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The Warren Averbach technique was used to determine the RMS strain profile in the AI203 
matrix surrounding Zr02 particles in zirconia toughened alumina. The X-ray domain size was 
found to be ~ lOOnm in all but the most severely microcracked sample. The RMS strain, 
averaged over all domains, decreased nearly linearly from the edge of the domain (presumably 
from the ZrO 2 particle), except when microcracking was detected and then the RMS strain 
level was reduced near the surface of the domain. The maximum RMS strain level increased 
with increasing Zr02 particle size up to the point where microcracking occurred then 
decreased. The results were explained by noting that the maximum RMS strain was directly 
related to the monoclinic content of the sample. 

1. Introduct ion 
The strengthening of transformation toughened alumina 
depends largely on the ZrO2(t~tragona~) ~ ZrO2( . . . . .  linic) 

phase transformation. Stresses in the A1203 matrix 
surrounding the ZrOz particles and within the particle 
itself can affect the transformation in several ways. 
Internal stresses may promote nucleation [1], matrix 
strain energy associated with the transformation may 
be partially responsible for the particle size depend- 
ence of transformation [2] and interactive stresses 
between transforming particles may promote trans- 
formation [3, 4]. 

Stresses surrounding ZrO2 particles in transforma- 
tion toughened alumina have three possible sources: 
(1) the thermal expansion mismatch between A1203 
and ZrO2, (2) stress due to the volume dilation and 
shear associated with the transformation and (3) short 
range stresses due to the twin-matrix interface. The 
short range stresses have been discussed by Evans 
et al. [5]. The former two stresses have been treated 
theoretically and experimentally only in a very limited 
manner. The non-vanishing strain tensor for the 
unconstrained transformation has been given by Chen 
and Chiao [6] and the strain tensor for the unconstrained 
thermal expansion mismatch is given by Schmauder 
[7]. Calculations for the elastic strains both inside and 
outside octrahedrally shaped particles have been made 
[8] but remain unpublished. 

Kriven [9] examined the thermal expansion mis- 
match strains using TEM. He demonstrated that the 
strains are tensile and maximum along a line parallel 
to the c-axis of the tetragonal particle regardless of 
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orientation of the matrix. Strains were still detectable 
at a distance approximately equal to the diameter of 
the particle. The measurements were, however, on a 
foil only twice the diameter of the particle thickness 
and it was necessary to anneal the foil prior to TEM 
examination. Furthermore, quantitative values for the 
strain distribution were not obtained. 

In this study the Warren-Averbach technique [10] 
was used to determine the RMS strain distribution 
around ZrO2 particles in A1203-10% ZrO2 bulk 
samples. The Warren-Averbach approach separates 
broadening due to X-ray domain size and micro- 
strains. Polycrystalline A1203 was used as a standard 
to determine instrumental broadening. This eliminates 
thermal expansion anisotropy strains in the A1203 
leaving only strains due to the ZrO~ particles them- 
selves. It was then possible to measure the RMS strain 
distribution in several samples of varying ZrO2 par- 
ticle size to determine the size effect. 

2. Experimental procedure 
Samples were prepared by sintering AlzO3-ZrO2 com- 
pacts. Submicron ZrO2 powder for the composite was 
obtained by vibro-energy milling commercial zirconia 
(8C30 ZrO2, Magnesium Elektron, Flemington, New 
Jersey.) in water, followed by Stokes' settling under the 
influence of gravity and using a continuous centrifuge. 
The distributions were measured using a light scatter- 
ing spectrometer. (PCS 4700 Light scattering spectro- 
meter, Malvern Instruments, Waltham, Massachusetts.) 
Particle size range above which no particles were 
detected was 0.71-0.86, 0.59-0.71 and 0.48-0.58 
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micrometre, respectively for Samples F, J and G. In 
comparison the as-received powder had an uppersize 
of ~ 20 #m (Sample C) and powder not subjected to 
the continuous centrifuge but milled had an upper size 
of 1.4pm (Sample V). 

The various classes of zirconia were incorporated at 
a constant 10 volume per cent in alumina (A16SG 
A1203, Aluminium Company of America, Pittsburgh, 
Pennsylvania.) by pressure casting of aqueous slips 
containing 50 v/o total solids with ammonium- 
polyacrylate (Darvan 821A, R. T. Vanderbilt, Nowalk, 
CT.) as a dispersant. Disc shaped samples approxi- 
mately 2.5 cm in diameter by 0.5 cm thick were cast. 
The green samples were carefully flattened on one side 
using SiC paper in order that X-ray measurements 
may be made on a flat unground surface after firing. 
Debris from grinding was removed with a sable brush 
and the samples were fired for one hour at 1600 ~ C. 
The fraction of tetragonal zirconia in each sample was 
calculated from X-ray integrated intensity data using 
the method of Porter and Heuer [12]. 

Samples were polished and thermally etched and 
examined under SEM. Quantitative microscopy was 
applied to sample F to determine the size distributions 
of ZrO2 particles. Results presented in another paper 
[4] showed that the ZrO2 particle size distribution 
changed very little during sintering (measured on 
Sample F) but that ~ 10% of the particles touched 
each other. Both dynamic light scattering and quan- 
titative microscopy were unable to detect particles 
much above the upper size limit specified above. 
For instance, in sample F using image analysis on a 
polished surface no particles were detected with an 
equivalent spherical diameter greater than 1.1 #m. 

Elastic moduli of the various sintered samples 
were measured using an elastic through-transmission 
technique described by Bhardwaj [11]. 

The previously prepared faces of the sintered 
samples were examined using the Warren-Averbach 
technique [9] for measuring apparent RMS strain by 
X-ray line broadening. A theta-theta diffractometer 
(Kristalloflex D500T, Siemens.) was employed, step 
scanning over the ranges 40.5 to 45.5 and 92.5 to 97.5 
degrees 2-theta, measuring for 10 seconds every 0.02 
degrees. The peaks of interest were the 113 and 226 
reflections for corundum, occurring at 2-theta angles 
of 43.4 and 95.3 degrees respectively (CuKe radi- 
ation). The raw intensity data in counts per second 
was processed by computer using a Fourier trans- 
formation program. The Fourier coefficients pro- 
duced were then analysed, in order to determine the 
average size of the X-ray diffracting domain and the 
average RMS strain distribution in the matrix of each 
sample. Polycrystalline A1203 was used to subtract out 
the instrumental broadening. 

3. Results and Discussion 
3.1. Elastic modulus and monoclinic fraction 
The average elastic moduli and fraction of monoclinic 
zirconia at room temperature in the samples studied 
are given in Table I. The room temperature mono- 
clinic fraction in the composites increased with increas- 
ing zirconia particle size from approximately 2 per 

T A B L E I Elastic moduli of sintered alumina-zirconia composites 

Sample E Monoclinic 
( • 106 p.s.i.) content (%) 

A1203 54.0 
ZrO2 [15] 27 
Weighted average 51.3 
C (as-received) 30.0 
V ( < 1.4 micrometres) 47.8 
F ( < 0.86 micrometres) 50.9 
J ( < 0.71 micrometres) 50.2 
G (<  0.58 micrometres) 50.5 
B (mixed 90% V and 10% F) 49.8 

100% 
62% 
10% 
5.8% 
2% 

35% 

cent for the body with the finest powder to 100 per 
cent for the body with as-received material. The elastic 
moduli of bodies F, J and G, containing only sub- 
micron zirconia, were all approximately 350GPa, 
which is very near the weighted average for alumina- 
10 v/o zirconia composite. This is a good indication 
that the samples were of similar quality and contained 
few, if any, microcracks which could reduce their 
effective elastic moduli. It is logical to conclude that 
the reductions in modulus observed in materials con- 
taining the coarse tail resulted from microcracking 
due to stresses associated with the tetragonal to mono- 
clinic transformation. Flexure strength measurements 
on samples of the same composition (not covered in 
this discussion) confirmed the degradation in mech- 
anical properties implied by the elastic modulus 
results. 

3.2. Alumina X-ray domain size 
The Warren-Averbach technique deconvolutes the 
contributions to X-ray line broadening due to domain 
size effects from those due to non-uniform strain. This 
is possible because the degree of broadening due to 
domain size effects is independent of the order of the 
reflection, while that due to strain is not. Figure 1 
shows a typical plot of Fourier coefficient against 
depth into the X-ray domain. The shape of the curve 
shows several classical features. The non-linear 
portion of the curve near L = 0 is called the hook and 
is related to inaccuracies in determining the shape of 
the tail of the X-ray peak. All curves extrapolated 
directly to one at L = 0 without normalization as 
expected from the derivation but not usually found 
experimentally. Extrapolation of the linear part of the 
curve to As = 0 yields the average domain diameter. 
The average X-ray domain diameters measured for 
the alumina bodies containing zirconia were all 
approximately 0.1 micrometre, with one exception. 
Body C, containing coarse ZrO2 particles had domains 
too large to measure because they fell outside the 
range that leads to domain size broadening in the 
X-ray curves. 

The physical significance of the 0.1 #m X-ray 
domain diameter in the A1203 matrix is difficult to 
determine. This diameter is much smaller than the 
grain size, which is about 1 #m, and generally, sub- 
grain boundaries are not present in fine grained trans- 
formation toughened alumina [13]. However, the 
presence of dislocations or twins in the A1203 grain 
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Figure 1 Fourier coefficients due to strain broadening against depth 
into domain. 
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Figure 3 RMS strain against depth into domain for sample C which 
is microcracked. 

could reduce the effective size of the X-ray domain 
and account for the measured domain diameter. 

3.3.  A p p a r e n t  R M S  strain d e t e r m i n a t i o n  
Fig. 2 shows RMS strain results as a function of 
distance into the domain for bodies containing sub- 
micron ZrO 2 (samples F, J, and G). In general, the 
average RMS strain measured in the alumina matrices 
of the samples under study was greatest near the edges 
of the domain, declining roughly linearly to half its 
peak within 200 nanometres (0.02 micrometres). This 
was a much faster decline than expected. The RMS 
strain for sample C ( < 2 0 # m  ZrO2), Fig. 3 declined 
more slowly, reaching half its peak within 700 nano- 
metres (0.07 micrometres). 

The shape of the curve for samples V and C was 
somewhat different. The curve for sample C is shown 
in Fig. 3. The stress is not maximum at the surface of 
the domain but it appears that the stress is relieved 
near the surface which may be due to microcracking 
around the ZrO2 particles. The stress profile of sample 
G (0.6ktm), Fig. 2 also is a bit anomalous in that it 
decreases as the others but rises again. This rise may 
result from the nearer proximity of ZrO= particles in 
Sample G (since at a constant volume per cent finer 
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Figure 2 RMS strain as a function of domain depth for samples, 
F ,  J a n d  G .  

* # X-86-N hot-stage, MRC Industries, 
+# 12215/0, PhiIips Instruments, Mahwah, NJ. 

particles are closer to one another) where neighbouring 
stress fields overlap or it may be attributed to back- 
ground effects at the low intensity. 

The maximum RMS strains for all of  the samples 
are plotted in Fig. 4 as a function of  the upper end of 
the zirconia size range before sintering. The elastic 
moduli of the various samples is also shown in Fig. 4. 
It is apparent that the maximum RMS strain increases 
as the zirconia particle size increases, up to the point 
where significant microcracking begins. After that, the 
microcracks act to relieve stresses near the surface of 
the domain and lower the maximum RMS strain. 

It is well known from elasticity theory that the 
magnitude of the stresses at the particle surface are 
independent of particle size and so it is surprising that 
the maximum stress would vary with particle size. An 
alternative explanation is that the monoclinic content 
increased with increasing upper size of the particles, 
the reason apparently being that increasingly larger 
number of particles exceed the critical size, de. The 
maximum RMS strains associated with the three 
samples containing sub-micron zirconia are replotted 
as a function of monoclinic content in Fig. 5. It is 
apparent that, in the absence of microcracking, there 
is a definite relationship between the fraction of zir- 
conia transformed and the RMS strain measured. 
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Figure 4 Maximum RMS strain and elastic modulus as a function 
of upper end of particle size range. 
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Figure 5 Maximum RMS strain against fraction of monoclinic. 

3.4. Calculation of predicted average RMS 
strain in domain 

A general explanation for Fig. 5 is that the Warren- 
Averbach technique averages RMS strains over all 
domains and so as the monoclinic fraction increases, 
so does the magnitude of the average RMS strain. 
According to this point of view the RMS strain may 
be considered to be an average of three types of 
domains: those adjacent to monoclinic particles, those 
adjacent to tetragonal particles and those not adjacent 
to ZrO 2 particles. For simplicity we will consider the 
RMS strain in the latter category to be zero. The 
average RMS strain is thus given as 

e(RMS) = {~Xm[e(3 1 1, monoclinic)] 2 + ~(1 - Xm) 

X [e(3 1 1, tetragonal)] 2 

+ (1 - ~)[e(others)]=} 1/2 (1) 

where ~ = Fraction of matrix domains adjacent 
to zirconia particles, Xm = Fraction of zirconia par- 
ticles converted to monoclinic, ~.(3 1 1, monoclinic) = 
Maximum dilatational strain in domains surrounding 
monoclinic ZrO 2 particles measured along the (3 1 1) 
direction of the A1203 lattice, e(3 1 1, tetragonal) = 
Maximum dilatational strain in domains surrounding 
tetragonal ZrO 2 particles measured along the (3 1 1) 
direction of the A1203 lattice. 
This equation can be rearranged as follows 

e(RMS) = (AXm + B) 1/2 (2) 

where A = ~[e(3 1 1, monoclinic)]: - ,[e(3 1 1, tetra- 
gonal)] 2, B = ~[e(3 1 1, tetragonal)] 2 + (1 - a) x 
[~(others)] 2. 
The data points fit exactly if A = 2.57 • 10 -4 and 
B = - 3.76 • 10 -6 and the curve is shown in Fig. 4. 
B, however, cannot be negative but since both [e(3 1 1, 

tetragonal)] 2 and [e(others)] 2 are very small the value is 
difficult to determine accurately. The strain [e(3 1 1, 
monoclinic)] may be calculated from A if e is known. 
For  a spherical ZrO2 particle surrounded by domains 
0.1/~m thick ~ ~ 0.17 and if ~[~(3 1 1, tetragonal)] z is 
neglected, [e(3 1 1, monoclinic)] = 0.04 which is the 
right order of magnitude for the dilatational strain of 
ZrO2 during the t -o m transformation. 

4. Conclusion 
RMS strains resulting from Z r O  2 particles in an  A120 3 

matrix appear to be directly related to the monoclinic 
content. Results are consistent with a model in which 
strains are averaged around monoclinic and tetragonal 
particles and so the A1203 matrix RMS strain appears 
to be dominated by the RMS strain surrounding 
monoclinic particles. 
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