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ABSTRACT

Samples of commercial sintered alumina, and alumina-zirconia composites have been
characterised in terms of grain size and porosity, and the presence of second phase
inclusions. Measurements of the fracture toughness and acoustic response of the
materials have been made using the SENB test, and the results have been interpreted
in terms of observed microstructure.

KEYWORDS

Alumina, alumina-zirconia composites, fracture toughness, acoustic emission, trans-
formation toughening.

INTRODUCTION

The technique of acoustic emission has been employed in the mechanical testing of
ceramics (Evans and Linzer, 1973; Evans, Linzer and Russell, 1974; Evans and
Graham, 1975; Schuldies, 1973), to monitor the elastic stress waves released as a
result of sudden changes in elastic strain energy due to dynamic processes such as
crack propagation. In particular, the work of the present authors (Dalgleish et
al 1979, 1980) has demonstrated that acoustic emission may be used successfully to
detect subcritical crack growth during the fracture toughness testing of aluminas
over the temperature range 20-1000°C. The earlier work was carried out on isostat-
ically cold-pressed and fired aluminas and this paper reports the results of an
extension of the research programme to hot-pressed alumina, and hot-pressed alumina
containing particles of unstabilised ZrOZ.

EXPERIMENTAL PROCEDURE
Materials
Three aluminas were investigated; two had been Isostatically cold-pressed and fired

on commercial schedules (designated FAOX and A*), and the third had been hot-pressed
from Alcoa A-16 powder (H*).

x supplied by Smith Industries Ltd. + by Anderman and Ryder Ltd. *by N. Claussen.
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The purities quoted by the manufacturers were 95, 97.5 and 99.7% for FAO, A and H
respectively. Three Al 03.2r02 samples* containing 12, 15 and 18 YQ) 7rQ, of
average particle size 2um Were also investigated. These were hot-pressed %rom
Alcoa A-16 alumina and unstablised ZrO2 powder as described previously (Claussen,
1976; Claussen, Steeb and Pabst, 1977)7 Reflected light microscopy was used to
characterise the microstructures of the aluminas, and bulk densities were calculated
from mass volume measurements of carefully machined plates.

Mechanical Testing

Single edge-notched bend (SENB) specimens with dimensions typically 25 x 4 x 2 mm
and aO/w = 0.5 were prepared from the aluminas and the Al 03.Zr0 composites.

The initial crack, of length a_, was cut using a 0.25 mm %hlck, %iamond impregnated,
annular saw, and the specimens were tested at room temperature on a screw-driven
Instron machine at a cross head speed of 0.1 mm/min. The critical stress intensity
factor was determined from the expression:

1
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where P, = fracture load, S = loading span ard Y = calibration factor to account

for allowed variations in the ao/w ratio.

Specimens of the three aluminas, typically 25 x 3 x 3 mm in size, were tested in

3-point bending at a crosshead speed of 0.1 mm/min. The modulus of rupture (MOR)
Op» Was calculated using the equation
3PS
Oy = 5 2
£ 2bw2

The fracture surfaces were subsequently examined in the scanning electron microscope,
the specimens being coated with a 2008 layer of gold to prevent charging.

Acoustic Emission

The acoustic response during mechanical testing was detected using a miniature PZT
resonant transducer, which was coupled to the specimens with grease and held in
position with a spring clip. The output of the transducer was amplified and monit-
ored with standard Dunegan-Endevco acoustic emission equipment capable of ring-down
and event counting together with facilities for measuring amplitude distributions.
The amplitude distributions were analysed using a power law (Pollock 1973) namely:

na) = (a/a )™ 3
where n(a) is the fraction of the emission population whose peak amplitude exceeds

a, a_1s the lowest detectable amplitude, and the exponent b characterises the
amplitude distribution.

RESULTS

Materials Characterisation

The density, porosity and grain size characteristics of the aluminas and Al_O,.ZrO
composites are presented in Table I, and the differences in grain size and poTosity
of the aluminas are illustrated in the optical micrographs of Figure 1.
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TABLE I. The Microstructural Characteristics of the Materidls.

Material Density Porosity  Grain Size (um) Maximum Pore Purity
er 0 . 9

- % Mean Max. size (um %

(xlOSKgm 3) ° 12 (pm)

FAO 375 6.0 4 35 30 95
A 3,79 4.3 3 15 14 97.5
H 3.92 17 i 5 3 99.7
12%Zr0 4:17 1.7 1.2 6 5 -
15%21‘02 4522 10) 152 5 3 -
18%Zr02 4.28 2.1 152 6 3 -

Fig. 1. Optical micrographs of (a) FAO (b) A (c) H and (d) A12032r02.

The microstructure of FAO consisted of a matrix of fine-grained material which
contained a significant number of large grains, some approaching 35um in diameter.
The porosity was mainly intergranular, rounded, and generally smaller than the
coarse grains.

Alumina A contained grains up to 15um in diameter within a fine grained matrix.
The porosity generally consisted of isolated, angular, intergranular voids, although
in some regions the pores were interconnected. Most of the pores were less than 5um.

The hot pressed alumina H displayed the finest grain structure and the lowest per-
centage porosity of the three aluminas. Furthermore, there was little variation in
the grain and pore sizes compared with the broad distributions found in aluminas

FAO and A. The maximum pore size was 3um, the porosity being a mixture of rounded
intra-and intergranular pores, and some angular intergranular pores.

The microstructure of the two-phase Al_0,Zr0O, was very similar to that of the hot
pressed alumina H except for the presefice of small ZrO, particles of mean diameter
2um (Figure 1d), and some associated microcracking (Figure 2). X-ray mapping

using energy dispersive analysis confirmed that the lighter coloured grains were ZrO
Occasionally ~30um regions of poorly sintered ZrO, were observed, but extensive
examination showed that they were not a general féature of the structure and thus
would be unlikely significantly to affect the mechanical properties.

2"

Mechanical Properties and Acoustic Emission

For all the SENB specimens the acoustic emission commenced at a load, PS’ which was
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less than the fracture load, P., even though there was a linear relationship
between load and displacement up to P. It has been shown previously (Dalgleish
et al, 1979; Dalgleish et al, 1980) tgat the emissions prior to failure in a
fracture toughness test are associated with subcritical crack growth.

Fig. 2. SEM of A1203.18%Zr02 showing linked radial microcracks.

The average number of ring-down counts, N, and event counts, N_., due to activity
prior to final failure, were quantified by measuring the counts occurring up to 99%
of the fracture load P_. In general, this accounted for between 50 and 80% of the
total ring-down and event counts monitored at the end of the test. The N, and N T
results for aluminas FAO, A and H are presented along with other acoustic emission
data, in Table II, which also includes as-measured K. . values calculated by
insertion of P, and the initial crack length into equdtion 1. The notable features
of the results are the small number of counts for aluminas A and H, the low value of
the exponent b in the power law (equation 3) for H, and the considerable variation
in the value of K. . for the three aluminas. The amplitude distributions showed
that the differenc€ in N__ and the b-value are due to an increasing number of low
energy events in the sequence H<A<FAO. The smaller the number of acoustic events
detected prior to failure the lower was the final b-value (Table II), which indicates
that the events associated with subcritical crack growth are mainly of low energy.

TABLE II. The Fracture Toughness and Acoustic Response of the Aluminas.

—3/2
Alumina N Ner b B/ S L )
2 As measured Corrected Corrected
%0 via N via PS/PF
ET
FAO 140+84 100£32 1.02 0.96 4.85+0.2 4.99 5.00
A 27+8 3315 0.94 0.94 3.8220.31 3.88 4.00
H 15+6 3016 0.74 0.98 6.09+0.67 - 6.18

The presence of ZrO, particles significantly altered the fracture toughness and the
acoustic emission a§ shown in Figure 3. The dependence of all the parameters
measured, i.e. K. ., b, N and N,, on the volume percentage of Zr0O, was similar,
with the maxima oCcurring at 12%Zr0,. The amplitude distributions“for the

Al 03.Zr0 samples (Figure 4) show %hat the event increment associated with the
Zr%2 particles is mainly due to an increase in the number of low energy events.

The load-displacement curves in the modulus of rupture tests were linear up to the
fracture stress, o_, but no acoustic emission was detected prior to the onset of
catastrophic failure. The b-value and the total number of ring-down and event
counts were less than those monitored during the SENB tests (Table III).
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i Aluminas.
TABLE III. Modulus of Rupture (oF) and Acoustic Response of the

-2
Alumi N N b GF(MN.m )
umina RT ET
FAO 2800+£400 4517 0.68 i?giig
A 980+185 259 0.60 550;26
H 280+94 o114 0.55 ks

ifi i 0,.Zr0, specimens
When examined at low magnification the f;actur; s$rf§c:: gf(;?guié 53) Zné Ap o
i d with those of alumin A
G el e £ FAO Additional features apparent at
the coarse, but overall planar, surface 0 5 j 1 N sy
ifi i f side-branching, particularly in
low magnification were the presence O anchi u X i
i i bility of alumina A to pu
% specimens (Figure 5b), and the suscepti ! i ;
%ﬁezﬁgactgre mode of each of the materials was predominately }ntercrystalllge,
although transcrystalline failure of the occasional large grain was obzervet}.]e
the case of the ZrO,-containing aluminas many ZrQ particles were found on

In

i 0, (Figure 5¢).
fracture surface, iSolated and almost detached from the surrounding Al2 3 (Fig

DISCUSSION

Aluminas FAO, A and H

The acoustic emission prior to failure in the SENB tests was the resuli obeESEUtEd
critical crack growth. To obtain accurate K_. values the crack length subs

into equation (1) should be corrected to account for the growth of the initial crack.
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Fig. 5. Scanning Electron Fractographs of (a) H, (b) and (c) A120 18%Zr0 Samﬁles
3 2 g

The extent of sub-critical crack i
; ! growth was determined from experimentally obtai
correction curves (Dalgleish et al 1980) and from the empirica? relationsii;' e

»

L0 1
2 = M0+ By/Ry)
where a_ and a_ are the initial and final crack lengths. The corrected values for

K;~ are given 1in Table II i
C : and it can be seen that for the test conditi
t%e corrections are small for the three aluminas. SRl

The high K.. for alumina H was a consequence of the small grain size and the 1
percentage 6f porosity, much of which was rounded, whereas the poor fract =
toughness of A was due to the relatively large amount of angular porosit A Th
round§d nature of the porosity in FAO outweighed the large grain Eize ang'h' h ;
porosity content to yield an intermediate value for KIC' e

The acoustic response prior to failure depends on the extent of sub-critical crack
growth, §nd the number of counts per unit area of sub-critical crack extensio i
For algm%na the latter is predominantly dependent on purity, whilst the exte 2. £
sub—crltlcgl crack growth is also affected by grain size ané porosit Xs S
general guide, the more acoustic emission counts that are monitored y%ior toaf il
the greater the grain size, the greater the porosity content and thepmore im uil G
the alumina. However, this generalisation does not always hold when comparli)nge

the acoustic emission from a s o V i ateria
eries of ery simila i i
r #oli 15, as 1s apparent from
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The modulus of rupture o is a function of iti
1 the ease of critical flaw nucl i
propagation, the latter geing quantified by K_.. The low o value forCF;gt;:n g
attributed to the.large initial flaws, as speCified by the maximum pore and grain
;;eas,.compared with those of aluminas A and H (Table IV). The small initial
aw s i
ize and the high KIC accounts for the good modulus of rupture value of H.

The critical flaws in alumina are often semi ipti
-elliptical surface fl1 i
Pratt, 1975) and for such a flaw it has been shown that: Bl

1
= a
¢} 1.68 KIC/YA

E
wherg A is the critical flaw area. The calculated critical flaw areas are

considerably larger than the initial flaw sizes (Table IV), therefore flaw linkin
must have occurred prior to major crack propagation. '
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TABLE IV. Flaw Sizes and Estimated Acoustic Emission.

Estimated A

Alumina Maximum Initia Flaw Area 2
Flaw Area (um) (Calculated) A(um™)
Pore Grain NRT NET
FAO 7.:1x102 96)(102 315)(102 3050 50
A 1.5x102 1.8x102 55x102 190 7
H 7 20 115)(102

The correction curves may be used to estimate the number of acoustic emission counts
associated with the production of a critical flaw if it is assumed that the
mechanism of linkage of the initial flaws to critical size takes place by a similar
mechanism to sub-critical crack growth in SENB tests. The maximum number of

counts estimated are given in Table IV, the area of the initial flaws being ignored.
The estimated number of counts is not insignificant when compared with the
monitored counts (Table III) and would have been detected, if emitted prior to
failure, and if they were of similar energy to the emissions accompanying sub-
critical crack growth in SENB tests. As no acoustic emission was detected prior
to failure in the MOR tests it is concluded that the unit step in the linkage
process is smaller than that in sub-critical crack growth along an extended crack
front in an SENB test. Consequently the acoustic emission due to linkage is of
even lower energy than that associated with sub-critical crack growth and is below
the noise level of the equipment. The amplitude distributions and b-values from
the SENB and MOR tests are consistent withthis suggestion in that the SENB
distributions have a large number of low energy events, associated with sub-critical
crack growth, and high b-values (0.74 to 1:02) . As linkage emission is not
detected in the MOR tests, the distributions correspond solely to events accompany-
ing final failure and are characterised by low b-values (0.55 to 0.68).

A1203.Zr02 Composites

In this section K.. refers to the as-measured value, as the correction for sub-
critical crack growth is small and does not alter the dependence on Zr0O, content.

The change in toughness with volume percentage Zr0, (Figure 3) was Simi%ar to that
reported by Claussen,1976 and Claussen, Steeb and Pabst, 1977, who interpreted the
data in terms of micro-cracking of the matrix resulting from the expansion accompany-
ing the tetragonal to monoclinic transformation of the Zr0O, particles. The energy
absorbed in opening up micro-cracks in a zone immediately In front of the main

crack, and by crack branching was considered to be responsible for the improved
fracture resistance of the two-phase materials.

In the present investigation the fracture surfaces of the Al 03.Zr0 specimens

were undulating, consistent with crack branching, and micros%ructural examination
confirmed the presence of micro-cracking associated with Zr0O, particles. Generally
the cracking was in the A120 , radial from the particles (Figure 2), but sometimes
cracking was evident at the éTOZ/Al O3 interface and within the ZrO, particles.

At low ZrO, contents the micro—cracﬁimg was isolated, being associa%ed with
individual“Zr0, particles, but at high volume percentages (15 and 18%) the radial
cracks were of%en linked as shown in Figure 2. Claussen has suggested that the
linking of the micro-cracks leads to the observed fall in KIC at high volume

percentages of Zr02.
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All the A1,0,.Zr0, samples were acoustically noisier than the hot-pressed alumina
and, as showh in gigure 4, most of the extra acoustic events were of low energy.
This is in agreement with the proposed microcrack model, since the opening of
micro-cracks would occur frequently and would be a low energy process. As the
volume percentage of ZrQO_, increased, leading to micro-crack linkage, so the number

of isolated micro-cracks“opening decreased, giving fewer low energy events and
reduced b-values (Figures 3 and 4).

CONCLUSIONS

i) Good mechanical properties are encouraged in a single-phase alumina by small
grain size,high density, and rounded pores. In general, the acoustic emission
associated with subcritical crack growth in an SENB test is more marked the
greater the grain size, the greater the percentage porosity, and the more impure
the alumina. Acoustic emission resulting from the production of the critical
flaw in an MOR test is not detected.

ii) The mechanical properties of alumina are improved by the addition of an optimum
volume percentage of dispersed fine ZrO, particles. This improvement is believed
to be due to the opening of micro-crack$, and the present microscopy results and
acoustic emission data are consistent with this explanation. Excessive additions
of Zr0, lead to micro-crack linkage and a consequent deterioration of mechanical
properties.
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