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Acoustic emission from AI,O -Mo 
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Acoustic emission has been used to investigate the fracture processs in AI203 and an 
AI20,-Mo fibre composite. The acoustic emission data indicate extensive micro-fracturing 
at loads considerably less than that required to cause fracture in AIzO~. The acoustic 
emission emanating from the composite in the early stages of fracture is very similar to 
that observed in AI20~. However, as final fracture is approached the acoustic emission 
profiles differ considerably. The acoustic emission profiles are discussed in terms of the 
fracture mechanisms. 

1. I n t r o d u c t i o n  
Considerable effort has been expended in recent 
years in attempting to overcome the inherent 
brittleness of ceramics. One of the main 
approaches has been the incorporation of a 
ductile second phase either in the form of 
particles [1] or as fibres [2-4] into the brittle 
matrix. In spite of this effort the detailed fracture 
processes and the major factors controlling 
fracture toughness are still unclear, even though 
considerable progress has been made [3, 5]. A 
technique which appears to have considerable 
potential for elucidating the fracture process is 
acoustic emission (A.E.) and this has been used 
in several recent investigations of fracture 
[6-8]. 

Acoustic emission refers to the elastic waves 
produced as a result of the energy released when 
a material undergoes deformation and fracture. 
These waves can be detected at the surface of 
the material with high sensitivity transducers. 
For a recent review see the paper by Liptai et al 
[9]. 

The present investigation considers the 
acoustic emission resulting from the deformation 
of polycrystalline AI~O3 and Al~O3 containing 
Mo fibres, which significantly increases the 
fracture toughness of A1203 [4]. 

2. Experimental procedure 
Three-point bend specimens of dimensions 
7.4 • 6.4 • 25 mms with a central notch of 1.9 
m m  depth, were produced by hot-pressing at 
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1400~ for 1 h under a pressure of 35 MN m -2. 
A1203-Mo fibre composite specimens were made 
by adding Mo wires of length 3.2 and 0.05 mm 
diameter and hot-pressing under the same 
conditions as for the A1203 specimens. A 
volume fraction of 0.04 Mo wire was used with 
all specimens having a final theoretical density 
> 98 ~o. As a result of hot-pressing the Mo fibres 
tended to be aligned along the long dimension of 
the specimen. All specimens were deformed at a 
displacement rate of 0.005 cm min -1. 

Acoustic emissions were detected with a 
lead-zirconate-titanate transducer having a rela- 
tively high frequency band of 100 to 300 kHz, 
which eliminates the necessity of an acoustically 
silent testing machine. The transducer was 
coupled to one end of the bend specimen with a 
thin film of high-vacuum grease to give good 
acoustic coupling. Signals from the transducer 
were recorded on magnetic tape and then 
analysed by playing the signals back through a 
rate counter. By setting different trigger levels 
on the rate counter an indication of the dis- 
tribution of pulse amplitudes involved at 
various stages of the test could be obtained. A 
more detailed discussion of the testing technique 
employed has been given in a previous publica- 
tion [10]. 

3. Results 
Before considering the acoustic emission results 
in detail it is necessary to show that the acoustic 
activity is emanating from the specimen rather 

�9 1974 Chapman and Hall Ltd. 



A C O U S T I C  E M I S S I O N  F R O M  AI~O3-Mo F I B R E  C O M P O S I T E S  

4 0 0  

-- LOAD 
"~s176 1200 - - - - -  AE 

IO00P 

.z" 

6oo i l ,96 
~: "EL j 
o oo 

. .~f~.l  I " . :_ i~- . . . . - -  I- i" 
,. ~ _ . , _ < i : ~ .  / . . . . . .  

200 400 600 800 I000 1200 1400 1600 180(3 
DEFLECTION (x 10 5 era) 

Figure 1 The profile of emission rate (N) against deflection 
for unnotched AI20= at different trigger levels. 

than the loading device. To check this a specimen 
was intermittently loaded and unloaded while 
monitoring the acoustic activity. Kaiser [11] 
showed that acoustic emission activity is 
irreversible in the sense that acoustic emissions 
are not generated during the reloading of  a 
material until the stress level exceeds its previous 
maximum level. This was the case for the present 
experiments and, hence, it is reasonable to 
conclude that the acoustic emissions are 
emanating from the specimen being strained. 

3.1. Acoustic emission from AI203 
Fig. 1 shows the typical profile of emission rate 
against deflection for an unnotched A120~ 
specimen. It  can be seen that considerable 
acoustic activity begins early in the test and is 
significant from about 0.2 crF where crF is the 
fracture load. By "significant" we mean that 
even if noise from the loading machine and 
background noise from the electronics are 
assumed to be contributing to the measured 
emissions the detected activity is much above 
this background effect. The profile shows a 
peak in activity at a deflection of about 800 x 
10 -~ cm which was quite reproducible from 
specimen to specimen although the peak some- 
times took the form of  a plateau. A second peak 
in activity occurs just prior to final fracture, the 
height of this second peak being considerably 
larger (~-~ x 2) than the first peak. Final fracture 
was accompanied by extremely high activity, 
often beyond the range of  the ratemeter used, 
together with an audible noise. 

In the case of a notched A12Oa specimen the 
rate profile and the total counts against deflec- 
tion is as shown in Figs. 2 and 3. It  is apparent 
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Figure 2 The profile of emission rate (N) against deflection 
for a notched A1203 specimen at different trigger levels. 
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Figure 3 The total number of counts (Y~N) against 
deflection for a notched A120~ specimen. 

that the profile is very similar to the unnotched 
specimen but the total deflection involved and 
hence total number of counts is less. 

3.2. A c o u s t i c  e m i s s i o n  f r o m  A l ~ O r M o  f i b r e  
c o m p o s i t e s  

The count rate profile of a notched composite 
specimen containing Mo fibres is shown in Fig. 
4 and its total number of  counts with. deflection 
together with the load-deflection plot in Fig. 5. 
Considerable acoustic activity is observed at 
small deflections and continues throughout the 
test, as in the case of A120 8. However, in sharp 
contrast to the A.E. behaviour of AI~O~, the 
composite shows a considerable period (from a 
deflection of 1200 • 10 -5 to about 1450 x 10 -5 
in Fig. 4) of  very low activity. This behaviour 
was a characteristic of all the composite samples 
tested. 
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Figure 4 The emission rate against deflection for a 
notched A1203-Mo fibre composite. 
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Figure 5 The total number of counts against deflection 
and the load-deflection plot for notched A1203-Mo fibre 
composite. 

4. D i s c u s s i o n  
4.1. A c o u s t i c  e m i s s i o n  a n d  f r a c t u r e  

p r o c e s s e s  

The results clearly show that release of elastic 
strain energy is occurring at loads far below the 
fracture stress, both in the A1203 and in the 
composite. Considering the A1208, the release of 
elastic energy could result from several causes, 
but in the present case only three sources are 
probable, and these are dislocation motion, 
twinning and crack phenomena. While plastic 
flow and twinning have been observed in A1203 
at high temperature they have not been detected 
at temperatures as low as room temperature. 
The acoustic emission results however, indicate 
very extensive activity at room temperature 
which is incompatible with the plastic flow 
behaviour of Al203. In addition, the amplitude of 
the events are extremely large in comparison 
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with those exhibited by dislocation motion in 
metals. This leaves "crack phenomena" as the 
most probable cause of emissions. 

The acoustic emission results therefore in- 
dicate considerable sub-critical crack growth 
prior to final fracture and increasing significantly 
just prior to macroscopic fracture. A crack only 
propagates after satisfying the energy condition 

dU dW 
dc = d--c- (I) 

where U and W are the stored elastic energy and 
the energy dissipated irreversibly, respectively, 
and 2c is the crack length. For  propagation of 
an elastic crack, where the only dissipative force 
is the energy of new surfaces, Equation 1 reduces 
to the Oriffith equation 

= (2EylV~ 
\ - g T /  (2) 

for an elliptical crack normal to a tensile stress or. 
Satisfying Equation 2 immediately leads to 
instability, but as pointed out by Olucklich [12] 
satisfying Equation 1 does not a priori result in 
instability. For example, the Griffith criteria 
assumes that dW/dc is a constant, while it may, 
in fact, increase with c to create the inequality 

dU dW 
- de <-d-de" (3) 

This condition would be satisfied if crack 
blunting resulting from plastic flow occurred. In 
the case of A12Oa it is unlikely that sufficient 
plastic flow occurs to achieve this. Limited 
plastic flow, if any, is supported by the fact that 
fracture toughness test on A1203 indicate a 
surface energy of about 3 x 104 erg cm -~, which 
is only a factor of ten higher than the theoretical 
value. In metals, on the other hand, where 
extensive plastic flow occurs, theoretical and 
experimental values often differ by 105 times. 
It should be noted that acoustic emission itself 
is an energy dissipation mechanism which 
would contribute to the apparent surface energy. 
An alternative mechanism for producing stability 
is for dU/dc to decrease with increasing crack 
length rather than increasing as in the Griffith 
theory. This can be achieved by the crack 
propagating from a high tensile stress region 
into one of lower stress such as might occur in a 
matrix containing varying residual stresses. 
Since the specimens are produced by hot- 
pressing, non-uniform residual stresses are a 
distinct possibility. A similar suggestion has been 
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made by Scholz [13] in reference to the fracture 
of rocks, which also show extensive acoustic 
activity at stresses far less titan the fracture 
stress. Fracture of extremely brittle particles in 
the A12Oa matrix could also achieve this effect 
and give rise to the A.E. observed. 

The A.E. results indicate, however, that 
sub-critical stable crack growth occurs quite 
extensively prior to fracture in both the AI~O a 
and the composite. This activity increases 
significantly as the fracture stress is approached. 
This would be expected, since as the stress is 
increased one is getting closer and closer to the 
instability criteria which is satisfied at the 
fracture stress. The similarities between the 
acoustic emission profiles obtained from A1203 
and A120~-Mo composite at comparable deflec- 
tions suggests that the fracture processes are 
essentially similar in the early stages. If  this is 
the case, one would expect 

ZN 
- -  _~ constant 
D 

where ZN is the total number of counts, D is 
the deflection, for both A1203 and A12Oa-Mo 
fibres. Considering the notched AlzO~ data in 
Fig. 3 we obtain for a 50 laV trigger level 

2JN 35 x 10 ~ 
D 700 x 10 -~ 

= 5 x 106 counts per cm deflection. 
For the composite in Fig. 5 we obtain, 

Z'N 60 x 10 a 
D 1200 • 10 .5 

= 5 x 106 counts per cm deflection. 
Of course this exact agreement is fortuitous, 
however the similarity in the A.E. behaviour is 
clearly established. Notice that we have only 
considered the A.E. behaviour in the composite 
up to the period of very low activity prior to 
final fracture. The later stages of fracture in the 
composite differ significantly from the A12Oz as 
will be shown in the next section. 

4.2, Fracture process 
The fracture process in A120 3 is the normal one 
from brittle materials. Although sub-critical 
stable crack growth does occur prior to the 
final fracture as shown by its A.E. behaviour, 
the instability condition, i.e. - (dU/dc) > 
(dW/dc) is reached very rapidly. 

In the case of the A1203-Mo composite we 
have a similar situation in the initial stages of 

Figure 6 Crack branching and deflection at fibres. 

fracture. Crack initiation occurs at the notch 
and propagates through the AlcOa. In all 
specimens tested this initial crack immediately 
extended through at least 80 ~ of the thickness 
of the specimen and in several cases through over 
90 ~ of the thickness. There is a tendency for 
crack branching and deflection at fibres as shown 
in Fig. 6, where the white areas are the fibres. The 
crack by-passes the fibres by a process of occlu- 
sion, however, the specimen does not split in 
two since the fibres cross the crack, linking the 
matrix on either side of the crack. This crack 
process is in agreement with the acoustic 
emission results in that the acoustic profiles are 
essentially the same in A1203 and in the com- 
posite, which is expected since only fracture of 
A1203 is occurring in this initial period. 

In previous work on A1203-Mo composites, 
Tinklepaugh [2] detected microeracking in the 
composite immediately after hot-pressing, attrib- 
uting this to differential thermal expansion be- 
tween A1203 and Mo. In the present specimens 
no initial microcracks could be detected, either 
metallographically or with dye penetrant and 
the initial acoustic emission activity in terms of 
rates, amplitudes, etc, were very similar in 
A1203 and AlzO3-Mo. Hence, initial micro- 
cracks, if present, do not appear to be particu- 
larly influential in the present case. 

Further deflection of the specimen after the 
initial crack has been formed, results in opening 
up of the crack and the gradual pulling out of 
the fibres. The acoustic activity during this 
stage of the fracture process increases again and 
with the means of analysis available during the 
present study, is very similar to the activity 
observed prior to initial crack propagation. This 
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suggests that the fracture mechanisms are the 
same in both cases, i.e. pull out of  the fibres 
involves brittle fracture of  the A1203 matrix in 
the neighbourhood of the fibres. I t  should be 
noted, however, that some additional macro- 
scopic cracking of the Al~O3 matrix also occurs 
during this period and this is accompanied by 
extremely large bursts of  activity. 

In the very last stages of  fracture, necking 
down of the fibres occurs and final fracture 
usually corresponds to ductile failure of  the Mo 
fibres, as was also observed by Simpson and 
Wasylyshyn [4] in scanning microscopy photo- 
graphs. This necking down of Mo fibres corres- 
ponds with a very low acoustic emission activity 
which supports the initial contention that the 
early acoustic emission activity is associated 
with the failure of  A1208. 

No detailed measurements of  fracture tough- 
ness were made as these have already been 
reported [4], but an increase in fracture tough- 
ness was observed in the composite. This 
appears to be due to the extra energy necessary 
for crack branching, fibre pull-out and necking 
down of the fibres to produce final fracture. 

5. Conclusions 
Acoustic emission has been used to follow the 
fracture process in A1203 and AI~O3-Mo fibre 
composites. The acoustic emission indicates 
extensive microcracking prior to final failure in 
both A1203 and the composite. In the composite 
the acoustic emission indicates that fibre pull- 
out is accompanied by microcracking of  the 
A12Oa matrix, similar to that observed prior to 
initial macroscopic cracking. 
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