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The influence of microstructure on the crack resistance (R-curve) behaviour of a commercial 
debased alumina containing large amounts of glassy phase (28 vol %) has been studied by 
strength measurements at,controlled flaw sizes produced by indentation. Both the individual 
and combined effects of (a) grain size, and (b) intergranular second phase (glassy or 
crystalline) were evaluated. Enhancement of the R-curve behaviour was observed when the 
average grain size was increased from 3-18 I~m by thermal treatment. However, no effect of 
the degree of crystallinity of the intergranular second phase on the R-curve behaviour, in 
either small- or large-grained materials, was observed. These results are discussed with 
reference to the influence of grain-boundary residual stresses on grain bridging across the 
crack interface. 

l .  I n t r o d u c t i o n  
In recent years there has been increasing evidence that 
non-transforming ceramics such as aluminas can 
exhibit so-called R-curve behaviour, i.e. they show 
increasing toughness with increase in crack size [1~5]. 
The enhancement of R-curve behaviour yields several 
tangible benefits. Firstly, the ceramic exhibits a range 
of flaw sizes over which the strength is near-invariant. 
In turn, this "flaw tolerance" enables the engineer to 
work with a single (flaw-size independent) design 
stress. The advantage from the ceramics processing 
standpoint is that the strength of a ceramic with 
strong R-curve behaviour is relatively insensitive to 
processing defects. In addition, it has recently been 
postulated that enhanced R-curve behaviour results in 
an increase in the Weibull modulus [7-9]. 

Because it has been clearly demonstrated that the 
extent of the R-curve behaviour is influenced by 
microstructure [3], it would seem highly feasible to 
modify R-curve characteristics through control of 
microstructural variables. The microstructural para- 
meters evaluated in this study were (a) grain size, and 
(b) degree of crystallinity of the intergranularphase. 
The selection of these particular parameters was based 
on the consideration of a model which assumes grain- 
localized bridging in the crack wake [1, 5, 10]. In the 
above model, represented schematically in Fig. 1, the 
grains bridging the crack are "clamped" in the matrix 
by compressive residual stresses arising from thermal 
expansion anisotropy [11]. These grains thereby exert 
a restraint across the crack walls, giving rise to in- 
creased toughness in a manner analogous to that 
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of fibre-reinforced composites. Without going into 
the details of the stress-displacement relation for the 
bridge elements [11, 12], it can be appreciated that the 
degree of enhanced toughening will depend both on 
the grain size (which determines the length over which 
the grains must be pulled out), and the residual 
stresses (which control how tightly the grains are 
clamped). 

A limited number of systematic experimental invest- 
igations of these predictions have been carried out, 
and these confirm a strong dependence on grain size. 
A study on nominally single-phase aluminas showed 
that coarsening the microstructure results in a 
stronger R-curve [3]. Similar results were obtained for 
adebased alumina (containing 18 vol % intergranular 
phase) [13]. The influence of the intergranular second 
phases, however, is less well documented, and different 
studies have produced somewhat conflicting results. 
Thus several researchers [14 18] have reported 
significant increases in the toughness values of liquid- 
phase-sintered aluminas containing 10-30 vol % 
intergranular glass. The toughness improvements 
resulted from simple heat treatments, and were 
attributed to crystallization of the glass. However, it 
should be noted that the toughness measurements in 
those studies were performed at a single crack length. 
In contrast to this, work by Bennison et al. [13] 
showed that for fine-grained aluminas containing 
18 vol % second phase, crystallization of the second 
phase had very little effect on the crack resistance 
curve. Powell-Do~an and Heuer [19] also showed 
that for 96% alumina, crystallization of the second 
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Figure 1 Schematic representation of grain-localized bridging of the 
crack. 

phase had no effect on either the mechanical proper- 
ties, or the mode of fracture. 

The purpose of this study was to determine experi- 
mentally the relative influence of these two variables, 
grain size and second phase, on the R-curve behaviour 
of a debased alumina. This work differs from that of 
previous researchers in thai both the individual and 
combined influence of grain size, and crystallinity of 
the second phase, are determined. 

2. Experimental procedure 
Some 300 specimens of a commercial debased (liquid- 
phase sintered) alumina (AD 85) in the form of discs 
(25 mm diameter x 3 mm) were obtained. A series of 
heat treatments was carefully devised to produce four 
sets of specimens of differing microstructures. Table I 
shows the details of the heat treatments and the 
resuRing microstructures. The notation S or L refers 
to "small" or "large" grain size, respectively, and C 
or G refers to crystalline or glassy second-phase, 
respectively. 

Specimens for transmission electron microscopy 
(TEM) were prepared following standard procedures 
for ceramic materials. Discs (3 mm) were ultrasonic- 
ally cut from thin sections of the above samples. The 
discs were then dimpled to a thickness of 20 t~m in the 
centre and ion-beam milled until perforation. Sub- 
sequent investigation on the transmission electron 
microscope was carried out at an accelerating voltage 
of 120 keV. The chemical composition of the inter- 
granular glass was determined using energy dispersive 
spectroscopy of X-rays (EDS) on the same instrument. 
A "standard" glass (SRM 2063) of known composition 
was used to provide the necessary k-factors for com- 
positional analysis. Samples were prepared for scan- 
ning electron microscopy (SEM) by polishing sections 

to l lain grade followed by thermal etching at 1500 ~ 
for 15 rain. 

Mechanical testing of AD85-S-G, AD85-S-C, 
AD85-L-G and AD85-L-C was carried out as follows. 
About 50 disc specimens of each batch were polished 
to l tam grade on the prospective tensile side. A Vick- 
ers indentation was made at the centre of the polished 
surface with loads varying from 2-300 N. Some sam- 
ples were left unindented. All indentations were made 
in air and the samples allowed to stand for 10 rain. A 
drop of vacuum grease was then placed on the in- 
dentation sites. The specimens were broken in biaxial 
flexure using the three-point support and punch fix- 
ture [20], and failure times were kept below 20 ms to 
minimize effects from static fatigue. Strength values 
were calculated from the breaking loads and specimen 
dimensions using thin-plate and beam formulas [21]. 
Care was taken to examine all specimens after fracture 
to verify the indentation site as the origin of failure. 
The specimens that did not fracture from in- 
dentations were incorporated into the data pool for 
unindented controls. Details of this particular method 
of mechanical testing have been described elsewhere 
[3]. 

Preliminary experiments revealed that crystalliza- 
tion of the intergranutar glass produced predom- 
inantly anorthite (CaO'A1203"2SiO2). To obtain a 
comparison between the high-temperature mechan- 
ical properties of anorthite and alumina, the hardness 
of bulk anorthite was determined as a function of 
temperature from 20-1200~ Bulk anorthite was 
made by first melting anorthite composition glass 
from reagent grade SiO2, A1203 and CaCOa raw 
materials in a Pt-Rh crucible at 1600 ~ for 24 h. This 
was followed by crystallization at 1200 ~ for 30 min. 

3. Results  
3.1. Microstructure 
Table 1I shows the composition of the intergranular 
glass of AD85-S-G samples after homogenization heat 
treatment, as determined by X-ray EDS. The values 
represent an average of ten different spectra obtained 
from different regions of the sample. The compositions 
were observed to be consistent within _+ 5%, imply- 
ing that the glassy phase is homogeneous. In addition, 
the glass composition obtained was found to agree 
within _+ 5% of the values determined by Wiederhorn 
et aL [22] for AD85 With the same heat treatment. 
Using this composition as a basis, the heat treatment 

TAB LE I Heat-treatment schedules and microstructures 

Material Heat treatment Purpose Resulting microstructure 

Grain size (pm) Intergranular 
phase 

AD85-S-G As-received 
AD85-S-C (a) 1400 ~ for 6 h (quenched) 

(b) 1150~ for 130h 
AD85-L-G (a) 1550 ~ for 250 h 
AD85-L-C (a) 1550~ for 250 h 

(b) 1200~ for 130h 

Homogenize intergranular glass 
Crystallize intergranular glass 
Increase grain size 
Crystallize inter-granular glass 
with large grain size 

18 
18 

Glassy 
Partially crystalline 

Glassy 
Partially crystalline 
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TABLE II Average composition (wt %) of the intergranular glass 
in AD85 

SiO2 A1203 MgO CaO BaO 
56.5 27.5 2.1 8.6 5.3 

given in Table I was devised in order to obtain anor- 
thite as the major crystalline phase [23]. 

Fig. 2 shows scanning electron micrographs of 
AD85-S-G (grain size ~ 3 gm) and AD85-L-G (grain 
size ~ 18 lam). Qualitative visual comparison of the 
two micrographs shows that the heat treatment results 
in a scaling up of the grain structure as a whole, and 
that there is no significant change in the distribution 
of grain sizes about the mean. Fig. 3a and b show 
transmission electron micrographs of AD85-S-G and 
AD85-S-C depicting glassy and crystalline intergranu- 
lar phases respectively. The grain size has not changed 
appreciably during crystallization heat treatment. The 
crystalline intergranular phase in AD85-S-C is ob- 
served to be mostly anorthite. With this composition 
it was not possible to achieve 100% crystallinity; thus 
pockets of residual glassy phase were observed at 
many triple points. From TEM examination, the over- 
all degree of crystallinity was estimated to be ~ 80%. 

3.2. Mechanical behaviour 
Fig. 4 shows indentation load versus failure stress for 
the four sets of samples. Consider firstly the behaviour 
of the fine-grained material. It can be seen that the 
data points for AD85-S-G and AD85-S-C lie essen- 
tially on the same line. The results for the coarse- 
grained specimens (AD85-L-G and AD85-L-C), on 
the other hand, fall on a distinctly separate curve. 

The results of the hot-hardness measurements ob- 
tained from the bulk anorthite samples are shown in 
Fig. 5. Data for alumina [24] are also plotted for 
comparison. Although the hardness of anorthite at 

room temperature is significantly lower than that of 
alumina, its rate of decrease with increasing temper- 
ature is lower. Consequently, at temperatures around 
1000~ the hardness values of the two phases are 
similar. 

4. Discussion 
The results depicted in Fig~ 4 clearly show that 
R-curve behaviour, as evinced by the flattening of the 
data in Fig. 4 at low indentation loads, is enhanced 
with increasing grain size. This behaviour is consistent 
with the observations of other researchers obtained on 
both single-phase [3, 25] and two-phase aluminas 
[3, 13]. It confirms grain size as a significant para- 
meter in determining the extent of increased tough- 
ening with crack extension. 

However, the effect of crystallization of the inter- 
granular phase on the R-curve properties of these 
materials appears to be insignificant. In terms of the 
grain-bridging model, this null effect may seem 
surprising, because the bridging processes are thought 
to be sensitive to residual stresses, or, in the grain- 
boundary regions. To explore the validity of this 
reasoning further, the magnitude of these grain- 
boundary stresses due to thermal expansion aniso- 
tropy between the alumina (A) and the intergranular 
anorthite (An) can be estimated from the following 
relation for a spherical inclusion embedded in a matrix 
[26, 27] 

(Yr -~ [(CZA -- ~An)AT]/[( 1 + VA)/2EA 

+ (1 -- 2VAn)/EAn)] (1) 

where cz is the linear thermal expansion coefficient, v is 
Poisson's ratio, E the elastic modulus and AT is the 
difference between heat treatment and ambient tem- 
peratures. Although the inclusion problem represents 
an oversimplification of the experimentally observed 

Figure 2 SEM secondary electron images of polished and etched sections of AD85 aluminas (a) AD85-S-G (fine-grained material), (b) AD85- 
L-G (coarse-grained material). 
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Figure 4 Plot of indentation load versus failure stress for four 
different materials, derived from AD85. The hatched region repre- 
sents failures from natural flaws. (Representative error bars are 
included on the end data points.) (�9 AD85-S-G, (~) AD85-S-C, 
( � 9  AD85-L-G, (1) AD85-L-C. 
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Figure5 Comparison of hardness as a function of temperature 
between ( � 9  alumina [24] and (0)  anorthite (present work). 
(A representative error bar is shown on the end data point.) 

Figure 3 TEM bright-field images of AD85 aluminas (a) AD85-S-G 
showing intergranular glassy pockets (A, alumina; G, glass), 
(b) AD85-S-C showing crystalline intergranular phase (A, alumina; 
An, anorthite; G, residual glass). 

morphology, it is believed that this relation gives a 
useful indication of the magnitude of the residual 
stresses. Taking ~A = 9.0 x 10 . 6  ~ SAn = 3.7 
X 1 0 - 6 ~  -1 [29]*, EA = 3 9 0 G P a  (VAI = 0.2) [3], 
EA, = 250 G P a  (vA, = 0.25) [30] and AT = 1000 ~ 
we obtain % = 1.5 G P a  for the alumina/anorthite 
system. For a single-phase alumina, taking ~• = 8.6 
X 10 . 6  ~ -1  and ~Nc = 9.6 x 1 0 - 6 ~  -1  [28], we ob- 

tain % = 0.35 GPa. Thus the residual stresses induced 
in the two-phas e a lumina  are greater, by about a 
factor of four, than in the single-phase material. 

One could therefore argue that the R-curve in 
single-phase alumina should be further enhanced in 
the two-phase alumina with the crystalline second 
phase. That  this was not observed experimentally, 
suggests that the residual stresses must be at least 
partially relaxed in AD85-S-C and AD85-L-C. As 
described previously, TEM examination of these sam- 
ples revealed that the anorthite was highly twinned. 
In addition, residual glass was often observed in the 

* It should be noted that alumina and anorthite are non-cubic materials and possess thermal expansion anisotropy along a and c axes. 
Because the thermal expansion anisotropy within these individual crystals is much less than that between the two phases, the values 
mentioned here are average and represent the thermal expansion coefficients of polycrystalline materials. 
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intergranular pockets. It is arguable, therefore, that 
relaxation of the grain-boundary residual stresses is 
taking place at the treatment temperature by deforma- 
tion of either the anorthite or glassy phase. Because no 
dislocation activity was observed in the alumina 
grains, deformation of the alumina grains was dis- 
regarded as a possibility. Consideration of Fig. 5 
shows that deformation of the anorthite appears less 
likely, because at elevated temperatures the hardness 
values of alumina and anorthite become comparable, 
so it is difficult to see why the anorthite would deform 
in preference to the alumina. 

This essentially leaves the role of the residual glass 
to be considered. Because the approximate composi- 
tion of the glass is known, it is possible to estimate the 
value of the glass viscosity from standard data [31]. 
For comparable glass compositions, the softening 
temperature, i.e. the temperature at which the glass 
will deform appreciably under its own weight, is 
900 ~ Thus at the level of stresses which have been 
calculated, the glass would be expected to flow readily. 
It is therefore suggested that the expected change in 
mechanical properties does not occur because of re- 
laxation of the induced stresses by viscous flow of the 
residual glass. 

The above discussion represents a highly simplified 
picture of the deformation processes which take place 
on cooling of the crystallized AD85 to ambient tem- 
peratures. Nonetheless, the postulate that the induced 
stresses are being relaxed is consistent with the experi- 
mental data. Ideally, it would have been desirable to 
estimate the stress distribution within the microstruc- 
ture more accurately, by taking into account the 
morphology of the various phases. Unfortunately, the 
complexity of the microstructure of the commercial 
materials studied rendered such analysis intractable. It 
is envisaged that laboratory-processed specimens with 
controlled microstructures will be more amenable to 
theoretical modelling. Work is thus currently under 
way to process two-phase aluminas where the glass 
composition is controlled so that virtually 100% 
crystallinity can be achieved. 

5. Conclusions 
For the commercial liquid-phase-sintered aluminas 
examined in this study, the effect of grain size on the 
R-curve behaviour predominates. Crystallization of 
the intergranular glass had relatively little to no effect 
on the R-curve behaviour. Although significant re- 
sidual stresses would be expected to be induced due to 
the differences in thermal expansion between the alu- 
mina and the crystallized intergranular phase, these 
appear to be relaxed by flow of residual glass. The 
results have interesting implications with respect to 
the applications of these materials, because they show 
that prolonged heat-treatment cycles up to 1200~ 
do not affect the room-temperature mechanical 
properties. 
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