
c&^>. _ c| 4-10 16.5--7 
Contributed paper to International Conference on Neutron Scattering 
Oct. 11-14, 1994, Sendai, Japan August 15, 1994 

TRANSFORMATION BEHAVIOR 

IN A l 2 0 3 - Z r 0 2 CERAMIC COMPOSITES 

X.-L. Wang, J. A. Fernandez-Baca, C. R. Hubbard 

K. B. Alexander, and P. F. Becher 

Oak Ridge National Laboratory SEP 2 3 18^4 

Oak Ridge, Tennessee 37831-6064 O S T I 

ABSTRACT 

Neutron powder diffraction was used to investigate the tetragonal to 

monoclinic transformation of Zr02 in a AI2O3-Z1O2 ceramic composite 

containing 40 vol% tetragonal Zr02- The neutron diffraction data were 

analyzed using the Rietveld refinement technique, which allowed to 

determine the extent of the transformation as a function of temperature. The 

onset transformation temperature determined for this sample was 130 K. 

Below this temperature, the fraction of the monoclinic phase continued to 

increase to about 9 vol% at 80 K and remained constant for temperatures 

below 80 K. The calculated thermal expansion, using the refined lattice 

parameters, was found in excellent agreement with dilatometry data, 

confirming that the sharp increase in the thermal expansion upon cooling 

resulted from the tetragonal to monoclinic phase transformation in Zr02-
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INTRODUCTION 

AI2O3-Z1O2 ceramic composites represent a class of high strength and 

high toughness structural materials. The improved toughness is achieved 

through a phenomenon known as "transformation-toughening" [1]. During 

fracture, the tetragonal (t) Zr02 particles in the crack tip region undergo a 

martensitic transformation to the monoclinic (m) phase. Accompanying the 

transformation, there is a volume increase of approximately 5%. As a result 

of this transformation, the tensile stress at the crack tip is substantially 

reduced and an additional tensile stress must be applied to continue the 

propagation of the crack. 

Clearly, a thorough understanding of the t-»m transformation in Zr02 

is important to the development of A^CVZrC^ composites. Various 

laboratory techniques (e.g., dilatometry and X-ray diffraction) were used to 

characterize this transformation in AI2O3-Z1O2, but to date, no neutron 

diffraction measurements have been reported [2]. With high resolution 

neutron powder diffraction and Rietveld analysis, we have successfully 

identified and studied in detail the t->m transformation in AI2O3-Z1O2 

composites. This paper briefly describes the results obtained for a sample 

containing 40 vol% ZrC>2. Surface limited measurement techniques such as 

X-ray diffraction are not ideally suited for studying the t—»m transformation 

in AI2O3-Z1O2, because the near surface regions of AI2O3-Z1O2 are known to 

be sensitive to sample preparation and handling [2] and, as a result, may 

show different degree of transformation than in the bulk. 

EXPERIMENTAL DETAILS 

The AI2O3-Z1O2 composite sample was obtained by sintering 

commercial Zr02(12 mol % CeC*2) and AI2O3 powders at 1650°C in an oxygen 
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atmosphere followed by controlled cooling to room temperature [3]. At room 

temperature, the Z1O2 grains were fully in the tetragonal phase, as confirmed 

by a combination of neutron and X-ray diffraction measurements [4]. 

Scanning electron micrographs [5] indicated that the composite sample was 

fully dense and had a uniform distribution of ZrC>2 and AI2O3 grains. The 

average grain sizes were 1.2 \xm for ZrC>2 and 1.3 urn for AI2O3. Upon cooling, 

the dilatometry data showed a sharp increase at about 130 K [5,6]. 

The neutron diffraction measurements were carried out at the High 

Flux Isotope Reactor of Oak Ridge National Laboratory using the HB-4 high 

resolution powder diffractometer. Throughout the experiment, the composite 

sample was kept in an aluminum can under a He atmosphere. The can was 

mounted onto the cold finger of a closed-cycle He refrigerator and the 

measurements were conducted between 12 K and 293 K. At each 

temperature, a full diffraction pattern was collected, using 1. 4-A neutrons, 

from 20° to approximately 100° in 20 with a step size of 0.05°. 

RESULTS AND DISCUSSIONS 

The recorded diffraction patterns showed significant changes upon 

cooling from room temperature to 12 K. Fig. 1 compares a section of 

normalized diffraction patterns obtained at 200 K and 12 K, respectively. At 

12 K, the intensity of the t-(l 0 1) reflection was substantially reduced, while 

an additional peak, which can be indexed as the m-( 111) reflection, 

appeared at lower 20. The temperature dependence of these reflections 

established that the onset transformation temperature, M s , was 130±5 K, in 

good agreement with what would be deduced from the dilatometry data. Fig. 

1 also shows that not all t-Zr02 grains were able to transform. 

The full pattern refinement was carried out using RIETAN, a Rietveld 

analysis program developed by F. Izumi [7]. For temperatures above M s (130 
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K), the diffraction patterns were analyzed as a two-phase mixture consisting 

of OC-AI2O3 and t-ZrC>2 phases. Below M s , a third phase, m-Zr02, was added. 

The initial structure parameters for each phase were taken from published 

values [8] and earlier room temperature neutron measurements by Wang et 

al. [4]. In both polymorphs of ZrC>2, the Ce atoms were assumed to randomly 

substitute for Zr atoms. The refinement with the above models resulted in 

satisfactory fits to the recorded diffraction patterns (Rw p = 6-10%). 

From the refined scale factors, the volume fraction of each phase was 

determined, using a phase analysis method described by Hill and Howard [9]. 

For the room temperature data set, the obtained volume fractions are 

40.3±0.5 vol% for t -Zr0 2 and 59.7±0.5 vol% for A1 20 3, in agreement with the 

nominal values. Fig. 2 shows the temperature dependence of these volume 

fractions. Between room temperature and 130 K the volume fraction of the t-

Z1O2 phase was almost constant. Below 130 K, a fraction of t-ZrC>2 particles 

began to transform to the monoclinic phase. The transformation continued 

steadily until the temperature reached 80 K. Below this temperature, the 

amount of the t-ZrC>2 and m-Zr02 phases remained constant at about 31 vol% 

and 9 vol%, respectively. To within the experimental precision, the volume 

fraction of the AI2O3 phase did not show significant changes during the 

transformation, as expected. 

The refined lattice parameters for each phase show drastic changes 

through the transformation and will be discussed elsewhere. With the 

knowledge of the volume fraction and the lattice parameters for each phase, 

it is possible to calculate the overall volume change and hence the bulk 

thermal expansion of the composite. To a first-order approximation [10], the 

relative length change with respect to a reference temperature To is given by, 
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where / and v denote, respectively, the volume fraction and unit-cell volume 

of the phase of concern. Fig. 3 compares the thermal expansion thus 

calculated with the dilatometry data. The agreement between the two is 

excellent, considering that the calculations contain no adjustable parameters. 

The comparison also confirms that the sharp increase in the thermal 

expansion upon cooling results from the t—>m transformation in ZrC>2. As 

shown in Fig. 3, for this sample, the overall length increase through the 

transformation was about 1.5%. 

In the past, dilatometry has been frequently employed to determine 

the M s temperature that was needed for modeling the fracture toughness due 

to transformation-toughening [6]. The present neutron diffraction 

experiment justifies the continued use of M s obtained with the dilatometry 

method. However, since dilatometry measures the overall expansion of the 

composite, the transformation could be hard to detect, especially if only a 

small amount of t-ZrC>2 transforms or if the transformation extends over a 

very broad temperature range. In those cases, the use of neutron diffraction 

becomes essential in obtaining reliable M s for these composites. 
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FIGURE CAPTIONS 

Fig. 1 Comparison of partial neutron diffraction patterns (k = 1.4 A) 

collected at 200 K and 12 K, respectively. The solid lines are 

Gaussian fits to the experimental data. 

Fig. 2 The relative volume fractions obtained from the Rietveld analysis as 

a function of temperature. The estimated standard deviations are 

about the size of the symbols and are not shown. 

Fig. 3 The thermal expansion of Al203-Zr02. The open triangles are 

obtained from dilatometry measurements. The solid circles are 

calculations using the refined parameters obtained from the Rietveld 

analysis. The solid curve is a guide to the eyes for the dilatometry 

data. 
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