', is found to be pronounced in
the materials containing a higher SiO2 in the chemical
composition. Further, it is interesting to note that such
an e�ect on Vickers hardness (Hv) is relatively low
(Table 2).

3.3. E�ect of microstructure on Ho and E

Fig. 4(a) shows a strong dependence (r2=0.81) of E
on sintered density for 89±94% LPS materials. Whereas
a relatively weak relationship (r2=0.68) between Ho and
sintered density has been observed as seen in the Fig.
4(b). Therefore, Ho and E are mutually interrelated
(r2=0.48) here due to their density dependent property.

In our previous study, it has been shown that the
increase in SiO2 content results in a lower sintered den-
sity [18]. With the increase in SiO2 content, a declining
trend in Ho is observed (Fig. 5) for all the three varieties
of powders. Fig. 6 shows the e�ect of MgO/(CaO+
BaO+KNaO) on Ho for the selected LPS materials
derived from coarse, medium and reactive powders with
SiO2 content in the range 4.3±5.2 wt%. As is seen, the
coarse variety shows a steep decline, whereas the med-
ium and the reactive varieties show a marginally upward
trend in the corresponding Ho.
In general, Ho for the LPS materials derived from reac-

tive Al2O3 powders has been found to be higher than that
of the coarse and medium powders (Figs. 5 and 6). For
instance, A8R has a higher hardness (Table 3) than A1I
while the chemical compositions are nearly the same. The
substantial rise in hardness can not, however, be attributed

Table 2 (continued)

Material code Load (N) d (mm) Hv (GPa) Kic (MPa m1/2) Std. dev. of Kic % OK crack system Nature of cracks

49.03 97.53 9.58 3.58 0.310 90 Multiple crack and branched
SENB 3-4a

D2S 1.96 ± ± ± ± 0 Not identi®able in all corners
2.94 22.48 10.85 3.62 ± 25 Not identi®able in two corners
4.90 33.28 8.34 2.14 0.227 63 Straight crack
9.81 44.58 9.19 2.13 0.326 57 Bowing

24.52 70.28 9.24 1.85 0.307 31 Bridged and multiple crack
49.03 104.63 8.39 3.29 0.534 40 All types

A7R 2.94 21.84 11.48 3.23 0.525 44 Bow/straight and extra cracks
4.90 27.70 11.87 3.36 0.238 60 Bowing and extra cracks
9.81 39.17 11.88 3.64 0.445 80 Fairly straight

24.52 61.87 11.88 3.52 ± 100 Bowing and extra cracks
49.03 86.80 12.07 3.78 0.408 100 Strat., bowing and multiple crack

A8R 1.96 18.13 11.07 ± ± 0 Not identi®able in all corners
2.94 21.96 11.33 2.76 0.301 67 Bowing, zigzag and extra crack
4.90 28.35 11.36 3.32 0.380 85 Bowing and extra cracks
9.81 40.83 10.93 3.19 0.396 75 Bowing and extra cracks

C7A16 2.94 20.84 11.59 2.71 0.406 100 Fairly straight and bowing
4.90 29.65 10.44 2.27 0.478 70 Fairly straight and bowing
9.81 42.21 10.25 3.00 0.603 85 Fairly straight and bowing

24.51 65.98 10.48 3.40 0.385 100 Fairly straight and bowing
49.03 93.03 10.53 2.84 0.333 100 Bridged or straight with rib
98.07 131.04 10.60 3.02 0.469 86 Bridged or straight with rib

H6S 1.96 18.46 10.79 1.91 0.461 45 Improper cracks and chipping
2.94 22.78 10.65 2.04 0.469 82 Zigzag, extra cracks and bowing
4.90 28.25 11.40 2.88 0.307 60 Multiple cracks
9.81 37.40 11.55 3.31 0.659 50 Multiple cracks

24.52 64.79 10.86 3.38 0.691 100 Multiple crack and bridged
49.03 91.95 10.77 3.31 0.756 100 Multiple crack and bridged

H3S 1.96 16.40 13.59 2.76 ± 44 Fairly straight and bowing
2.94 20.72 12.90 2.73 ± 29 No crack, only two readings
4.90 27.45 12.13 2.94 0.235 64 Fairly straight and bowing
9.81 37.68 12.82 3.17 0.446 90 Fairly straight

24.52 61.55 12.02 3.06 0.415 80 Straight and multiple crack
49.03 85.46 12.45 2.61 0.180 100 Straight and multiple crack

H3A16 2.94 19.70 14.06 3.27 0.339 60 Not identi®able in all corners
4.90 25.83 13.65 4.20 0.296 100 Fairly straight and bowing
9.81 38.82 12.12 3.48 0.587 100 Fairly straight and bowing

24.52 60.93 12.26 3.11 0.320 100 Fairly strat., zigzag and bowing
49.03 89.82 11.33 3.99 0.342 100 Fairly strat., zigzag and bowing
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to the grain size of the sintered material either because
the average grain size (Feret dia) in both the materials
are similar (see Table 1 for A8R and Fig. 1 for A1I). The
reason for such an increase in the hardness can be

explained from the di�erences in the Al2O3 content of
the intergranular glassy phase occurring during sinter-
ing. The alkaline earth silicates are known [23] to form a
reactive liquid phase that dissolves Al2O3 during sinter-
ing. Upon cooling, the liquid phase transforms into the
glassy phase with or without partial crystallization of
certain phases. The extent of crystallization, however,
depends on the composition and kinetics of cooling.
When Al2O3 rich liquids solidify, the dissolved Al2O3 is
forced to enter into the glass-structure in the form of
AlO4-network. The presence of AlO4-network in a
similar composition has been shown by a FTIR spec-
troscopy [24]. The reactive powders are easily dissolved
into the liquid phase during the sintering process and a
higher amount of Al2O3 is, thus, retained in the glassy
state. In the present LPS materials derived from the
reactive powders, both the EDS analyses and the
experimental data on solubility tests of di�erent Al2O3

powders in glass [20] have shown a relatively higher
amount of Al2O3 in the intergranular glassy phase.
Hardness of Al2O3 rich glass is higher [19] that leads the
hardness of the present Al2O3±glass composite high.
The dependence of the mechanical parameters such as

E, Ho, ¯exural strength and Kic-short at di�erent inden-
tation load for 89±94% LPS Al2O3 on G-1/2 has been
examined by regression analyses. A wide scatter has
been observed with no de®nite trend or any signi®cant
relationship. A maximum value of r2 (=0.21) is
obtained in the case of G-1/2 versus Ho. The relationship
between aspect ratio and the said mechanical para-
meters also did not indicate any signi®cant relationship.

Table 3

Mechanical properties of LPS Al2O3 ceramics with di�erent commercial powders

Material

code

Maximum size of: Ho (GPa) E Flexural strength

grains (mm) voids (mm) X
-
(GPa) � X

-
(MPa) �

A1I 27.8 204.0 8.82 270 0.8 343 31.1

A2M 43.4 61.3 10.67 290 1.4 260 18.2

A5o 29.8 55.0 9.70 280 1.7 ±

A6M 41.5 95.8 10.47 310 2.1 255 28.8

B1S 28.0 61.0 9.62 300 1.2 186 23.4

B6I 27.9 60.6 12.14 303 0.7 230 33.2

B7I 25.8 106.3 9.92 280 1.1 349 29.1

C1I 20.0 30.0 9.77 272 0.4 ±

C2S 36.9 55.6 8.53 272 1.8 187 36.4

C5o 12.0 107.0 9.07 276a 330a

C2Siv 35.0 150.0 8.22 266 3.7 189

A7R 18.5 44.9 12.34 315 0.6 288 55.5

A8R 33.1 31.4 11.14 288 10.7 ±

C6R 32.9 125.0 ± 269 1.0 285 39.9

C7A16 9.0 40.9 11.55 264 2.1 ±

D2S 35.0 61.0 7.91 251 1.3 301 21.0

H6S 17.8 41.3 10.38 305 13.9 ±

H3A16 45.3 45.7 11.57 332 0.6 337 34.3

H3R 44.2 55.1 13.60 303 0.9 232 33.1

a Published data.

Fig. 3. Knoop hardness versus applied load for di�erent LPS Al2O3

ceramics showing the in¯uence of SiO2 content.
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3.4. E�ect of indentation load and microstructure on
fracture path

When the speed of the indentor remains constant, the
rate of loading/unloading changes with the applied
load. In a ®ne grained polycrystalline Al2O3, Salo-
monson et al. [25] observed that the fracture from the
slow unloading is predominantly intergranular whereas
that of the fast unloading is transgranular. Bhargava et
al. [26] reported a similar observation for di�erent
ceramic composites. Thus, the intergranular fracture is
expected during the low load regime (1.96±2.94 N).
SEM images of the indentation crack, however, show
the presence of transgranular cracks in both the A1I
[Fig. 7(a)] as well as C1I [Fig. 7(b)] materials.
At higher indentation load in between 4.90 and 49.03

N, the fracture mode is observed to be di�erent. As seen
in Figs.7(c) and 8(a), a predominantly intergranular
fracture is observed in A1I. On the other hand, a relatively

higher proportion of transgranular fracture is seen in
C1I [Fig. 7(d)]. The change in the fracture mode can be
explained from the interfacial thermal expansion mis-
match stresses arising out of the compositional di�er-
ences. The thermal expansion coe�cient of the
intergranular glassy phase can be estimated from that of
the reported glass compositions. The thermal expansion
[19] of high-CaO glass (�=9.5�10ÿ6/�C) is much higher
than high-MgO glass (�=5.0�10ÿ6/�C) and is also
higher than Al2O3 in some crystallographic direction
(�a=8.6�10ÿ6/�C). When the thermal expansion coe�-
cient of the grain boundary phase is greater than that of
the Al2O3, both the tensile stress in the grain boundary
and the compressive stress in the Al2O3 grain should
increase as the thermal expansion coe�cient of the grain
boundary phase increases. Thus the interface between
Al2O3 and the high-CaO glass will experience tensile
stress resulting in a weaker boundary. The glass modi®ers
in the composition, e.g. BaO, Na2O and K2O in¯uenced

Fig. 4. E�ect of density on (a) modulus of elasticity, (b) true hardness of di�erent 89±94% wt% LPS Al2O3 ceramics.

Fig. 5. Role of SiO2 content on true hardness of 89±94% LPS Al2O3

ceramics derived from di�erent powders.

Fig. 6. E�ect of MgO/(CaO+BaO+KNaO) ratio on true hardness of

selected 91±94 wt% LPS Al2O3 with SiO2 content in the range of 4.3±

5.2 wt%.
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Fig. 7. Indentation cracks of 91±94 wt% LPS Al2O3 ceramics: (a) A1I at 2.94 N; (b) C1I at 1.96 and 2.94 N; (c) A1I at 4.90 N; (d) C1I at 9.81 N; (e)

B1S at 98.07 N; (f) A6M at 49.03 N load. Arrows indicate the transgranular fractures. Note the smaller sizes of the bridging grains in B1S.
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the thermal expansion in a similar manner [19] as that of
the CaO. Hence, the thermal expansion mismatch stres-
ses is tensile in the grain boundary region of A1I due to
a low MgO/(CaO+BaO+KNaO) ratio. The intensity
of this tensile stress is in decreasing order through the

series of the compositions beginning from A1I to B7I
and with further increase in the ratio to �1.6 as in C-
type, a compressive stress ®eld is expected in the grain
boundary glass. The crack is de¯ected towards the
Al2O3 grains [Fig. 7(d)] due to compressive stress ®eld in
the grain boundary glass.
The higher crack length of A1I (Fig. 2) at lower

indentation load can also be explained from the internal
tensile stresses arising out of thermal expansion mis-
match between Al2O3 and high CaO-glass. The weak
grain boundary due to the residual tensile stresses has
also been responsible for crack branching that is
observed in A1I/A2M materials (Table 2). At higher
indentation load (49.03 N), however, the crack length is
nearly the same as that of the B1S (Fig. 2) due to the
activation of crack arresting mechanisms like de¯ection
and bridging from the large elongated grains upon crack
extension [Fig. 8(a)]. Although the grain size distribu-
tion and morphology in B1S and C1I are similar [27], the
crack length in C1I is much higher as seen in Fig. 2,
probably due to joining of radial cracks [28].
The fracture modes in B1S [Fig. 7(e)] and A6M [Fig.

7(f)] are also intergranular, but there is a distinct di�er-
ence in their fracture behavior. In B1S, a nearly perfect
indentation crack system is observed with single crack
originating from the corners of the Vickers indentation
Ð symmetric, fairly straight and occasionally with
bowing as seen in Fig. 8(b). Whereas the indentation in
A6M/B6I is associated with the local microfracture [Fig.
8(c)] and multiple cracks originated from the corners/
sides. Optical microscopic images in Fig. 9 show a typi-
cal zigzag/multiple crack system in A6M and the
straight/bowing crack system in B1S. Observations on
the crack systems formed at di�erent load have been
mentioned in Table 2 with the percentage of successful
readings. B1S shows a relatively higher percentage of
successful readings than A6M. Although the average
grain sizes in these two materials are nearly the same
[18], but the grain size distribution in the microstructure
is widely di�erent. As can be seen in Fig. 10 that A6M
has a higher proportion of large-sized (>12 mm) grains
distributed in a ®ne-grained (�2 mm) matrix. The micro-
graphs in Fig. 11 show that the grains are equiaxed in B1S
and elongated in A6M. The low stress-intensity at the
boundaries of equiaxed grains is probably responsible for
the lower crack length in B1S. Although the crack de¯ec-
tion [14,15,29] from the elongated grain is seen extensively
[Fig. 7(f)] in A6M, the crack length is similar to B1S.
EDS analyses carried out in two di�erent materials

have shown that the chemical compositions vary
between the poles and sides of the elongated grains. Table
4 shows the di�erences in MgO/(CaO+BaO+KNaO)
ratio calculated from the EDS analyses. A low ratio at the
sides would result in a residual tensile stress and a high
ratio at the poles in a compressive stress. The crack is
expected to travel through the weak interface [30], i.e.

Fig. 8. SEM images of the indentations (24.52 N load) for (a) A1I, (b)

B1S, and (c) A6 M showing local microfracture in A6 M and inter-

granular crack in A1I.
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along the sides of the large elongated grains, which is
seen in Figs. 7(f) and 8(a). Crack de¯ection and bridging
in LPS Al2O3 is therefore associated with the thermal
expansion mismatch stresses due to compositional dif-
ferences within the microstructure.

3.5. E�ect of microstructure on Kic-short

The general trend of Kic-short in 89±94% LPS material
is that it is higher at 1.96±2.94 N load, lower at 4.90 N
and then rising with an increasing load upto 49.03 N
beyond which no further rise has been observed (Table
2). A higher Kic-short is observed in both the A6M and
B1S materials where the MgO/(CaO+BaO+KNaO)
ratio is �1.0. The higher Kic-short in A1I at the higher
indentation load (49.03 N) can be attributed to the pre-
sence of higher-sized (Fig. 10) elongated grains Ð an
observation consistent with the study on self-reinforced
silicon nitride [31].
A higher Kic-short is also observed (Table 2) in the A7R

material derived from the reactive powder where the
MgO/(CaO+BaO+KNaO) ratio is as low as 0.19%.
As explained earlier, the dissolution of Al2O3 in the
grain boundary glass is higher with the reactive powder.
The thermal expansion of high CaO-glass is sub-
stantially reduced when the glass is rich in Al2O3 [19].
Therefore, the Kic-short at lower load is signi®cantly
higher compared to A1I. It is to be noted that the grains
in A7R have equiaxed morphology, narrow size dis-
tribution [Fig. 1(c), Table 1] and free from reinforce-
ment grains for activating the microstructural shielding
(Fig. 10). It means that a reduced tensile thermal
expansion mismatch stresses can result in a higher frac-
ture resistance at the lower applied load regime.
The Kic-short in C7A16 is low as in C1I. When the grain

size is increased, Kic-short increases at higher loads while
at lower loads it remains unchanged as seen in Fig. 12.
Similar e�ect is also seen in the case of H3R and H3A16

where an increase in grain size (Table 1) is found to
enhance the Kic-short. Residual thermal expansion stres-
ses associated with increased grain size is responsible
for the rising Kic-short with increased grain size. The
di�erence in Kic-short between C1I and C5o in Fig. 12
can probably be explained from the higher glass

Fig. 9. Optical micrographs showing indentation cracks of (a) fairly straight/bowing nature in B1S and (b) multiple/zig-zag nature in A6M at 49.03

N of load.

Fig. 10. Grain size (major axis) distribution of certain selected LPS

Al2O3 ceramics derived from di�erent powders.
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transition temperature [19] due to lower SiO2 content in
C5o.
Although the Kic-short of B6I is lower than A6M, the

crack length is nearly the same [32]. The higher E=Ho

value (Table 3) is responsible for the increased Kic-short

in A6M. Similar argument can account for the
improvement in the toughness of H3A16 over H3S. Fur-
ther, the grain size distribution of H3A16 [Fig. 1(d),
Table 1] is similar [27] to A6M. The toughening from the
reinforcement grains is realized in this material in addi-
tion to the contribution from higher E=Ho value. The
observation is pertinent to the wear applications [27]
where the material removal process is by damage accu-
mulation and grain dislodgment. The materials A2M,
A5o, H6S and D2S show lower Kic-short due to a higher
and broad grain size distribution in the microstructure
[33].
Among the various intergranular crystalline phases,

the anorthite phase has a thermal expansion
(�=11.0�10ÿ6/�C) higher than that of the Al2O3.
Therefore, the precipitation of anorthite phase is likely
to in¯uence the Kic-short in a similar manner as that of
the low MgO/(CaO+BaO+KNaO) ratio in the glass
composition. A substantial amount of anorthite phase is
present in both the `A' and `B' type materials, whereas it
is negligible [20] (by X-ray detection) in `C' type mate-
rials. With a view to evaluate the e�ect of anorthite
precipitation in the grain boundary, the C2S material
has been separately heat treated for 2 h at 1400�C
maintaining a similar cooling schedule as that of the
sintering. Both the hardness and Kic-short in this material

(C2Siv) have been found to be lower as seen in the
Tables 2 and 3. The residual thermal expansion mis-
match stresses generated due to anorthite phase in `C'
type materials is di�erent than in `A' type. TEM inves-
tigations in LPS materials have shown that the pre-
cipitation of anorthite occurs on Al2O3-surface and not
within the grain boundary glass [16,20]. Thus, the
`Al2O3-(MgO) glass' interface of C2S may have changed
to `Al2O3±anorthite±(MgO) glass' interface in C2Siv.
Accordingly the thermal expansion mismatch stresses
changed from compressive to tensile resulting in a low
Kic-short. Interestingly, the crack path has been observed
to be similar in nature with the `A' type (Table 2).
Although the composition of B7I is close to the `C'
type, the crack path featured similarities with C2Siv or

Fig. 11. SEM micrographs of (a) B1I and (b) A6M showing the di�erences in size and morphology of Al2O3 grains.

Table 4

MgO/(CaO+BaO+KNaO) ratio at di�erent locations of elongated

grains in LPS Al2O3

Location A2M H3A16

Along the elongated axis 0.45 0.40

End of the elongated axis 1.75 1.72

Fig. 12. Grain size dependence of Kic-short at the 2.96 N and 49.03 N

load in 91±94 wt% Al2O3 LPS ceramics with MgO/(CaO+BaO+

KNaO) ratio �1.6.
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`A' type. This is because of anorthite precipitation in
B7I is of similar magnitude as that of the C2Siv. The
decrease of Ho in C2Siv can be explained from the lower
hardness of the glass depleted in CaO [19].
Thus, the interfacial thermal expansion mismatch

stresses at the grain boundary region arising out of the
(1) composition of intergranular glassy phase, (2) pre-
cipitation of anorthite phase and (3) average grain size,
in¯uence the Kic-short at the low load regime whereas the
aspect ratio, shape and size of reinforcement grains
determines the Kic-short at high load regime.

3.6. Flexural strength and fracture toughness

Table 3 shows that a high ¯exural strength has resul-
ted with (1) medium powder (I-grade) in the case of the
91±94 wt% Al2O3, (2) coarse powder (S-grade) in the
case of 88±90 wt% and (3) reactive powder (A16SG-
grade) in the case of 95±97 wt% LPS materials. Con-
sidering all the varieties, B7I has the highest ¯exural
strength where the Kic-long is also higher. Fractographic
analysis shows that the failure has occurred either from
the defects like a large grain or a void or a foreign
particle. As is known that failure usually occurs from a
¯aw of critical size and once the ¯aw is su�ciently
large, the crack propagates in catastrophic manner.
Table 3 shows that no relationship can be made with
the maximum grain size or void size in the micro-
structure. The void size would have been enlarged
during the operations like cutting, grinding and pol-
ishing employed for the preparation of the specimen. It
is interesting that the cleavage fractures noticed in the
large elongated grains did not a�ect the ¯exural
strength.

4. Conclusions

Starting powder characteristics and chemical compo-
sition were found to in¯uence the mechanical properties
of LPS Al2O3 ceramics due to the di�erences in the
microstructure. A higher amount of Al2O3 dissolved
into the grain boundary glassy phase in the case of
reactive powders resulted in higher hardness and inden-
tation fracture toughness. LPS derived from a powder
of 3±7 mm in size resulted in a maximum ¯exural
strength. A decrease in SiO2 content in LPS composi-
tion produced higher modulus of elasticity and hard-
ness. MgO/(CaO+BaO+KNaO) ratio of nearly 1 in
the LPS resulted in a high Kic-short for coarse powders.
The mode of fracture changed not only with the

indentation load but also with the MgO/(CaO+
BaO+KNaO) ratio in the LPS. Fractures resulting
either from a low indentation load (1.94±4.90 N) or a
slow loading/unloading rate had relatively higher pro-
portion of transgranular cracks. At the higher load

(>9.81 N), cracks were intergranular when the MgO/
(CaO+BaO+KNaO) ratio was nearly 1.0 and trans-
granular when the ratio was nearly 1.6. A higher grain
size in the latter showed an improved Kic-short at higher
indentation load (49.03 N) and upon precipitation of
anorthite phase in the same material resulted a lower
Kic-short. The thermal expansion coe�cient of the grain
boundary phases either similar but not higher than
Al2O3 associated with a higher E=HO and a ®ne-grained
microstructure with reinforcement grains resulted in a
higher Kic-short.
The crack path was bowing at the lower indentation

loads (<9.81 N). At higher indentation loads (524.52
N), the crack path was in¯uenced by the grain size dis-
tribution in the microstructure. A ®ne-grained (major
axis <12 mm) microstructure showed a fairly straight
crack and the one with coarse grains (major axis >12
mm) showed a zigzag crack. Crack branching was
observed in the LPS materials of low MgO/(CaO+
BaO+KNaO) ratio. A coarse-grained microstructure
(Feret dia >3.0 mm) with a broad grain size distribution
produced multiple cracks and such a microstructure
resulted in a low indentation fracture toughness.
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