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Compressive failure modes of alumina in
air and physiological media

A. NASH*

Department of Metallurgy and Materials Science, Imperial College, Prince Consort Road,

London, SW7, UK

Two types of a-alumina, D975 and D997, were tested under compression in air and in
physiological media and the acoustic emission data recorded for each test. The typical
pulse width and amplitude distributions in these tests are discussed. The scanning electron
microscopy examinations showed that twinning features were encountered more
frequently in the less pure material, D975, which showed a transgranular mode of
fracture, while the high purity alumina had intergranular fracture surfaces. A slow rate
acoustic emission, 10 to 30 events per minute, gave early warning signals of failure at
about 50% failure stress, o;, and catastrophic failure started at above 87% o;. The
decreased strength values are related to the surface interactions with the electrolytes in

the physiological media.

1. Introduction

Alumina is considered for its use as a prosthetic
materjal as it may overcome disadvantages inher-
ent in materials currently in use. A general review
of the early developments and the basic principles
of implant selection has been given by Hastings
[1]. While the metallic prosthetic components
show a greater toughness, ceramic components are
biologically more compatible and corrosion resist-
ant in the body fluid [2, 3]. High purity alumina
offers excellent wear properties and high compres-
sive strength where the earlier prosthetic materials
such as acrylic and Co--Cr alloy have shown
abrasion of the bearing surface. On the basis of
these considerations high purity alumina has
gained bioengineering importance.

Microtwins have been observed in single crystals
of alumina at room temperature [4]. Becher [5, 6]
showed that twinning could nucleate cracks at
temperatures in excess of 1200°C and at 22°C.
Lankford [7] reported that shear stresses of about
500—1000MNm™* were required for twinning
which nucleated transgranular microcracks.

A number of workers have studied the effect of
different media on the strength of ceramics
[8—11]. Braiden and Wright [12] reported signifi-
cant strength reduction on bend tests of alumina

in Ringer’s solution at room temperature as com-
pared to similar tests in air.

Frakes et al. [13] found a 35% decrease in the
flexural strength of alumina aged in rabbits for 12
weeks. Ritter et al. [14] studied the behaviour of
alumina in simulated physiological environments
and concluded that such environments tend to
accelerate the fatigue failure of both dense
alumina and bioglass coated alumina materials
although this coating appeared to act as a diffusion
barrier to biological environments. Kraines and
Knapp [15] found no loss of flexural strength in
the case of dense alumina samples aged for 12
weeks in Ringer’s solution. The porous alumina
samples, however, showed a marked loss of
flexural strength down to 73% of the strength
before ageing in the case of samples aged for 12
weeks in Ringer’s solution in an unstressed state
and to 66% for those aged in a stressed condition,

Dalgleish ez al. [16] used acoustic emission, AE,
to monitor double cantilever fracture toughness
tests and reported that 80% of the total number of
events occurred prior to the final fracture and
were associated with the subcritical crack growth.
The number of emissions depended on the amount
of subcritical crack growth, the grain size and the
presence and the amount of porosity. Most high
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30 Figure 1 A typical amplitude
distribution shows that the
majority of events occur around

0 23 to 58 dB energy levels.
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amplitude emissions occurred prior to failure and
those occurred at the time of final fracture tended
to be of high amplitude.

2. Materials and method

Two types of alpha-alumina, 97.5% and 99.7%
pure designated D975 and D997, respectively,
were tested in compression. The grain size in both
types was a few microns with a small portion of
larger grains of up to 25 microns. Rectangular
polished bars were cut to 15mm x 6 mm x 7 mm
samples in the case of D975 and 15mm? cross-
section by 12 mm for D997 using Capco diamond
wheel cutting equipment.

A steel waveguide about 50mm long was
designed consisting of a 3mm diameter rod and
two cone-shaped ends which was bonded to a
sensitive transducer at one end. The waveguide-
transducer bonding was maintained as a unit
assembled in an environmental container surround-
ing the stage of a compression plate. Each sample
was mounted inside the chamber longitudinally
and sample-waveguide bonding was made with an
adhesive. Fach sample was compressed at a strain
rate of 0.55x107%sec™ in an Instron testing
machine following a preloading procedure to
remove the relaxation and the Kaiser effect of the
equipment. The transducer was connected to
Dunegan/Endevco AE equipment via a preampli-
fier. The basic principles of equipment and the
significance of the acoustic emission parameters
are the same as explained elsewhere [17—19]. The
compression load and the acoustic wave data were
recorded by the Instron chart and a two-channel
recorder connected to the equipment, respectively.
At the end of the test samples generally fractured
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explosively into flakes, or powder. Small pieces
from different tests were sputtered with gold and
fracture surfaces were examined using a Cambridge
scanning electron microscope (SEM) at all magnifi-
cations from 50 to 20000. Polished surfaces of
samples before and after loading to stresses up to
85% of the fracture stress were also examined. An
ion beam thinning technique was used to prepare
TEM samples for transmission electron micro-
scopy.

D975 samples were tested in air and in Ringer’s
solution and D997 samples were tested in air,
Ringer’s solution, whole bovine plasma, and albu-
min isotonic solutions prepared in distilled water
and in Ringer’s solution. A minimum of 6 tests
were carried out for each test condition and type
of alumina. '

3. Results

3.1. Acoustic emission

Linear and Ilogarithmic distributions of pulse
widths and amplitudes were plotted. The majority
of events in all tests typically occurred in a range
of amplitudes varying from 23 to 65 dB, Fig. 1.
The AE data of all samples tested in air showed
that 4% of events had amplitudes greater than
60 dB and samples tested in liquid media had up to
15% of the total number of events with amplitudes
greater than 60dB. Recording of the amplitudes
was carried out in energy channels from 1 to
100dB, a typical amplitude distribution for a
given test condition may be described as a vari-
ation in the number of events likely to occur in
each energy channel for those applicable, Table 1.
For example, D975 samples tested in air showed
that the energy channels between 23 to 32 dB had



TABLE T This shows the general trend of amplitude distributions for different test conditions

Test medium Ng per Range of N per Range of

and type of alumina channel amplitudes (dB) channel amplitudes (dB)
D975 samples

Air 10-30 23-32 3-10 32-38
Ringer’s solution 10-35 28-35 3-8 35-50

D997 samples

Air 10-30 25-37 3-10 38-55

Plasma 10-48 27-38 3-15 38-58
Albumin in water - -~ 3-7 30-60
Albumin in Ringer’s solution -~ - 3-15 30-65

recorded a minimum number of 10 events or more
up to 30 events. However, for amplitude levels of
32 to 38 dB fewer events, 3 to 10, were recorded,
Table I. The total number of events in the albumin
solutions were reduced at the lower energy levels.
The amplitudes and the number of events for tests
in other liquid media were greater than those in
air,

Pulse width, pw, analyser had 100 channels in
10 usec increments in which the events were
recorded, a typical distribution is shown in Fig. 2.
The pulse width distributions in most tests showed
a higher population of events at 70 to 120 usec
and fewer events at 120 to 1000 usec, Table IL
From this table it can be seen that D975 samples
tested in air showed a greater population of events,
6 to 20, in the range of 30 to 110 usec pw and
only 2 to 10 events were recorded in each channel
in the range of 120 to 500 usec. Tests in liquid
media have shown events with pw greater than
500 usec which were not recorded for samples
tested in air, Table II. Samples tested in albumin
solutions showed a reduced number of events.

AE signals were first recorded at a slow rate
after reaching a stress equivalent of 50% of the
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failure stress, og, and up to the time of the cata-
strophic failure which occurs at or above 87% oz,
when a rapid rate of AE took over to failure. The
overlapping of signals at the catastrophic failure
time is likely as microcracks developed rapidly and
a great number of ringdown counts were recorded
as the sound became audible. The high energy
amplitudes were recorded prior to failure and dur-
ing the catastrophic failure.

3.2. Microscopy

A study of SEM micrographs showed mainly trans-
granular fracture surfaces in D975 and intergranu-
lar failure in D997 samples, Figs. 3 and 4. All frac-
ture surfaces showed twinning features which were
also observed under the transmission electron
microscope, Fig. 5. Twinning was associated with
large grains and pores. SEM examination of
polished surfaces did not show any twin/r’x/ing
features in samples prior to loading and those
loaded up to 50% o¢, but samples loaded to 50 to
80% o showed twinning features.

4. Discussion
Twins were found to be the main mode of defor-

Figure 2 A typical pulse width
distribution, for the same
samples as in Fig. 1 shows that
a higher population of events

70
usec)

0 60
Pulse W\d‘th x 10

100 occur at 70 to 150 usec pw and

a fewer above 150 usec.
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TABLE II Shows the pulse width distribution for different test conditions

Test medium N per Range of Ne per Range of pws.
and type of alumina channel pws (usec) channel (usec)
D975 samples

Air 6-20 30-110 2-10 120500
Ringer’s solution 8--20 50-150 0-8 120-1000
D997 samples

Air 10-36 40-120 2-10 120-490
Ringer’s solution 5-25 90-120 0-10 100-1000
Plasma 8-38 70-120 0-16 120-1000
Albumin in water 0—4 701000 - -
Albumin in Ringer’s solution 6-14 70-110 0-4 110-1000

pw represent pulse width.

mation as can be seen from the SEM and TEM
micrographs, Figs. 3 to 5. This is in agreement
with the work of Lankford [7, 20] and Heuer [4].
In high purity alumina small amounts of impurity,
such as silica particles, are expected to be present
in the grain boundaries which act as stress raisers
and induce microcracks thus causing intergranular
fracture, The impurity in D975 samples was
greater and twins were encountered more often
than in the high purity alumina and the fracture
mode was mostly transgranular. An increased
impurity content in the lower purity material leads
to sufficient stress raisers inside the grains which

act as nucleation sites for twins. Similarly stress
concentrations are caused by pores of which there
was a greater population in the less pure material.
Two slopes were identified when the number of
events NV, and the number of ringdown counts /,
each were plotted as a function of stress ratios
with respect to the failure stress, o/og, where o and
og are the stress at a given point and the fracture
stress, respectively. These slopes correspond to
slow and rapid acoustic emission rates which began
at two stress levels, o; and g,. About 20% of the
AE occurred during the slow rate at stress levels
above 50% oy, 04, and up to g,. 80% of the AE was

Figure 3 SEM micrograph of D975 sample showing twins associated with a pore and transgranular fracture surface. Mag-

nification X 10K, 19 mm represents 2 microns.
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Figure 4 SEM micrograph of D997 sample at 10K magnification showing intergranular fracture surface and multiple

twins. 23 mm represents 2 microns.

recorded during the catastrophic stage of the fail-
ure which occurred just prior to the total failure
and was accompanied by audible crack propaga-
tion, Table III. The stress levels o, and o,
decreased in the case of samples tested in the
liquid media by 20 to 25% of the corresponding
values in air. Consistent with the appearance of the

AE signals deformation twinning appeared only
above 50% o;. For alumina samples tested at a
strain rate of 0.55x 1073sec™ the AE data of
Lankford {20] shows a threshold stress level of
53% o4 for the formation of twins, comparable to
the results in this work. The slow rate of AE may
be attributed to the formation of twins in areas

Figure 5 TEM micrograph at 260 000 magnification shows a twinning band in confirmation with the SEM results.
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TABLE III The fracture strengths and the stresses at which the first and the catastrophic warning signals start are

given for different test conditions

Test medium Fracture stress

and type of alumina of,and SD (MNm™) o¢,,and SD MNm™) o, %o0s o,and SD(MNm™) o, %oz
D975 samples

Air 1665, 192 950, 163 57 1450, 64 87
Ringer’s solution 1160, 98 732,91 63 1150, 107 99
D997 samples

Air 2150, 348 1170, 190 54.4 2024,212 94.1
Ringer’s solution 1700, 206 847,116 50 1631,179 96
Plasma 1565, 118 965, 146 61 1529, 140 97.7
Albumin in water 1500, 75 861,107 57.4 1414,132 94.3
Albumin in Ringer’s solution 1550, 159 944,91 : 61 1528, 175 98.6

SD — standard deviation.

containing point defects and impurity particles.
On increasing the load to the stress levels greater
than 87% o; and with an increasing number of
twins a rapid extension of subcritical cracks
develops giving rise to an increased rate of AE and
the eventual catastrophic failure. The majority of
signals are therefore due to the rapid extension of
subcritical cracks which were audible at stress
levels above o,.

The concentration of dissociated water mole-
cules in simulated physiological media is very
small, pH = 7.4, however the electrical polarity of
water molecules is significant and will lead to
adsorption on alumina surfaces. This behaviour is
important when the strength of alumina, S, is con-
sidered in relation to its surface energy, G, [21]
according to

S = (GE/x)"?

where E is the Young’s Modulus and x is the inter-
atomic distance. A lowering of the surface energy
leads to a decreasing strength which may occur in
the case of alumina tested in physiological
solution. The surface energy can be lowered as a
direct result of the polar interaction of the water
molecules with the surface atoms of alumina. Con-
tact angle measurements have shown that alumina
surfaces are highly wettable making an angle of 55
degrees with water [22] thus supporting the
present conclusion. The lowering of the surface
energy reduces the strength required to extend the
microcracks on the surface which in turn lowers
the overall strength, Table II.

5. Conclusion

The linear amplitude and pw distributions indicate
that most signals have amplitudes varying from 23
to 60dB and pulse widths of 70 to 120usec. A
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small portion of events have amplitudes greater
than 60 dB and pulse widths longer than 120 usec.

On loading up to o¢; no AE signals were
recorded and no twins were observed. The slow
rate of AE at stress levels between ¢y and o,
formed 20% of the AE and was attributed to the
formation of twins. The main portion of AE, 80%,
occurred at a rapid rate above 0,2 87%0; was
attributed to the rapid extension of subcritical
cracks.

Intergranular failure in D997 is attributed to
the presence of a small amount of impurity in the
grain boundaries as opposed to the transgranular
mode encountered in D975 samples which is attri-
buted to the levels of impurity inside the grains.

A substantial decrease of 20 to 25% in the
strength of alumina tested in liquid media is prob-
ably due to a lowering of its surface energy as a
result of the polar interactions of the water mole-
cules with the surface atoms of alumina.
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