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Chemiomechanical effects on crack
propagation: polycrystalline «-Al,O,
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The role of environment on microcracks in Al,O; is important as the material has applications
in the biomedical field, such as artificial bones. The indentation method of producing radial
cracks and measuring hardness is good in that it is reproducible. The radial crack lengths in
a-Al,O; are found to be sensitive towards the environment, and the load applied on the
indentor. Long-time Vickers” microhardness and radial crack-length measurements in the
presence of bio-simulating, aqueous and non-aqueous environments on the surface of
a-Al,0, are analysed. In each environment considered, the crack propagation showed a linear
variation with the applied load, and the microhardness decreased similarly with time. Evidence
was sought to show that the presence of water in bio-simulating liquid helps crack
propagation under load. The results are explained in terms of possible interactions between
the molecules of Al,O5 and the chemical environment and surface energies in the presence of

that environment.

1. Introduction

New and promising technologies which require fibre-
‘optic networks, ceramic bone replacements or novel
optical and electronic components have placed a high
premium on ceramics which will prove particularly
resistant to cracking. Indentation analysis [1-3] is a
powerful tool for evaluating and characterizing the
deformation and fracture properties of ceramic mater-
ials, quantified by crack propagation hardness and
fracture toughness [4-6]. The basic concept behind
indentation testing is attractive in its applications and
reproducibility. Intense stress concentration beneath
the indentor contact with the surface of the sample
causes the material to undergo both reversible and
irreversible deformation. The most obvious manifes-
tation of the latter component is the residual hardness
impression. The irreversible component is also re-
sponsible for any attendant crack initiation [7-97,
and the residual stresses can continue to exert a strong
influence on crack propagation well beyond the near
contact zone [2, 3, 10, 11].

Furthermore, crack propagation and microhard-
ness are shown to be influenced by the environment
[12-15]. Several papers [16—25] have reported that
the hardness of oxides such as silicate glasses, single-
crystal alumina and magnesia depends on the environ-
ment in which they are measured. For example, the
hardness of SiO, measured in air is lower than that
measured in toluene. In addition, the hardness values
measured in air are found to decrease with increasing
loading time, while those measured in toluene are

found to be independent of loading time [12]. West-
brook [19, 20, 24] attributed the time-dependent hard-
ness in air to the absorption of water on the specimen
surface, and later Tomazawa and Hirao [13] pre-
sented evidence from infrared absorption spectra that
this diffusion of water is the cause of the observed
decrease in hardness with increasing loading time. In
Si0,, it is also shown that the crack initiation load
depends on the liquid in which it is measured and
decreases with loading time in water [25]. But studies
on the mechanism of indentation-induced crack initia-
tion and propagation have been carried out almost
exclusively on glasses [17-25].

Recently the fundamental deformation processes in
single crystal Al,O; have been identified as being due
to basal twinning and pyramidal slip [16]. Incipient
microcracks are observed at both the twin interfaces
and the slip planes, and both act as nucleation sites for
the ensuing radial and lateral cracks. As Al,O; has
applications in the biomedical field (in the form of
artificial bones) and has to stay in an ambient environ-
ment for a long time (10—20 years) it is interesting to
know the long-time contact-induced crack propaga-
tion in different liquids, particularly in bio-simulating
liquids. In the present work, long-time Vickers’ micro-
hardness and crack-length measurements in bio-simu-
lating, aqueous and non-aqueous liquid environments
on Al,O; are analysed, in order to discover the role of
the liquids on crack propagation. The possible inter-
action between the structure of «-Al,O, and the k-
quids during crack propagation is discussed.
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2. Experimental Procedure

Surfaces of sintered polycrystalline slabs of a-Al,O,
(I cm diameter, 1 mm thickness) were prepared by
NGK, Brazil. The slabs were mechanically polished
using different grades of carborundum powder, and
finally diamond paste. The surfaces were then etched
in hydrofluoric acid and subsequently rinsed in acet-
one to remove fine particles.

As a simplified model for abrasive wear and erosion
of ceramics, the fracture characteristics of the surface
were investigated by introducing surface cracks. The
Vickers’ indentation method was used to produce
cracks using a Rockwell Diamond tester, type BDL
3B. The indentations were performed in both air and
chemical environments at room temperature (25 °C).
Different loads (10-60 kg) for different indentation
times (5-24 h) were used in order to see the crack
variation. The chemical environment was created by
placing few drops of chemical on the surface before
indentation. To ensure the environment, refilling was
carried out during the long-time indentations. After
indentation, the liquid was wiped off with a soft paper
absorber and was naturally dried at room temper-
ature. At least six indentations were made at each load
and time, and the average effect of all of them was
considered.

The residual indentation impression and radial
cracks were observed under the optical microscope,
Neophot 21 (Carl Zeiss, Jena). Surface penetration
around the indentation was observed with interference
patterns using an interference attachment. A mono-
chromatic light source of A=2589.3 nm was used for
interference.

The indentation impression and radial cracks were
also observed with the help of a luminescent liquid
which is produced specially for crack revelation. This
solution, when spread on the surface of the indented
region, penetrates in to the microcracks and produces
visible luminescence under ultraviolet radiation. Here-
after the liquid is referred to as crack-revealing lumin-
escent liquid (CRL hquid). (CRL liquid, supplied by
NGK of Brazil, is an organic liquid, exact composition
not published.) A convergent lens before a Philips UV
lamp (RVM 125 W) was also used to improve the

intensity of light on the surface of the sample. The
diagonal Iength of the impression and crack lengths
were measured both directly under the microscope,
and with the help of CRL liquid, with an accuracy of
0.5 pm. Most times the lengths of the radial cracks
were found to be unequal; thus an average was taken
for each indentation. The chemical environments used
were CRL liquid; humid air (nearly 20% water); sili-
con oil; ring solution (a biochemical liquid useful in
simulating the biomolecules around the bones of
human body: 0.60 g NaCl, 0.03 g KCl, 0.22 g dehydra-
ted CaCl,, 0.31 g sodium lactate in 100 ml water);
water; pentanol; and acetonitrile. In the broad sense,
the environments used were classified as (i} non-aque-
ous (CRL liquid); (ii) aqueous (H,O, Ring solution,
humid air); and (iii} organic (pentanol, acetonitrile).

3. Results and discussion

Fig. 1 represents optical micrographs of the indenta-
tion mark and radial cracks observed (a) directly and
(b) with CRL liquid under the microscope. The in-
dentation was made on the surface of «-Al,O, in the
presence of water by a Vickers’ indentor loaded with
30 kg for 24 h. From Fig. 1, it can be noticed that all
the radial crack lengths emanating from the tips of the
impression left by the diamond indenter are not equal.
Fig. 2 represents an interference pattern surrounding
the impression observed under monochromatic radi-
ation. This reveals that the surface around the impres-
sion is pressed, indicating a change in the surface
energy.

Fig. 3 represents the variation of average radial
crack length (ARCL) measured on the surface of
a-Al,O5 in the presence of water, CRL liquid and
pentanol, with time. The cracks are produced by
applying 30 kg load on the Vickers’ indentor. It can be
seen from Fig. 3 that the ARCL depends on the
environment in which it is measured, and increases a
little faster at the beginning and later slows down,
Among the three different environments, H,O shows
this behaviour clearly; until 30-40 s the increase is
rapid and thereafter slows down. Also, ARCL is high-
est in the presence of pentanol and lowest in CRL

Figure 1 Optical micrographs of the indented surfaces of a-Al,O5 in water, showing the indentation mark and radial cracks observed directly
(a) and by applying CRL liquid (b) under the microscope. The indentation was made for 24 h with 30 kg of load on a Vickers’ indentor.
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Figure 2 Optical micrograph of an interference pattern surrounding
the indentation impression on the surface of a-Ai,O, under a
monochromatic radiation of A=589.3 nm. The variation in the

fringe width around the impression indicates that the surface depth
is not uniform along the radial direction.

liquid. It is a well-established fact that the surface
energy changes in the presence of solvent [25]. As
different chemical environments have different abili-
ties to change the surface energy, the crack lengths are
different in different environments, With time, the
ARCL depends on the reactability of the molecule of a
chemical with the host molecule at the crack tip. The
fact that the rate of ARCL corresponding to pentanol
is more than that of water may be due to the inner
crack defects produced under stress and in the pre-
sence of molecules of reactive nature (pentanol), which
in turn may reflect on the crack length. The low ARCL

in CRL liquid may be because of its non-aqueous
nature.

The variation of ARCL with an increase in load,
applied for 15 min in humid air and in different chem-
ical environments, is shown in Fig. 4. A similar varia-
tion corresponding to ring solution is shown in Fig,. 5.
It can be seen from Fig. 4 that (1) the ARCL at a given
load increases in different environments in the follow-
ing order: CRL liquid < humid air < silicon
oil < ring solution < H,O < pentanol < acetonitrile;
(i) in air and other liquids, the crack length increases
linearly with the increase in load; (iii) at every load
ARCL is lowest in CRL liquid and highest in acetoni-
trile; and (iv) all the lines have a negative intercept on
the y axis.

All the above observations can be explained, as for
SiO,, by a process called dissociative chemi-
sorption [13, 15]. Chemicals, such as water, that lower
the surface energy of a solid will ultimately reduce the
strength of the material and cause the crack tip to
propagate slowly by sequential rupturing of inter-
atomic bonds. It was shown that the amount of energy
required in SiO, to rupture the silicon-oxygen bond
between two silicate tetrahedra drops by a factor of
nearly 20 in the presence of water. In brief, the chem-
ical reaction between the silica and the water reduces
the amount of energy that must be supplied to make
the crack extend. The model of dissociative chemi-
sorption for crack-tip bond rupture predicts that the
chemicals must be able to donate electrons to the
formation of a bond with one of the host atoms (other
than oxygen) at the crack tip, and also to donate a
positively charged hydrogen atom to bind with the
oxygen atom that was once attached to the host atom.
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Figure 3 Variation of ARCL with time in three different liquid environments: O, H,0; A, CRL liquid; [J, pentanol. The cracks are produced
on surfaces of a-Al,0, at 30 kg of load. Fast and slow regions of increase in ARCL with time in all the liquids are noticed.
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Figure 4 Variation of ARCL with load showing similar straight line
behaviour in the presence of different environments. Least-square
fits are made on a computer to draw the straight lines. For clarity,
the experimental points are omitted. The lines (from the top down)
correspond to CRL liquid, humid air, silicon oil, ring solution and
water, and are almost parallel; the last two straight lines, corres-
ponding to pentanol and acetonitrile, are neither parallel to a line
corresponding to that of water, nor to one another.
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Figure 5 Variation of ARCL with load in the presence of ring
solution. Each load applied for 15 min. Experimental points with
error bars are shown; straight line drawn after the least-square fit on
a computer.

In addition, a single molecule of the chemical must be
small enough to fit into the crack tip in such a way
that breaking and forming of the bonds can take place
simultaneously.

The rate of crack growth depends not only on the
chemical environment, but also on the magnitude of
the applied stress. In the absence of stress the surface
of the ceramic reacts very slowly with water. The
surfaces are so unreactive toward water that they will
not even absorb water vapour. Yet the application of
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stress on SiO, surface can cause cracks to grow at
speeds greater than 1 mms~', whereas its surface
dissolution rate without stress is about 10™*" ms™?
[15]. The crack tip focuses stress, the higher the stress
becomes, until it reaches several million N m ~? within
a few atomic dimensions of the tip. Exposed to these
large stresses, the atomic structure of the ceramic
becomes distorted from its normal bonding configura-
tion. Theoretical calculations show that if a silicate
tetrahedron is distorted by pulling on the corner
oxygen atoms, the silicon atom in the centre is more
likely to bond with a water molecule. Furthermore,
the chemical interaction with water will decrease the
force required to distort the metal-oxygen bonds. A
similar mechanism of dissociative chemisorption
under stress is possible in Al,O,, as there are six
oxygen atoms surrounding the aluminium.

Fig. 4 also shows that the crack length in Al,O,
increases with the increase in water content (humid air
to pure water). These observations are strongly de-
pendent on both the load and the environmental
conditions employed for indentation. Hirao & Tom-
azawa [25] have also observed in SiO, that the
diagonal of the knoop indentation depends on stress
and chemical environment. Under these experimental
conditions, the change in hardness was attributed by
them to the change in surface energy. Our results on
Al,O; in aqueous environments are therefore prob-
ably due to the reduction of surface energy modified
under stress, and the action of the molecules of water
at the crack tip. In the presence of pentanol and
acetonitrile, liquids of big molecular size, the crack
lengths are greater than those in aqueous liquids. The
reason may be due to (i) their nature of accepting
water from air, although they do not originally con-
tain water, or (ii) their reactive nature with Al,O;.
However, in all the liquids the ARCL has a similar
variation (linear) with load. This similarity leads us to
examine each variation in detail, in order to discover
the possible common reasons. Thus in the following
discussion the observed crack-length behaviour will
be sought.

Considering the contribution of the surface energy
to hardness, originally suggested by Bernhardt [26],
Frohlich et al. [27] and later by Hirao & Tomozawa
[25], the average diagonal length of the Vickers’ in-
dentor impression, h, and the applied load, L, are
related as

L = ah+ a,h? (1)

where a; and a, are constants. As the radial crack
propagation is one dimensional and the experimental
variation of crack length, I, with applied load is linear
in each liquid environment, we write the relation
between L and [ as

L = A + A4, 2)

where 4, and A, are new positive constants. The
values of the coeflicients A4,, corresponding to the
intercept, and A,, corresponding to the slope of the
line, are obtained for all the curves of Fig. 4 and are
also given in Table L. It can be seen from this table that
the value of A4, is negative for all the curves and 4, is



TABLE I Theconstants A, and A4,, obtained by fitting the crack-
length data of Fig. 4 with Equation 2, and the percentage increase in
crack length with respect to CRL liquid corresponding to different
environments.

Medium Ay A, Percentage increase
(kg) (kg um~?) in crack length

CRL liquid 2294 0.1816 -

Humid air 24.10 0.1818 2.719

Silicon oil 26.19 0.1811 9.349

Ring solution 28.91 0.1816 14.682

Water 28.16 0.1831 16.147

Pentanol 25.64 0.1698 -

Acetonitrile 23.93 0.1608 -

almost constant, except for those corresponding. to
acetonitrile and pentanol: the values of 4, corres-
ponding to the environment of acetonitrile and pen-
tanol are slightly lower than the rest.

The first constant on the right-hand side of Equa-
tion 2 represents the energy reduction due to chemi-
sorption towards the propagation of linear cracks,
while the other constant represents the surface energy
contribution. This can be seen by integrating both
sides of Equation 2 with respect to [ from 0 to [. Then
the left-hand side of the equation, { Ldl, corresponds
to the total work performed during the indentation
and the first term of the right-hand side after integra-
tion, A,/, to the energy reduction to create a crack of
length I (as A4, is negative). The second term on the
right-hand side after integration, A,I1?/2, corresponds
to the work needed to create the new surface. There-
fore 4, and A4, indicate a qualitative measure of the
energy reduction needed to produce a crack, and the
energy needed to create a new surface, respectively.
From Table I, it can be seen that the constant 4,
increases (absolute value) with the increase in concen-
tration of H,O and reaches a maximum in water. The
other constant, 4,, is almost the same, corresponding
to all the aqueous liquids. These variations indicate
that H,O reacts with Al,O; at the crack tip to form
aluminium hydroxide and thus helps in the energy
reduction needed to propagate the crack tip. Silicon
oil also follows the same sequence in the sense that its
corresponding coefficient 4, is in between humid air
and water, and A4, is almost the same as that of water,
indicating a negligible frictional effect and a similar
reaction of the silicon atoms of the oil with the oxygen
atoms of Al,Oj;, to that of water molecules with the
molecules of Al,O5. The constants A, and A, corres-
ponding to acetonitrile and pentanol are slightly less
than those corresponding to water and other environ-
ments. The reason for low values of 4, could be the
larger molecular sizes of acetonitrile and pentanol
than of Al,O,. As these large molecules cannot reach
the exact tip of the crack, their action at the tip could
be assumed to be less. A similar observation in SiO,,
using liquids of large molecular size such as toluene,
was made by Michalske [15]. The lower values of 4,
may be attributed to the following special characters
of these liquids. Pentanol, being highly reactive to-
wards aluminium, forms aluminium hydroxide and
thereby reduces the surface energy. Acetonitrile,

although, non-reactive with Al,O,, is very hygroscopic
in nature, and thus always absorbs water molecules
from the air medium and causes water to react with
the surface of alumina. But the higher crack lengths
than in pure water could be due to a special type of
reaction of the cyanide group with Al,O; under high
stress. However this needs further investigation.

To strengthen the observation of the same surface
energy in the presence of cracks and of environments
consisting of water, we have studied the variation of
hardness with time. The observations are shown in
Fig. 6. From this figure we find that the hardness, in
the presence of all the aqueous liquids, decreases by
the same straight line with an increase in time. The
time variation of the crack length (Fig. 3) and the way
the hardness decreases (both in presence of liquids)
indicate that the energy supplied by the load on the
indentor is used mostly in increasing the length of the
crack, and is also governed by the chemisorption at
the tip of the crack.

Since the chemical reactions at the crack tip are very
slow, long-time crack propagation can be assumed to
reveal an apparent difference in crack length. There-
fore, cracks were produced on an Al,Oj surface by
applying 30 kg of load on the indenter for a duration
of 24 h in the presence of different environments. The
measured values of ARCL thus produced are given in
Table L It is seen from the table that the CRL liquid
has the minimum crack length. The percentage rise in
crack length in presence of other liquids, when com-
pared to CRL liquid, are also given in Table 1. It may
be noted that the percentage rises in crack length
under ring solution and water are almost the same:
this may be due to the high percentage of water in ring
solution. Determination of the long-time percentage
rise in the presence of acetonitrile and pentanol is not
possible as the liquids are volatile. The reason for the
minimum crack length in CRL liquid may be the
blunting of water molecules by the CRL liquid mole-
cules at the site of the crack tip. This is confirmed by
observing the long-time crack lengths in the presence
of CRL liquid, added with different percentages of
H,O. These results are shown in Fig. 7. It can be seen
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Figure 6 Variation of microhardness with time in different environ-
ments. A load of 30 kg is applied for 10's on the surface of a-AL,O;.
Hardpess in each environment follows the same linear variation
with increase in time. (O) water, (A) humid air, () CRL liquid, (@)
ring solution.
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Figure 7 Variation of ARCL in the presence of CRL liquid mixed
with different percentages of water. The cracks are produced at
30 kg load applied for 24 h. As the water percentage becomes equal
to 20, the ARCL becomes equal to that in the environment of pure
water.

from this figure that the ARCL increases slowly until
the water percentage in CRL liquid reaches 5, then
rapidly to 15, and later approaches a value almost
equal to the ARCL in pure water, when the percentage
becomes equal to 20. Hence it may be concluded that
the water reactibility at the crack tip on an Al,O,
surface under stress is greater, and therefore the bio-
liquids and artificial structures of Al,O, will be useful,
considering the effect of water molecules, to give long
durability to artificial bones and other prostheses
made of Al,O; or other, similar ceramic materials.
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