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I. INTRODUCTION 

This research program was divided into two phases, one involving creep cavitation, the 
other cavity evolution during sintering. In the former, work was aimed at determining the effect 
of microstructure and stress state upon creep cavitation, while in the l am,  the principal objective 
was the chara Cterization of pore evolution during sintering. 

In order to meet these objectives, the creep cavitation portion of the program was centend 
around small-angle neutron scattering, supplemented by electron microscopy and precision density 

measurements. The neutron scattering measurements yielded cavity nucleation and growth rates, 
and average pore size, distribution, and morphology. These data were used to evaluate current 
cavitation models, and to implement improved modelling efforts. Additionally, stereoimaging 
analysis was used to detexmine grain boundary sliding displacements, which appear to be the 
critical driving force responsible for cavity nucleation and early growth. 

Effort in the pore sintering phase focussed on characterization of pore evolution during 
intermediate and final stage sintering of alumina using both single and multiple scattering 
techniques. Electron microscopy, density measurements, and mercury intrusion porosimetry 
measurements complemented the scattering results. The effects of sintering trajectory, green 
state, powder morphology, and additives were evaluated. These results were compared to current 
sintering models. 

II. SUMMARY OF RESULTS 

Creep Cavitation 

Creep damage mechanisms in ceramics both with or without a grain boundary 
amorphorous phase were studied. For both types of ceramic, creep damage occurs by the 
nucleation, growth, and coalescence of grain boundary cavities. The regimes of dominance of 
these individual processes vary with stress, temperame, microstructure, and composition. Cavity 
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nucleation in ceramics is a continuous, time-dependent process facilitated by stochastic sliding 
of grain boundaries and the associated local stress transients at locations such as ledges and 
triple-grain junctions. Our experimental data indicate that creep cavities in ceramics are 

nucleated mostly on two-grain junctionS by the ledge mechanism, which frequently produces rows 
of equally spaced and sized cavities along a grain boundary facet. Once nucleated, these cavities 
may or may not grow, depending on the local tensile stress transient, which is dictated by grain 
boundary sliding and diffusion. These transient processes lead to three general cavitation 
behaviors: (1) nucleation-dominated cavitation in which creep damage occurs by continuous 
nucleation of cavities that would not grow beyond a certain size; (2) growth-domhated cavitation 
in which transient cavity growth predominates without concurrent cavity nucleation; (3) 
simultaneous cavity nucleation and growth in a transient manner. 

A direct consequence of the relationship between stochastic sliding and cavity nucleation 
is that the initial growth of sliding-induced cavities is inherently transient; experimental results 
indicate that significant fractions of a cavity's overall growth occur during this transient. For 
cavity growth to continue after nucleation, the sliding-induced local tensile stress must not 
diminish, as a consequence of diffusive or viscous relaxation, at a rate faster than that of the 
sintering stress. Cavity sintering occurs when the local tensile stress diminishes faster than the 
sintering stress. For ceramics that show a zero apparent cavity growth rate, the local tensile 
stress appears to be balanced by the sintering stress. Under this condition, cavitation proceeds 
by the nucleation of new cavities at regions adjacent to the existing cavities. The joining of these 
cavities eventually leads to a grain facet cavity. On the other hand, when sufficient tensile stress 

is maintained, the cavities grow until they coalesce to form a grain facet cavity or crack. 

Sintering 

A combination of small-angle neutron scattering (Porod) measurements, multiple small- 

angle neutron scattering measurements, and mercury intrusion porosimetry measurements was 
used to investigate the effect of green body density and the role of MgO sintering aid on the 
densification of alumina. It was found that the initial Connectivity that is established in the green 
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body plays a dominant role in establishing the channel diameters during the intexmediate stage 
of sintering. It was demonstrated that this stage is consistent with topological models. It was 
also shown that the average &reen density plays a sigmficant role in determining the onset density 
at which final-stage sintering begins. The role of MgO as a sintering aid lies, at least in part, 
in its ability to prolong the stability of the intermediate stage of sintering such that the ceramic 
body achieves greater density before isolated porosity is formed. 

The onset of final-stage sintering was indicated, in both the Porod scattering results and 
in the MSANS results, by the appearance of an increasing size of the pore radii as densification 
proceeded. This upturn in pore size, which was not observed to turn down again even when the 
density reached more than 95% of theoretical, occurred in the presence of a very significant 
decrease in the pore number density. 

The microstructural parameters of pore radius and grain size were measured at various 
relative densities for single-phase alumina and alumina containing 12.4 vol. % zirconia in an 
attempt to gain a better understanding of the effect of the second phase zirconia addictive on 
microstructural evolution measurements. Measurements of the pore distributions, obtained from 

the small-angle neutron scattering have identified a complex pore evolution process. During 
intermediate stage sintering, the pore channels with the smaller radii were preferentially removed, 
resulting in a narrowing of the pore distribution and a shift of the distribution peak and the 
average pore size to larger values. The effect of the zirconia addition during intermediate stage 
sintering was to increase the rate of removal of the pores at both ends of the distribution. This 
resulted in narrower pore distributions and larger average pore sizes. 

During final stage sintering, the pore distributions began to broaden. The peak of the 
distributions and the average pore size. decreased during the transition from intermediate to fmal 
stage sintering and then increased monotonically throughout the remainder of densification. 
Rapid increases in the moment representative of the higher end of the distributions, RAO), were 
observed throughout final stage sintering. The zirconia addition resulted in a higher percentage 
of the larger pores, as evidenced by the higher RAO) values and the comparative volume 
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distributions. This observation is thought to be due to the thermodynamic effects of grain growth 

inhibition by the zirconia. 

Grain sWpore size trajectories have illustrated that the zirconia additions resulted in less 
grain growth but larger pore sizes, as measured by either <R> or RAO). No sintering models 
capable of predicting the microstructural trajectories obtained in the study were found. One can, 
therefore, conclude that development of improved sintering models is necessary if one hopes to 
be able to predict the pore evolution process in practical powder compacts. 
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The Role of Zirconia Addition in Pore Development 
and Grain Growth in Alumina Compacts 

Yi-Ming Pan and Richard A. Page 
Southwest Research Institute 

San Antonio, Texas 78228 

Gabrielle G. Long and Susan Krueger 
National Institute of Standards and Technology 

Gaithersburg, Maryland 20899 

Abstract 

The role of 12.4 ~01.96 210, addition in the mierostructure evolution of alumina compacts 

during the intermediate and final stages of sintering was investigated by means of small-angle 

neutron scattering measurements and stereological analysis. Both the pore size evolution results 

and the grain growth data indicate a narrowly defined onset density for the transition to the final 

sintering stage. The presence of 2x0, as a second phase maintains the stability of the intermediate 

sintering stage out to significantly higher density and plays an important role in inhibiting grain 

growth and in preventing pore-grain boundary separation. The influence of the ZrO, second phase 

on pore evolution, grain growth, and sinterability of the alumina-zirconia composite is discussed 

with reference to the behavior of single-phase alumina. 
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I. INTRODUCTION 

The effects of ZrO, inclusions on the grain growth and sinterability of A1203 have been 

investigated by Lange etdX2.  They found that A1203 compacts containing enough Zro, (>5 vol.%) 

to fill most of the four-grain junctions in the alumina matrix showed more effective grain growth 

control than those with low Zro, compositions (6.5 vol.%) in which only some of the four-grain 

junctions were filled.' Since the Zro, inclusions move with the alumina four-grain junctions, the 

grain growth hindrance was attributed to the dragging force exerted on the A1203 grains by the ZrO, 

inclusions. These results are consistent with a pore-drag model developed by Evans and 

co-worker~.~" Lange et aL2 also showed that the Zr02 inclusion phase delayed the initiation of bulk 

shrinkage. They also discussed sintering behavior from athermodynamic viewpoint of pore closure, 

indicating that since pores coordinated by more than a critical number of grains are 

thermodynamically stable, some grain growth may be beneficial in densification. 

Another perspective on sinterability of Al20W2 composites was developed by Zhao and 

Harme? in a study of the effect of pore distribution on microstructure development taking into 

account both the thermodynamics and the kinetics of pore shrinkage. Their experimental results 

on the sintering of undoped, MgO-doped, and 10 vol.% Zr02-doped alumina impregnated with 

large pores showed that, although the grain-growth rate was significantly suppressed by the zr02 

addition, a slightly higher product density was achieved. Zhao and Harmer attributed this beneficial 

sintering effect to the smaller grain size and associated faster kinetics. They also concluded that 

the accelerated kinetics associated with inhibited grain growth were more important than the 

favorable thermodynamics obtained by grain growth. 

The effect of grain growth on pore stability, originally studied by Kingery and Francois,6 has 

been extensively discussed by a number of investigators?' As pointed out by Kingery and Francois 

and others, pore stability depends on both the dihedral angle and the pore/grain size ratio; and there 

is a critical pore coordination number above which the pore is stable, and below which it is unstable. 

Consequently, if grain growth reduces the number of grains coordinating a stable pore to the critical 



number, the pore would either shrink and disappear or become isolated from grain boundaries, 

whereas if the pore coordination number remains larger than the critical value, the pore would 

remain stable. There is a chance that such stable pores will grow at the expense of smaller ones as 

the pores migrate along the grain boundaries, coarsening into larger pores as grain growth proceeds. 

Neither Zhao and Harme3 nor Lange et aZ.12 characterized the evolution of the pore size 

distribution during densification in their studies. The effect of the 2x0, second-phase addition on 

pore evolution is, thus, uncertain. This study represents an attempt to better understand the kinetic 

and thermodynamic effects of ZrO, additions on microstructural evolution, particularly pore 

evolution. In earlier studiesP", the pore-size evolution of alumina, with and without magnesia 

sintering aid, was measured using multiple small-angle neutron scattering (MSANS) and 

small-angle X-ray scattering (SAXS) techniques. Those studies found that the role of MgO as a 

sintering aid lies, at least in part, in prolonging the stability of intermediate-stage sintering such 

that the body achieves greater density before the transition to isolated porosity takes place, leading 

to a finer-grained finished ceramic. In the present investigation, microstructure evolution in 

A.120~Zr0, powder compacts was measured both by MSANS and by stereological analysis. A 

comparison of these results with previous results for single-phase AZO3 compacts is used to identify 

the effect of zirconia on pore coarsening, grain growth, and sinterability of alumina compacts. 

II. EXPERIMENTAL PROCEDURE 

( I )  Samples 

N203 samples containing 12.4 vol.% ZrO, were prepared from Baikowski alumina (CR6, 

6 m2/g) and Toyo Soda zirconia stabilized with 3 mol.% yttria (TZ-3Y, 16 m2/g). The ceramic 

powders were ultrasonically dispersed in distilled water, along with 0.5 wt.% of a polyelectrolyte 

dispersant*, to reach a solid content of 45 vol.%, and slip cast to green densities of approximately 

* Darvan C., R.T. Vanderbilt Co., Norwalk, CT. 
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54% of theoretical density (TD), where TD = 4.24 @an3. The green compacts were formed in 

PTFE molds placed on top of plaster-of-paris blocks. After 55 minutes, the molds were removed 

from the blocks and sealed in a container overnight. The partially dried samples were then removed 

from the molds and resealed into a container for 2 days, after which the container was opened to 

the air for from 5 to 7 days. Finally, the following series of oven-drying steps was conducted: 2 

days at 64"C, 1 day at 81"C, 1 day at 102'C, and 1 day at 1 16'C. This procedure prevented cracking 

and thus produced a dry solid green body. The samples were then sintered at 1600°C in air for 

different soaking periods using identical heating curves (see Ref. 9, Fig. 2). 

(2) Conventional Characterizatbns 

Green density was measured by the geometric method, and the sintered density was measured 

by Archimedes' method with water as the immersion medium. Thermal etching of polished samples 

was performed at 15WC for 1 hour to reveal grain boundaries and other microstructural features. 

Both polished, thermally etched surfaces and fracture surfaces were examined by scanning electron 

microscopy (SEM). Stereological analyses were performed on transparencies on which grain 

boundaries were traced directly from SEM micrographs. An areal analysis method was used to 

determine the mean size and the size distribution of both M203 and Zr02 grains. 

(3) Small-Angle Scattering Measurements 

Detailed descriptions of the experimental techniques employed to characterize porosity using 

MSANS and SAXS have been presented in a number of earlier studies.g'" The formalisms employed 

in the analysis of the small-angle scattering data have also been thoroughly discussed?.'0*'2 Hence, 

only a brief description of the scattering techniques and formalisms will be presented here. 

The interaction that occurs between a neutron and a pore during a scattering event produces 

a phase shift, v, in the neutron. The phase shift depends on the scattering contrast of the pore relative 

to the matrix, Ap, the neutron wavelength, h, and the pore size, 2R, and is given by 
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V = 2AphR (1) 

For porous ceramic compacts, generally 0.1 I v I 2 at small scattering wavevectors, Q (where Q = 

(4d)sin0 and 28 is the angle of scatter), and the scattering is dominated by 

incoherent-multiple-neutron scattering. At large Q, single scattering Hence, MSANS 

techniques were used to characterize the small Q regime and classical single scattering techniques 

were used in the large Q regime. 

The neutron scattering measurements were performed on a 30 m instrument at the 20 MW 

research reactor at the National Institute of Standards and Technology. The MSANS data, obtained 

for each sample at four different incident wavelengths ranging from 0.6 to 2.0 nm and 

sample-to-detector distances of 3.6, 8.0, and 15.3 m and no beam stop in place, were circularly 

averaged to produce one-dimensional intensity, I(Q, versus scattering wavevector, Q, curves. 

Gaussian fits were made to each curve in the Q range beginning at an intensity of = 8540% of I(0) 

and extending to = 45% of I(0). For each curve fit, a radius of curvature, r,, was extracted from the 

standard deviation, o, such that 

Blank spectra, measured at each wavelength with no scatterer in place, were also fitted and a 

correction for the instrument function was made. The radius, R, of the pores, was extracted from 

each corrected scattering curve using the following empirical formula developed for the description 

of multiple scattering:'2 

(for ? 2 5 )  0.85 - 0.5 z }  r, [QR] = 0.926 {?In 

where 5, the scattering power, is given by 

(3) 



with <p being the pore volume fraction and z the sample thickness. The values of R derived from 

the scattering curve from each of the four wavelengths were averaged to obtain an effective radius, 

&do), for the scattering pores in each sample. Each value of L(0)  was refined by allowing both 

R and <p to vary and using a least-squares fitting method and the full MSANS 

The large Q portions of the scattering curves, which are dominated by classical 

single-scattering, were obtained at an incident neutron wavelength of 0.6 nm and a 

sample-to-detector distance of 3.5 m. The data were corrected for parasitic scattering and 

beam-blocked background, and were placed on an absolute scale using a secondary standard. They 

were then radially averaged to obtain the differential scattering cross-section, WdQ, which 

exhibited classical Porod13 behavior. The scattering in the Porod region was used to obtain the total 

pore surface area normalized to unit volume, S N ,  from 

dX 
dQ Q4- = 27c(Ap)2(s/v) 

and the Porod radius, &A=), from 

111. RESULTS 

(1) Sintering Behvior and Microstructure Development 

The sintered density versus time results, shown in Figure 1, can be used to compare the 

sinterability of the A120Jzro, composite containing 12.4 vol.% Zr02 with the undoped single-phase 

A1203 samples (our "13-series") characterized in earlier studies?" Whereas, the presence of the 

ZrO, phase slightly retarded densification of the samples during the intermediate sintering stage, 

the Al2O&30, samples ultimately reached sintered densities only slightly lower than the 



single-phase AZO3 samples after sintering at 1600°C for 30 min. or longer. For example, final 

densities of 98.4% TD for the A1204BOz sample and 98.9% TD for the pure A1203 sample were 

obtained after sintering at 1600°C for 300 min. 

Figure 2 shows the microstructure development of the Al20&9O2 samples at various densities 

provided by sintering at 1600°C with different periods of soaking. As shown in the figure, the 

microstructures of the A1203/2r02 samples were uniformly developed and the grain size grew 

gradually as densification proceeded. The majority of the ZrOz grains, identified by the contrast 

change in the backscattering images, were located at the grain junctions of the matrix. Although 

significant grain growth, particularly in the alumina matrix, can be seen in sample 12-5 with a 

relative density of 98.4% TD, abnormal grain growth did not develop and no pore-grain boundary 

separation was observed in the A1204B02 samples throughout sintering. 

Figure 3 shows SEM micrographs of the single-phase A1203 samples at different densities. 

Abnormal grain growth started to develop in the single-phase A1203 samples when the density 

reached 85.4 96 TD (sample 13-5). Anumber of small pores became separated from grain boundaries 

and entrapped inside the A1203 grains in this sample which was sintered to 1600°C without soaking, 

indicating the onset density of the pore morphology transition from cylindrical to isolated pores 

had been reached. This provides proof of the hypothesis in reference 9 that the transition to 

fiial-stage sintering commences at this density. The development of faceted abnormal grains 

appeared in sample 13-8 after sintering for a longer period (300 min at 1600°C). Differences in the 

locations of the pores were also observed. In the A1203/zTo2 samples, all the pores were located 

on grain boundaries. In contrast, pores trapped inside the large grains were seen in the single-phase 

alumina samples. The separation of pores from grain boundaries observed in the pure alumina 

compacts is direct evidence for the onset of abnormal grain growth, a process that limits densification 

of the powder compacts. 
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(2) Pore Coarsening and Grain Growth 

Table 1 lists the experimental MSANS parameters and the effective pore radii, 1Et,(O), for the 

slip-cast alumina-zirconia samples. It should be mentioned that to apply the MSANS formalism, 

the constraints of ? 2 10 and a phase shift, v, ranging from 0.1 to 2 must be satisfied. However, 

Be& and Hardman-Rhyne'2 showed that if? is sufficiently large, the MSANS formalism may even 

apply if v > 2. The W O )  values for the A120@02 samples, calculated from the MSANS 

measurements, are plotted versus sintered density in Fig= 4. Previous neutron scattering results 

for the single-phase A1203 ~amples~*'~ are also included in this figure for comparison. As seen in 

Figure 4, the rt,,(O) versus density trajectories were quite similar for the Al2OJZrO2 and the A1203 

samples. Kff(0) remained close to its original green state value during intermediate stage Sintering. 

However, Kff(0) increased sharply during final stage sintering of A12042302 This trend is also 

observed in undoped alumina and alumina with 0.25 wt.% MgO additive prepared by either 

slip-casting or cold-pressing from the same alumina  powder^.^^'^ However, the rate at which W O )  

increased during f i i  stage sintering increased as a result of the ZrO, addition. This is more clearly 

seen in the &(O) versus sintering time curves presented in Figure 5. The delayed transition into 

final stage sintering exhibited by the A1204Zr02 samples is also reflected by the smaller W O )  

values exhibited by the A120@02 samples at hold times of 30 minutes or less. 

The KAO) values discussed above represent only one moment (<R4>/<R3>, where e > 

denotes an average over the ensemble) of the pore size distribution. &do) is thus weighted toward 

the high end of the distribution. A second moment of the pore size distribution (<R3>/<R2>) was 

obtained from the single scattering present in the Porod region. This moment, Kff(-), is weighted 

to smaller pore sizes than is b(0) .  However, it still represents a moment that is significantly above 

the mean of the distribution. The KA-) values obtained from the Porod region for the A12042302 

samples are presented in Table 2. 
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Additional information about pore evolution can be obtained by examining how the pore size 

distributions may be changing during densification. Previous small-angle x-ray scattering 

measurements of a number of the high density (97-99% 'ID), single-phase A1203 samples" suggest 

that the pore size distribution present during final stage sintering can be approximated by a 

log-normal distribution. Although similar small-angle X-ray scattering derived pore size 

distributions are not available for intermediate-stage sintering samples, we will assume log-normal 

behavior exists throughout densification. Number weighted pore size distributions were, thus, 

determined for each of the Al20&5O2 and A1203 samples using the assumed log-normal behavior 

and the two moments of the distribution described by W O )  and &(-). In this manner, complete 

pore size distributions were determined. A thorough discussion of the methods involved in 

determining the size distributions can be found in reference 14. The mean of the distribution, a>, 
the peak of the distribution, &, and the width parameter of the distribution, p, were determined 

from 

< R >  
exp( 1 .5p2) 

Rmodc = 

and 

respectively. These values are listed in Table 3. 

The parameters defined by Equations (7), (8), and (9) and listed in Table 3 are representative 

of the number weighted pore distributions. To provide a better illustration of the important larger 

pores in the distribution, the number weighted distributions were converted to volume weighted 

distributions. Volume weighted size distributions illustrating the evolution of the pore distributions 

going from the green state to near full density are presented for the Al,0JZr02 and single-phase 
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A1203 materials in Figures 6 and 7, respectively. These figures, in which the volume is plotted on 

a logarithmic axis to facilitate comparison of samples with large differences in total pore volume, 

indicate that the two ends of the distribution decreased more rapidly than the center during sintering 

from the green state up to 91% TD. However, further sintering to near full density resulted in a 

decrease in the volume of small pores and an increase in the volume of large pores. The increase 

in the volume of large pores implies that substantial pore coarsening occurs during final stage 

sintering. 

Figures 8- 10, which provide comparisons of the volume weighted pore size distributions for 

Al2O&rO2 and single-phase AZO3 samples sintered to similar densities, illustrate the effect of the 

ZrO, addition on the evolution of the pore size distribution. In the green state, the single-phase 

A1203 sample contained a higher volume of pores with radii greater than approximately 0.15 pm. 

By about 91% TD, the Al2O&2O2 sample had developed a higher volume of pores with radii 

between 0.15 p and 0.4 pm, but the single-phase A1203 sample maintained a higher volume of 

pores with radii greater than 0.4 p. By between 98 and 99% TD, however, the A1204Zr02 sample 

exhibited a higher volume of pores with radii greater than about 0.5 pm. Thus, when sintered to 

near full density, the A120Jzro2 material contained a higher volume of large pores compared to 

the single-phase A1203 even though it started in the green state with a smaller volume of large pores. 

A number of similarities between the A120JZr02 and A1203 materials are evident from the 

data. Both materials exhibited steadily increasing di> and values, as shown in Figures 11 

and 12, and a narrowing of the number weighted pore size distribution, as indicated by the decreasing 

p values in Table 3, throughout the intermediate sintering stage. Both materials also exhibited 

substantial drops in cR> and between 91% TD and 95% TD followed by rapid increases 

during the remainder of the final sintering stage. The decreases in di> and are brought about 

by the transition from a narrowing pore distribution, decreasing p, to a broadening distribution, 

increasing p, that also occurred at between 91% TD and 95% TD in both systems. Based on the 

density at which they occur, it appears that the transition from a narrowing to a broadening 

~~ 
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distribution and the corresponding drop in clb and are related to the transition from the open 

pores that are characteristic of intermediate stage sintering to the closed pores that are characteristic 

of final stage sintering. Although the trends exhibited by <R>, &&, and were similar in both 

systems, the extent of the changes was material dependent. The A1204Zr02 samples exhibited 

larger values of <R> and throughout densification and smaller values of during intermediate 

stage sintering. Hence, the Zr02 addition resulted in a larger mean pore size at all stages of 

densification and a narrower pore size distribution during intermediate stage sintering. 

The results presented above were obtained from the SANS measured parameters of &(O) 

and &(a) and an assumption that the pore size distributions were log-normal. The size distributions 

of Figures 6-10 and the values of <R>, &, and in Table 3 are dependent on the validity of the 

log-normal shape assumption. The trends exhibited by <R>, L, and B, on the other hand, are a 

reflection of the behavior of the moments <R4 >/a3> and, <R3>/<R3 which are determined from 

&(O) and KA-) and, as such, are not dependent on the validity of the assumed distribution shape. 

Thus, the findings regarding a narrowing distribution with gradually increasing mean pore size 

during intermediate stage sintering and a broadening distribution with a more rapidly increasing 

mean pore size during fmal stage sintering should be valid irrespective of the actual shape of the 

pore size distribution, provided that the distribution is unimodal. 

Figure 13 shows the mean grain size versus time behavior of the single-phase and 

ZrO,-containing alumina samples sintered at 1600°C. The Zr02 second phase was very effective 

in inhibiting grain growth of the A120, grains, at least within the range of sintering conditions 

investigated in the present study. Without the Zr02 present, the mean alumina grain size increased 

from 0.52 pm with no soaking time at 1600°C to 1.80 jun after 300 min. at 1600°C. With the 12.4 

vol.% Zr02, the mean alumina grain size increased from 0.46 pm with no soaking time at 1600°C 

to 1.05 pm after 300 min. at 1600°C. The mean size of the ZrOz grains remained constant out to a 

300 min. hold at 1600°C. As shown in Figure 14, the mean size of the A1203 grains increased 

Pan and Page, Long pnd Kmeger Page 11 



monotonically with increasing density during intermediate stage sintering, unlike the porous phase. 

However, in the final sintering stage, grain growth accelerated dramatically, just as the pore size 

shown in Figure 4. 

Table 4 lists the statistical data for the mean grain size of both A1203 and zrOz phases, obtained 

from the stereological measurements using the areal analysis method. This table also includes the 

values of the standard deviation of the mean grain size which was seen to increase as sample density 

increased, particularly in the single-phase A1203 samples. The large values of the standard deviation 

for the single-phase samples at the highest densities were a direct result of abnormal grain growth, 

which is consistent with the microstructural observations. The measured grain size distributions 

of samples 12-5 and 13-8 sintered under identical conditions (1600"C/300 min.) are compared in 

Figure 15. It is clear that the A120Jzro, sample had a narrower distribution and a smaller mean 

grain size than the single-phase A1203 sample which had a very broad grain size distribution 

containing a number of large faceted grains. 

IV. DISCUSSION 

This study follows the evolution of both the pore-size and the grain-size distributions in a 

single-phase alumina and an alumina with 12.4 vol.% of zirconia to gain a better understanding of 

the role that the zirconia second-phase addition plays during sintering. The results of this study 

have revealed a complex pore evolution process in both the Al2O4ZrO2 and the single-phase A1203 

materials. During intermediate stage sintering, KdO) changed slightly while <R> and 

increased continuously, the pore distribution narrowed, and grain size increased gradually. During 

final stage sintering, the pore distribution broadened and RR(O), a>, k& and the grain size all 

exhibited acceleratedrates of increase. Additionally, drops in <R> and & were observed between 

about 91% and 95% TD. These drops were related to the transition from a narrowing distribution 

to a broadening distribution that appears to occur during the transition from intermediate to final 

stage sintering. Although similar trends were observed in both materials, the magnitudes of the 
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microstructural changes were significantly altered by the Zro, additions. Increases in KfXO), <R> 

and were much larger, narrowing of the pore distribution during intermediate stage sintering 

was more extensive, and increases in mean grain size were smaller with the ZrOz addition. 

Each of the microstructural parameters discussed above exhibited distinct intermediate stage 

and final stage behaviors. For the Zro, containing material, the transitions in each of these 

microstructural parameters occurred between 92 and 96% TD. Since this was also the density at 

which isolated pores began to appear, we conclude that this transition point corresponds to the 

density at which the continuous pore-channel structure characteristic of intermediate stage sintering 

breaks down. These transitions occurred over a much wider range, between 85 and 95% TD, in 

the single-phase A120,. For example, abnormal grain growth and pore separation were observed 

at densities as low as 85% TD while the transition from a narrowing to a broadening pore distribution 

and the more rapid increase in R&O) and dR, occurred between 90 and 95% TD. Hence, the Zr02 

addition delayed the onset of the transition from intermediate to final stage sintering, as in the 

MgO-doped system,'o thus, providing a narrower transition region and a more uniform transition. 

The narrower transition region is likely the result of the narrower grain size distribution in the ZrO, 

containing samples. 

Examination of the fracture surfaces of samples sintered at 1600°C for 300 min, shown in 

Figure 16, provides additional information about the role of the ZrO, additions. In sample 12-5, 

the majority of the ZrO, grains, identified by the change in backscattering contrast, were located at 

Al,O,-grain junctions. The ZrO, addition is, thus, expected to play a dominant role in preventing 

abnormal grain growth and pore-grain boundary separation, which is consistent with the observation 

of a fine-grained, dense A120JZr02 composite in which all of the remaining porosity was situated 

on grain boundaries. On the other hand, exaggerated grain growth was observed in the single-phase 

Al,O, (sample 13-8), along with many small pores which were trapped inside the large grains as a 

result of the abnormal grain growth. The large pores, however, were generally located on grain 

boundaries. 
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In agreement with the earlier results of Lange et al.” and Zhao and Harmer: the Zr02 second 

phase addition was very effective in inhibiting grain growth during densfication. The Zr02 addition 

also slightly inhibited intermediate stage densification, in agreement with the results of Lange et 

aL,’” while providing a slight acceleration of denszcation during final stage sintering, in agreement 

with the results of Zhao and Harmer? The ZrO, addition ultimately resulted in a slightly lower 

final sintered density, however, in contrast to resultss on artificially-created bimodal pore 

distribution samples with Zr02 additions. 

The effect of the Zr02 addition on microstructural evolution can be clearly seen by comparing 

sintering trajectories for the Al2O&3O2 compacts and the single-phase A1203 compacts in grain 

size/pore size space. Trajectories of mean grain size normalized to the initial grain size, ca>/q,>, 

versus mean pore size normalized to the initial pore size, e R >/e >, are presented in Figure 17. 

A similar plot using U O ) ,  which is more representative of the larger pores in the distribution, in 

place of the mean pore size is presented in Figure 18. It is evident from these figures that both 

systems exhibited complicated sintering trajectories. Furthermore, the second-phase Zr02 addition 

provided effective inhibition of grain growth but caused dramatic increases in both mean pore size 

and &(O). It is also evident from the direct microstructural observation of pordgrain boundary 

separation only in the single-phase A1203compacts, that the trajectoriesexhibited by the single-phase 

A1203 crossed into the pore/grain boundary separation regime discussed by Br~ok,’~*’~ while the 

flatter trajectories exhibited by the Al20&ZrO, compacts prevented such separation. 
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A limited number of sintering models exist against which these experimental trajectories can 

be compared. Anumber of the early models of final stage sinteringl~”assumed geometric similitude 

between grain size and pore size. Hence, these models predict a mean pore size that scales with 

the increasing grain size. The observed effect of the Zr02 addition on the grain sizdpore size 

trajectories is not consistent with the predictions of these models. A recent Monte Carlo simulation 

of final stage sintering” has yielded grain sizdpore size trajectories that exhibit only a small increase 

in mean pore size, which occurs only over a very brief period during the initial portion of final stage 



~intering.'~ Clearly the large and continuous increases in mean pore size observed in this study do 

not match the predictions of the Monte Carlo simulation of final stage sintering. Sintering models 

that take account of the statistical variations inherent in any real powder compact are also 

available."21 Fang and Palmou? have used such a statistically based model to predict the grain 

size and pore size evolution during intermediate and f d  stage sintering of a Baikowski alumina 

(CR- 10) that was of slightly smaller size (0.13 pm average particle diameter) than the powder used 

in the present investigation. Their results, plotted in terms of grain size/pore size trajectories in 

Figure 19, predict that a critical green density exists below which the mean pore size increases 

continuously during densification. For green densities above the critical value, an initial increase 

followed by a continuous decrease in the mean pore size is predicted. The results obtained in this 

study follow the general trends predicted by Fang and Palmour for their low green density (59.9% 

TD) sample. However, the amount of increase in the mean pore size obtained for the single-phase 

alumina in this study was a factor of five higher than the model prediction for the low green density 

compact. Furthermore, the decrease in <R> that was observed during the early stages of final stage 

sintering is not predicted by the model. This latter point is not surprising since the model predicts 

a relatively constant pore distribution width, and the decrease in <R> appears to result from the 

transition from a narrowing distribution during intermediate stage sintering to a broadening 

distribution during final stage sintering. 

Zhao and Harme8 have also investigated the effect of ZrO, additions on final stage sintering 

of alumina compacts. Their modeling results suggest that the kinetic benefits associated with a 

reduced grain size almost always outweigh the thermodynamic gains achievedthrough grain growth. 

Their experimental results, obtained on compacts with an artificially imposed bimodal pore 

distribution, lend support to their model predictions. The results from the present study, obtained 

on compacts with naturally occurring, continuous pore distributions, appear to contradict the 

findings of Zhao and Harmers regarding the minor role played by thermodynamic aspects of grain 

growth. It is evident from the pore distributions in Figures 8 and 9 that the 21-0, containing compacts 

maintained a lower population of large pores from the green state out to about 91% TD. Through 

Pan aad Page, Long and Krueger Page 15 



this regime the mean grain sizes of both materials were essentially equivalent. Above 91% TD, 

accelerated grain growth was observed in the single-phase alumina, Figure 14, resulting in a much 

broader grain size distribution, Figure 15. Pore size distributions for compacts slightly above 98% 

TD, shown in Figure 10, indicate that, during the fmal stage of sintering, the ZrO, addition resulted 

in a higher number of the larger pores. This is consistent with the more rapid increase in W O )  

that was observed in the ZrO, containing samples. Since the kinetics of pore removal should be 

accelerated by a smaller grain size, the increased volume of large pores in the high density ZrO, 

containing samples suggests that the inhibited grain growth brought about by the ZrO, addition 

adversely affected the thermodynamics of pore sintering. 

The thermodynamic consequences of inhibitedgrain growth can be understood by considering 

the effect of pore coordination number on pore sinterability. As Lange7 has pointed out, 

consideration of pore coordination number leads to the conclusion that a critical pore/grain size 

ratio exists below which pores will sinter and above which pores are stable. From purely 

thermodynamic arguments a certain amount of grain growth can, therefore, be beneficial, leading 

to reduced pore coordination numbers. Hence, the sinterability of the large pores in the distribution 

should be inhibited by the reduced grain growth that resulted with the ZrO, addition. The sinterability 

of small pores, on the other hand, should be enhanced by the ZrO, addition, since inhibited grain 

growth should maintain contact between the pores and the grain boundaries and enhance the kinetics 

of pore shrinkage. Inhibited grain growth is, thus, expected to yield an enhanced removal of small 

pores and a reduced removal of large pores. This scenario is consistent with the results obtained 

in the present study. 

V. SUMMARY 

The microstructural parameters of pore radius and grain size were measured at various relative 

densities for single-phase alumina and alumina containing 12.4 vol.% zirconia in an attempt to gain 

a better understanding of the effect of the second phase zirconia additive on microstructural 
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evolution. Measurements of the pore distributions, obtained from the small-angle neutron scattering 

measurements, have identified a complex pore evolution process. During intermediate stage 

sintering, the pore channels with the smaller radii were preferentially removed, resulting in a 

narrowing of the pore distribution and a shift of the distribution peak and the average pore size to 

larger values. The effect of the zirconia addition during intermediate stage sintering was to increase 

the rate of removal of the pores at both ends of the distribution. This resulted in narrower pore 

distributions and larger average pore sizes. 

During final stage sintering, the pore distributions began to broaden. The peak of the 

distributions and the average pore size decreased during the transition from intermediate to final 

stage sintering and then increased monotonically throughout the remainder of densification. Rapid 

increases in the moment representative of the higher end of the distributions, WO), were observed 

throughout final stage sintering. The zirconia addition resulted in a higher percentage of the larger 

pores, as evidenced by the higher R&O) values and the comparative volume distributions. This 

observation is thought to be due to the thermodynamic effects of grain growth inhibition by the 

zirconia. 

Grain size/pore size trajectories have illustrated that the zirconia additions resulted in less 

grain growth but larger pore sizes, as measured by either <R> or &do). No sintering models 

capable of predicting the microstructural trajectories obtained in the study were found. One can, 

therefore, conclude that development of improved sintering models is necessary if one hopes to be 

able to predict the pore evolution process in practical powder compacts. 
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Table 1. MSANS Results for the 12.4 vol.% Zirconia-Alumina Samples. 

12-1 7 91.1 0.8 1 .o 0.25 f 0.004 
12-2 30 96.6 0.8 1.2 0.42 f 0.002 
12-9 120 98.1 1.4 2.0 0.79 f 0.04 
12-5 300 98.4 1.4 2.0 1.26 f 0.05 

* Theoretical density is 4.24 s/cm3. 

I Phase Shift 
Min I Max I Min -1 
118 I 206 I 0.15 I 0.16 

I t 

62 77 0.21 0.23 
46 69 0.24 0.29 

t I I 

29 I 64 I 0.39 I 0.58 
108 17 1 1.54 1.73 
114 . 257 2.12 3.33 
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Table 2. Porod Results for the 12.4 vol.% Zirconia Samples. 

0.069 f 0.0003 
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Table 3. Number Weighted Pore Size Distribution Parameters for the A1203 and A120JZr02 

Compacts. 

Volumetric 
Sample Density <R> L B 

No. (% TD) (Po (PI 
12.4 vol.% Zr02 - Alumina 

12-6 
12-4 
12-1 
12-2 
12-9 
12-5 

53.8 
85.8 
91.1 
96.6 
98.1 
98.4 

0.017 
0.15 
0.17 
0.13 
0.22 
0.23 

0.0055 
0.12 
0.14 
0.075 
0.1 1 
0.094 

Pure Alumina 

0.86 
0.39 
0.36 
0.62 
0.66 
0.76 

13-2 
13-3 
13-4 
13-5 
13-1 
13-6 
13-7 
13-8 

56.5 
67.0 
79.1 
85.4 
90.8 
94.6 
97.1 
98.9 

0.019 
0.035 
0.044 
0.053 
0.069 
0.062 
0.094 
0.15 

0.0057 
0.012 
0.022 
0.029 
0.038 
0.027 
0.040 
0.068 

0.89 
0.75 
0.67 
0.64 
0.63 
0.74 
0.76 
0.73 
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Table 4. Grain Size Data for AI,OJ and AI,OJZrO, Compacts. 

16OO0C/7 min. 

157OoC/no soak --- 
1600°C/no soak --- 
1600"C/7 min. --- 

--- 

* Theoretical Density: 4.24 g/cm3 for 12.4 vol.% Zr04A1203; 3.98 g/cm3 for pure A1203. 
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Figure 1. Relative density versus sintering time at 1600°C for both 
single-phase alumina and 12.4 vol.% 20,-containing 
alumina samples sintered at 1 W C .  , 
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n 

Figure 2. Scanning electron micrographs of 12.4 ~01.5% 
ZrO,-containing alumina samples at different relative 
densities: 12-4 (85.8% TD), 12-1 (91.1% TD), 12-2 (96.6% 
TD), and 12-5 (98.4% TD). 
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Figure 3. Scanning electron micrographs of single-phase alumina 
samples at different relative densities: 13-4 (79.1% TD), 13-5 
(85.4% TD), 13-1 (90.8% TD), 13-6 (94.6% TD), 13-7 
(97.1% TD) and 13-8 (98.9% TD). 
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Figure 4. Effective pore radius, U O ) ,  versus relative density for both 
series of samples. 
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Figure 5. Effective pore radius, kf&O), versus sintering time at 16WC 
for both series of samples. 
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Figure 7. Evolution of the pore volume size distributions during densification of the single-phase 
A1203 compact. 
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Figure 8. Pore volume size distributions for the A1,OJZrO2 and thc 
single-phase A1203 green bodies. 
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Figure 9. Pore volume size distributions for the A120Jzfo2 and the 
single-phase A1203 compacts at -91% TD. 
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Figure 10. Porc volume size distributions for the A120JZr02 and the 
single-phase A120J compacts at bctwcen 98 and 998 TD. 
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Figure 1 1. Mean pore size, <R>, versus relative density for both series of 
samples. 
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Figure 12. R,,,& versus relative density for both series of samples. 
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Figun: 13. Mean grain size of both A1203 and 21-0, phases as a function 
of sintering time at 1600°C for both series of samples. 
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Figurc 14. Mean grain size versus relativc density for both scries of 
samples. 
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Figure 15. Grain size distribution histograms for 12-5 and 13-8 samples 
sintered at 16WC for 300 min. 

Pan und Page. Long and KNqcr Page 41 



Figure 16. Fracture surfaces of 12-5 and 13-8 samples sintered at 1600°C 
for 300 min. 
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Figure 17. Grain size/mean pore size trajectories for the A120JZr0, and 
thc single-phase A1,03 samples. Both the mean grain size, 
a>, and the mean pore size, cR>, are normalied to their 
initial values in the green compact. 
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Figure 18. Grain sideffective pore size trajectories for the Al20J2rO2 
and the single-phase A1,0, samples. Both the mean grain size, 
<iu, and the effective pore size, Reff(0), are normalized to their 
initial values in the green compact. 
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Figure 19. Grain size/mean pore size trajectories predicted for single-phase AI@, compacts by Fang 
and Palmour"' using a statistical sintering model. 
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