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Abstract 

A technique for fracture toughness measurement in 
alumina is presented. Alumina with bimodal grain- 
size distribution and containing about 10% inter- 
granular glassy phase was used as test material. 
Controlled defects were introduced by indentation 
using loa& from 1.5 N to 39.2 N. Some specimens 
were annealed at 1000°C in order to remove the 
indentation residual stress field. Crack shape and 
dimension were analyzed by a decorating technique. 
Red colorant was poured on indented specimens and 
decorated fracture surfaces were then observed by 
optical microscopy on later drying. This technique 
allowed the complete analysis of indentation crack 
evolution upon bending. Both indented and annealed 
specimens were considered. Shape-factor evolution 
during crack growth was investigated and constant 
fracture toughness values (3-3.5 MPa fi) inde- 
pendent from crack growth and indentation load 
were calculated. 0 1997 Elsevier Science Limited. 

1 Introduction 

Ceramic materials are commonly considered brittle 
in the sense that stress concentrations generated 
around defects are not relaxed by plastic flow as 
well as in ductile materials such as metals and 
plastics. Therefore, fracture toughness, K,, repre- 
sents a critical parameter in the definition of 
damage resistance and strength of ceramics. From 
this point of view, the knowledge of K, becomes 
important in the comparison among candidate 
materials for a particular application. 

A wide range of methods have been proposed in 
the past for the determination of fracture tough- 
ness. Most of the presented techniques fall into one 
of the following categories: 1,2 

1. notch methods, in which a saw cut is intro- 
duced in the specim.en and acts as a sharp 

2. 

3 

crack; chevron notch (CN) and single-edge 
notch beam (SENB) methods represent two 
examples; 
long pre-crack methods, in which a sharp 
defined crack is generated in the specimen 
before testing or produced during testing; 
double cantilever beam (DCB) and double- 
torsion (DT) methods fall in this category; 
short pre-crack methods, in which a relatively 
small crack is introduced before fracture, 
usually by indentation. 

Methods in which the initial defect is introduced 
by indentation have been extensively studied in the 
last two decades for several reasons. Rapid test 
procedures, low cost and ease of testing represent 
some advantages of the indentation technique. In 
addition, this technique is a powerful tool for the 
investigation of fracture process and properties of 
ceramic materials, starting from flaws similar to 
natural defects.24 In fact, it is now clear that K, 
measurement with such kinds of flaws furnishes 
results which are usually different from data 
obtained by tests in which ‘long cracks’ are used.3-7 

In most ceramic materials and glasses, Vickers 
indentation produces four ‘radial’ cracks which 
depart from the corner of the indentation site, 
usually assuming a semi-circular shape around the 
contact site.2y8T9 A semi-spherical ‘plastic zone’ is 
also formed around the contact site during inden- 
tation.‘O The plastic zone is responsible for the 
presence of a residual stress field which represents 
the driving force for cracks formation. Apart from 
radial cracks, ‘lateral’ cracks develop beneath the 
plastic zone. These cracks propagate parallel to the 
surface with a circular front.2 When an external 
load is applied to the specimen, for example by 
bending, radial cracks can lead to sample failure, 
while lateral cracks, due to their orientation, 
usually do not participate directly in the fracture 
process though they can influence radial crack 
propagation.‘1,‘2 
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The stress intensity factor associated with the 
radial crack system can be expressed as:2,*3-15 

where P is the indentation load, c the surface crack 
length and x a residual stress factor depending on 
elastic modulus, E, and hardness, H, of the mate- 
rial. The most widely used expression for x is:14,‘6 

x=e E $ H (2) 

where c is a geometrical factor. The coefficient c 
has been evaluated in the past both experimentally 
and theoretically. Assuming the residual stress field 
as generated by a ‘wedge’ between crack faces, 
Shetty et al.” calculated a value of O-014 for c. 
Conversely, Lawn et al. proposed a model in which 
radial crack is subjected to a point force acting on 
its center and calculated a value equal to 0.023.16 
Experimental determination of 5 has been pro- 
posed by Anstis et al. who calculated a value of 
O~O16~O~O04.‘4 

If an external stress field, G, is applied to the 
indented specimen, the stress intensity factor 
becomes:2~18~‘9 

K=x-&+P& 

where I@ is the shape factor depending on the geo- 
metry of the crack and the dimensions of the sam- 
ple. The shape factor for a semi-circular crack in a 
semi-infinite solid is equal to 1.29.9 Nevertheless, 
due to finite dimensions of the specimens and to 
crack-shape evolution upon bending, 9 can assume 
values considerably different.9T’2,20 An important 
feature is that, when o increases and the equili- 
brium condition (K = KC) is reached, the crack 
undergoes some stable growth before the final fail- 
ure. In fact, due to the particular form of eqn (3), a 
crack length interval can be found in which 
dK/dc < 0. 2,18~19 This particular phenomenon has 
been extensively used to study crack propagation 
in brittle materials. 

Equations (1) and (3) represent fundamental 
tools for fracture toughness measurement starting 
from indentation cracks. Fracture toughness can 
therefore be determined once factors @ and x are 
defined. These parameters are usually considered 
as constant in conventional indentation fracture 
mechanics. In addition, indentation cracks are 
often considered shape-invariant during the pro- 
pagation process. These requirements are not 

always fulfilled. Depending on the material and the 
conditions under which the indentation is per- 
formed and stored, crack shape and growth can be 
complicated by several factors. Environmental 
effects acting both during and after the indentation 
process can affect crack shape and residual stress 
field. Prior to length measurement or bending tests, 
cracks can grow sub-critically to dimensions sensi- 
bly larger than those defined by equilibrium con- 
dition [eqn (l)]. - 9 12,21p22 In addition, the crack 
shape can change during bending and often flaw 
size becomes comparable with specimen dimen- 
sions. These facts can lead to strong variations in 
shape factor. 

Some procedures have been proposed in recent 
years in order to quantify the effect of the shape- 
factor variability and of the residual stress factor in 
eqn (3). Some authors used Vickers or Knoop 
indentations to produce surface cracks and residual 
stress effect was reduced or removed either by 
annealing or by polishing away the indentation 
zone.4,19,23-27 The residual stress factor was, there- 
fore, reduced to zero and the crack geometry for I++ 
calculation was determined by a decorating tech- 
nique.5>28-30 The experimental work required in 
these procedures is always tedious and quite com- 
plicated. In addition, the determination of the 
exact crack geometry, the interference of lateral 
cracks and the control of sub-critical growth phe- 
nomena represent further difficulties. In other 
cases, the problem of the determination of $ and x 
was solved by in-situ measurement of crack surface 
lengths during bending. 3,5 Nevertheless, such pro- 
cedures required the assumption of some fitting 
parameters to conduct crack-growth experiments 
and crack evolution was often referred to the shape 
of the as-obtained indentation flaw. Moreover, 
fatigue phenomena which can occur are usually 
difficult to control. 

In this work, precise determination of Vickers 
indentation crack shape and dimensions is carried 
out by a decorating technique. This technique is 
also used to study crack evolution upon bending, 
thus allowing direct determination of the shape 
factor as the crack increases. The behaviour of as- 
obtained and annealed indentation cracks is con- 
sidered and the effect of the residual stress factor is 
analyzed. Fracture toughness is then evaluated for 
different indentation loads. 

2 Experimental procedure 

Alumina ceramic from a commercial source 
(ALUBIT 90, Industrie Bitossi, Florence, Italy) 
was chosen as test material in this work. Alumina 
is a widely used ceramic material which has been 
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Table 1. Composition (wt%) of the alumina used in this work 

Al203 SO2 CaO MgO Na20 Other 

91.7 6.2 0.8 0.5 0.3 0.5 

extensively studied in the past. Depending on 
composition and microstructure, alumina can show 
specific mechanical proper ties such as high strength 
and low flaw tolerance, or relative low strength but 
decreased dependence of strength on flaw size, due 
to R-curve behaviour.27T31-34 The chemical compo- 
sition of the alumina used in this work is shown in 
Table 1. Figure 1 shows typical microstructure of 
this material. Grain-size distribution is bimodal 
and large elongated grains (up to 20pm) are 
immersed in a fine equiaxed grain network (2- 
5 pm). Sapphire grains are surrounded by an 
intergranular glassy phase (Z 10%) which can be 
removed by treatment in HF water solution. 

Test bars (3 mm x 4 mm :K 50 mm) were diamond- 
machined from plain billets. Edges were chamfered 
following the prescriptions given in the ASTM 
norm C 1 161-94.35 The prospective tensile side 
(4mm wide) of each specimen was polished with 
diamond paste to 1 pm finish. 

Elastic modulus, E, was measured using a fre- 
quency resonance technique.36 Five different bars 
were considered and four measurements on each 
bar were performed. Poisson’s ratio equal to 0.23 
was assumed in calculations. 

Four Vickers indentati’ons (4mm apart) were 
introduced using the same load in the central zone 
of the polished surface of each sample. Maximum 
contact loads ranging from 15 N to 294 N were 
used. Impact speed was about 0.5mms-‘. Inden- 
tations were performed in air and maximum load 
was maintained for 15 s. Specimens were oriented 
in such a way that the indenter diagonals were 
parallel to the sample edges. 

Indentation site dimensions were measured by 
an optical microscope and this allowed the 

Fig. 1. SEM micrograph showing typical microstructure of 
the material used in the present work. Intergranular glassy 

phase was removed by treatment with HF water solution. 

determination of Vickers hardness, H. At least five 
measurements at each indentation load were per- 
formed. 

Some indented bars were heat-treated at 1000°C 
for 2 h. Heating and cooling rates lower than 
l”Cmin-’ were used. This treatment was per- 
formed in order to remove the indentation residual 
stress field surrounding the indentation flaws. A 
preliminary study on the stress field around the 
indentation was performed on the alumina used in 
this work. An X-ray stress analysis performed by a 
specifically designed instrument was used for the 
measurement of residual stresses. These were cal- 
culated from the residual strains determined on the 
basis of (3 1 10) Al203 peak shift. This analysis 
showed that heat treatments at temperature in 
excess of 1000°C are successful for the removal of 
the residual indentation stress field.37 

The shape and dimension of the as-obtained 
indentation cracks were measured using some of 
the as-indented and annealed specimens. A crack 
decorating technique was used for this purpose. 
Some drops of red colorant (CGM, Milan, Italy) 
diluted with acetone were poured on the indented 
samples. Red colorant was chosen because this 
color was seen to make subsequent observation 
under optical microscope easier. The solution 
penetrated the surface cracks created during the 
indenting process. Times around 24 h were shown 
to be necessary for complete penetration of the red 
solution into the cracks. The surfaces of the speci- 
mens were cleaned and samples were then broken 
manually using indentation cracks as fracture not- 
ches. The red-colored region was observed under 
an optical microscope equipped with an external 
white light which was placed beside the specimen. 
Fracture surfaces were also observed by a scanning 
electron microscope (SEM). 

As-indented and annealed specimens were sub- 
jected to four-point bending tests using inner and 
outer spans of 20 and 40 mm, respectively. Fixtures 
similar to those described in ASTM C 1161 - 94 
norm were used.35 Care was taken in order to align 
and center indentations inside the inner span. A 
cross head speed of 0.2mmmin-’ was used. The 
three indentations on each specimen which did not 
fail upon bending were used to study stable crack- 
growth process in as-indented specimens. The same 
decorating procedure previously described was fol- 
lowed. This analysis was performed also on 
annealed specimens in order to show any sub-criti- 
cal or stable growth process. 

More detailed information regarding stable 
crack growth on as-indented specimens was 
obtained from indented bars subjected to interrup- 
ted bending tests. As-indented specimens were loa- 
ded using the same four-point bending fixture 
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Fig. 2. Optical micrograph of a sub-surface indentation crack 
obtained with a load of 294 N. 

previously described to a stress level lower than 
failure stress and then immediately unloaded. This 
procedure allowed indentation cracks to undergo 
some stable growth which was revealed using the 
same decorating procedure described in the pre- 
vious sections. 

3 Results and discussion 

3.1 As-obtained indentation cracks 
Elastic modulus, E, and Vickers hardness, H, of 
the alumina used in this work are equal to 
264 f 4 GPa and 10.4 f 0.6 GPa, respectively. 

The crack decorating technique previously 
described allowed the measurement of indentation 
flaw shape and dimension. As-obtained indenta- 
tion cracks were usually semi-circular or slightly 
semi-elliptical, the major axis lying on the surface 
of the specimen. Figure 2 shows an indentation 
crack obtained with a load of 294N. A typical 
semi-circular shape can be observed. Unfortu- 
nately, an optical micrograph does not allow one 
to appreciate in great detail the crack front. Con- 
versely, the crack front is extremely clear when 
observed directly under a good quality optical 
microscope where red color makes a bright con- 

Fig. 3. SEM micrograph showing sub-surface indentation 
crack obtained with a load of 294 N. 
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Fig. 4. Surface crack length, CO (see Fig. 2), as a function of 
the indentation load, P. Error bars represent the standard 

deviation. 

trast with the white color of alumina. As-obtained 
indentation cracks were also analyzed by SEM. In 
some cases, the crack front appeared well defined 
due to optimal relative orientation of indentation 
crack and surrounding fracture surface. Figure 3 
shows an SEM micrograph corresponding to a 
semi-circular indentation crack obtained at 294 N. 
SEM observations confirmed size measurements 
performed under optical microscope. Surface crack 
length, co (see Fig. 2), as a function of the contact 
load, P, is plotted for as-obtained indentation 
cracks in Fig. 4. The slope of the fitting curve is 
equal to 0.65, which is very close to the value 2/3 
expected on the basis of conventional indentation 
fracture mechanics.2p13,14 

Similar observations were performed on 
annealed specimens. Indentation cracks subjected 
to annealing process revealed shape and dimen- 
sions similar to as-obtained flaws. Figure 5 shows a 
typical indentation crack obtained with a load of 
294N and subjected to annealing process. On the 
basis of the observation of annealed indentation 
cracks, it can be stated that no crack healing takes 
place during treatment for 2h at 1000°C in the 
alumina used in this work. 

Further information regarding processes occur- 
ring upon annealing can be obtained if plastic-zone 

Fig. 5. Optical micrograph of a sub-surface indentation crack 
obtained with a load of 294N and subjected to an annealing 

treatment at 1000°C for 2 h. 
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evolution is considered. .It is a well known fact 
that in as-indented specimens, the portion of 
material beneath the contact site is subjected to 
compressive stresses. 8~15 This zone, depending on 
the material, is usually characterized by irreversible 
deformations, such as densification, crushing and 
compaction or shear faults.1° Therefore, the 
sintering and densification process upon heating 
can be promoted at high temperature. Conversely, 
zones corresponding to radial crack are subjected 
to tensile stresses. These oppose the eventual 
healing process. Decorating technique used for 
crack-size analysis allows one to point out plastic- 
zone consistency before and after the annealing 
treatment. Red colorant poured on as-indented 
and annealed specimens intensively penetrates the 
plastic zone (Figs 2 and 5). These micrographs 
reveal that zones beneath indentations in annealed 
specimens are strongly co:lored in the same way as 
in as-indented samples. 

These observations are particularly important 
to understand failure behavior in annealed 
specimens when an external stress is applied. Two 
different models can be proposed to describe 
fracture behavior of annealed indentation cracks 
subjected to an external load. To a first approxi- 
mation, the plastic zone after annealing can be 
regarded as a semi-circular bridge across the 
indentation crack which is stretched upon bending. 
Nevertheless, due to the presence of numerous 
cracks within the bridge, its strength is limited. In 
this situation, when an external stress is applied, 
the bridge is immediately broken and, therefore, 
the contribution to the overall fracture toughness 
is low.*~~~ On the other hand, an annealed 
indentation crack can be approximated to a semi- 
toroidal crack and the stress-intensity factor upon 
bending can be evaluated on the basis of the argu- 
ments proposed by Moss and Kobayashi.39 The 
largest stress intensity always occurs on the inner 
edge of the crack, i.e. on the border of the former 
plastic zone. Depending on indentation load, the 
ratio between inner and outer radius varies from 
0.4 to 0.25. If the free surface effects are neglected 
for simplicity, the ratio between stress intensity 
factors acting on the inner and outer edge, respec- 
tively, varies from GZ 1.4 to z 1.2, the larger value 
corresponding to a higher indentation load. When 
an increasing external stress is applied, failure 
initially starts in correspondence with the inner 
edge and the semi-toroidal crack grows into a 
semi-circular crack. At this point, stress must be 
increased further in order to propagate the semi- 
circular crack and break the specimen. These 
arguments allow one to consider annealed inden- 
tation cracks simply as semi-circular or semi-ellip- 
tical upon bending. 

3.2 Strength and crack evolution upon bending 
Bending strength, af, for as-indented and annealed 
samples as function of contact load is plotted in 
Fig. 6. For annealed samples, strength and inden- 
tation load are related by P in the relation: 

l/3 _ KY3 DfP -- 
ti 

Therefore, if Kc and 1G_ are constant, a linear rela- 
tion exists between P and af in a logarithmic dia- 
gram. The slope of the fitting curve for annealed 
specimens in Fig. 6 is extremely close to the value 
of -0.33 defined in eqn (4). Conversely, for as- 
indented specimens, the trend of a- as a function of 
P significantly deviates from the slope calculated 
starting from eqn (3) for ceramic with constant 
toughness. In this case, if both I,+ and x are con- 
stant, at instability, eqn (3) becomes: 

Therefore, for constant toughness materials, the 
product trfp13 is a constant also for as-indented 
specimens. Deviation of log a- versus log P fitting 
line to slopes smaller than -l/3 is usually taken as 
evidence of R-curve behavior. Such behaviour has 
been observed by O’Donnell et al. on alumina with 
bimodal grain-size distribution, similar to the 
material used in this work.34 O’Donnell et al. 
demonstrated that the presence of large grains is 
responsible for the grain bridging mechanism and 
therefore for R-curve behavior. Deviation from 
-l/3 slope was also observed on coarser grain 
alumina by several other authors.27T31’33 At this 
point, it is important to emphasize that eqn (5) 
requires that @ and x are constant to deduce R- 
curve behavior. Nevertheless, some recent papers 
showed that both shape and residual stress factors 

300 

‘,. ; 

-1 00 ’ I 
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Fig. 6. Bending strength, uf, as a function of the contact load, 
P, for as-indented and annealed specimens. Error bars repre- 

sent the standard deviation. 
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Fig. 7. Normalized plot of the evolution of crack length dur- 
ing stable growth process for indentation cracks obtained at 

98 and 294N. 

can vary during indentation crack growth.9J2>20 
Therefore, exact conclusions from Fig. 6 about 
fracture toughness trend as a function of crack size 
can be drawn only on the basis of precise determi- 
nation of $ and x as crack growth proceeds. 

Crack decorating technique allowed to study the 
crack-propagation process upon bending. As- 
obtained cracks were shown to undergo some 
stable growth before reaching the critical size. 
When an external stress is applied to an indented 
specimen, the semi-circular crack grows into a 
marked semi-elliptical shape, this process becom- 
ing more evident for higher indentation loads. 
Complete evolution of crack size as a function of 
applied stress is shown in Fig. 7. Crack length at 
instability is about 2.5 times the initial size, in 
agreement with indentation fracture mechanics 
principles.2~18~19 Figure 8 shows the semi-elliptical 
shape of a dummy indentation crack produced 
with a load of 294N. Crack size at instability as a 
function of the indentation load is shown in Fig. 9. 
The depth and the surface length of the crack are 
indicated with a,,, and cm, respectively. The ellipti- 
city at instability, e, = ~,/a, increases for higher 
indentation loads. These results are consistent with 
arguments presented by Newman and Raju for 

Fig. 8. Optical micrograph showing the sub-surface profile of 
a dummy indentation crack after stable growth obtained with 

a load of 294 N. 
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Fig. 9. Crack sizes at instability, a,,, and c,,,, (a) and ellipticity 
at instability, e,,,, (b) as function of the contact load, P. Error 

bars represent the standard deviation. 

surface cracks in finite plates under bending 
loads.40 Stress intensity factor is a variable func- 
tion on the front of a semi-circular crack in a bar 
subjected to bending. Stress intensity factor can be 
expressed as: 

K=fa& (6) 

where 0 is the maximum stress acting on the bar, c 
is half of the surface length and f is a shape factor 
depending on the dimensions of the crack and the 
specimen. On the basis of Newman and Raju 
results,40 K can be calculated at various locations 
on the crack front. For semi-circular cracks, K is 
maximum on the surface and minimum at the 
maximum depth. If an indentation crack produced 
with a 15 N load is considered, values off equal to 
1.24 and 1 .15, can be calculated for locations on 
the surface and at maximum depth, respectively. In 
addition, larger differences can be obtained when 
bigger cracks are considered. For an indentation 
crack obtained with P= 294N, f values become 
1.18 and 0.96, respectively. Therefore, cracks 
obtained with larger indentation loads are more 
prone to evolve into semi-elliptical shapes. 

Described evolution for indentation cracks is 
responsible for shape-factor changes as crack 
length increases in a stable fashion in as-indented 
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Fig. 10. Shape factor, I&, evolntion during stable growth for 
indentation crack obtained at 39.2 and 294 N. 

specimens. Shape factor was evaluated40 at each 
stage of stable growth. Figure 10 shows @ values as 
function of surface crack length, c for indentation 
loads equal to 39.2 and 294N. Shape factor is a 
decreasing function of crack size, this trend being 
more pronounced for high(er indentation loads. 

Different behaviour was shown by annealed spe- 
cimens. No evidence of stable growth was 
observed. In addition, in order to demonstrate that 
sub-critical growth was not affecting accurate 
strength measurements, some specimens were sub- 
jected to flexure using cross-head speed ranging 
from 20 pm mini to 20 mm mini. Observation of 
dummy indentations de:monstrates that cracks 
maintain the initial shape up to failure. In addition, 
strength was always equal to that measured at 
O-2 mm min-‘. As pointed out previously, there are 
differences in the shape factor associated with 
cracks obtained using diflrerent indentation loads. 
Therefore, one would expect that eqn (4) is not 
fulfilled as P changes. Nevertheless, on the basis of 
the calculations performed previously, differences 
between shape factors corresponding to 15 N and 
294 N, respectively, are lower than 5 % and, indeed, 
hidden by experimental scatter. 

3.3 Fracture-toughness evaluation 
Analysis of crack evolution during bending tests 
can be used for fracture toughness determination. 
To this purpose, eqn (3) is transformed as: 

@DC2 -= 
P 

K,: $ - x (7) 

Experimental results from interrupted bending 
tests, initial and critical crack measurements can be 
introduced into eqn (7) b:y the terms A = t,hc2/P 
and B - c”~/P. Once a bending test is interrupted 
at the applied stress a(0 5 0 5 c$, surface length c 
and depth a are uniquely defined. Using Newman 
and Raju arguments, 4o shalpe factor can be calcula- 
ted. In this way, A and B are determined. Figure 11 
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Fig. 11. Plot of A = $uc2/P as a function of B = c’.‘/P for 
three different indentation loads. 

shows values of A as a function of B for indenta- 
tion loads equal to 39.2, 98 and 294N. A linear 
trend is evident for all indentation loads. On the 
basis of eqn (7), experimental data were interpola- 
ted by a linear function, thus allowing the deter- 
mination of fracture toughness and residual stress 
factor from the slope and the intercept of the 
interpolating function, respectively. It is important 
to point out that this procedure is rigorous only if 
both Kc and x are independent from crack size. 
From an analytical point of view, this assumption 
is reasonable because if Kc was an increasing func- 
tion of crack length, x should increase as well in 
order to maintain the linear trend shown in Fig. 10. 

However, no physical reasons can be found to 
explain an increase of indentation residual stress 
for larger crack size. Conversely, x could be a 
decreasing function of crack length but, in that 
case, it would be unrealistic to accept Kc as a 
decreasing function of c. Therefore, both Kc and x 
have to be considered as invariant with crack size 
during stable growth of indentation crack for the 
material used in this work. This result is particu- 
larly important, especially with regard to fracture 
toughness. The fact that Kc does not increase as the 
crack propagates means that no toughening effects 
take place as it will be experimentally demonstrated 
in detail in the following section. On the other hand, 
the fact that the residual stress factor remains con- 
stant is in agreement with results presented by Sglavo 
and Green12 who demonstrated experimentally that 
x is invariant during the first stages of indentation 
crack propagation in soda-lime silicate glass. 

Values of Kc and x obtained from interpolation 
of data shown in Fig. 10 are reported in Table 2. 

Table 2. Fracture toughness, Kc, and residual stress factor, 
x, calculated for as-indented specimens 

P (N) Kc (MPad3 X 

39.2 3.48 f 0.14 0.12*0.01 
98 3.34 f 0.06 0~10xk0~01 
294 3.30 f 0.07 0~09*0~01 
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Both fracture toughness and residual stress factor 
are independent from indentation load. Values of x 
can be discussed with reference to eqn (2). If the 
values of elastic modulus and hardness measured 
for the alumina considered in this work are used, a 
value of c ranging from 0.018 and 0.022 can be 
calculated. These values are in good agreement 
with a residual stress factor value experimentally 
determined by Anstis et uZ.,‘~ therefore confirming 
the independence of x from indentation load. 

Fracture toughness can be evaluated also from 
annealed specimens. As pointed out previously, in 
this case, failure occurs in an unstable manner. 
Therefore, K, can be calculated by the relation: 

where of is the strength and ci the crack length. 
Crack-shape factor was calculated in the usual 
way40 and results from bending tests and crack-size 
measurements were introduced into eqn (8). Frac- 
ture toughness equal to 3-49 f 0.22 MPa&G, 3.00 It 
0.08 MPa&G and 3.35 f 0.11 MPaJm were obtained 
at indentation loads of 39.2, 98 and 294N, respec- 
tively. These results are almost in agreement with 
K, values measured on as-indented specimens. 

Fracture-toughness values can be compared to 
results previously obtained on similar materials 
and discussed in terms of microstructure. It is 
important to point out that calculated fracture 
toughness is independent of crack length. This is in 
disagreement with results presented by O’Donnel 
et al. for similar glass containing alumina.34 These 
authors presented a marked fracture toughness 
increase as a function of crack size. KC was shown 
to change from 2.5 MPa,/Z at c= 100 pm to 
3.5 MPafi at c = 500 pm. This R-curve behavior 
was explained taking into account crack-bridges 
formation promoted by coarser alumina grains.34 
Observations of interaction between crack front 
and microstructure in the alumina used in this 
work allows one to explain the independence of KC 
on crack size. Fracture is both intergranular and 
transgranular, regardless of the size of the grain 
encountered by the crack front. Despite the pre- 
sence of large elongated grains, these do not act as 
bridges for the crack faces. This observation 
demonstrates the relative high grain boundary 
fracture toughness which does not allow any grain 
sliding. The different behavior between the alumina 
used in this work and that used by O’Donnel et 

~1.~~ can be found in the amount and in the com- 
position of the glassy phase. A larger amount of 
glassy phase and the presence of alkali oxides like 
NazO and MgO can account for a larger strength 
of the grain boundary glassy phase observed in the 
alumina used in this work. 

At this point, the experimental procedure pre- 
sented in this work for the determination of KC can 
be discussed and compared to similar experimental 
techniques previously proposed by other authors. 
Several papers deal with fracture toughness deter- 
mination from the fracture strength of Vickers 
indented specimens. In many of these articles, 
crack shape was assumed as semi-circular and $ 
and x are considered as constant. As already poin- 
ted out, these hypotheses sometimes lead to erro- 
neous results. Only in recent years has a tendency 
to a more accurate evaluation of crack shape been 
shown. From this point of view, papers by Smith 
and Scattergood and Steinbrech and co-work- 
ers3,5,29,35 can be considered. These authors pre- 
sented a similar procedure based on in-situ stable 
crack-growth technique. Indented specimens were 
stressed in flexure by a fixture equipped with a 
microscope which allowed the observation of a 
stable growth process on the surface. The proce- 
dure presented in this work presents some advan- 
tages with respect to the method presented by 
Smith and Scattergood and Steinbrech and co- 
workers.3,5T29,35 First of all, the experimental 
apparatus is particularly simple, consisting only in 
a bending test device and, separately, in an optical 
microscope. In this way, crack-size measurement 
can be performed separately from bending test. An 
important advantage of this procedure is that 
measurement of fracture toughness and residual 
stress factor is possible also at high temperature. A 
further positive aspect is that sub-critical crack- 
growth effects can be avoided, due to the possibi- 
lity of a relative high loading rate upon bending. 
Therefore, crack growth can be controlled only on 
the basis of equilibrium condition (K = KC). 
Finally, the presented procedure allows an exact 
determination of the indentation crack evolution at 
each stage of the stable growth process. 

4 Conclusions 

A simple crack decorating technique for fracture 
toughness measurement from indented specimens 
was presented. The procedure was applied to an 
alumina ceramic. Both as-indented bars and speci- 
mens in which indentation residual stress has been 
removed by annealing were considered. Indented 
specimens were subjected to bending tests which 
were interrupted at maximum stress ranging from 
zero to flexural strength. In this way, a decorating 
technique allowed one to study the complete evo- 
lution of the indentation crack. As-obtained cracks 
were shown to evolve from a semi-circular shape to 
a marked semi-elliptical geometry, this phenom- 
enon being more pronounced at higher indentation 
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loads. Flaws in annealed samples remained semi- 
circular up to failure. Determination of the crack- 
shape factor by previous theories allowed the 
calculation of residual stress factor and fracture 
toughness. K, was shown to be invariant with 
crack length and indentation load, in agreement 
with observations regarding the interaction of 
crack front with the microstructure of the material 
used in this work. 
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