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Using small-angle scattering, together with density meas-
urements, X-ray diffraction, nitrogen adsorption, and both
transmission and scanning electron microscopy, the micro-
structural evolution during sintering in nanostructured
ceramic oxides has been studied. The availability of samples
with sufficient size and uniformity has permitted absolute
calibration of the scattering data and made possible deter-
minations of microstructural parameters and surface areas
that are statistically representative of the undisturbed nano-
phase morphologies. A fully quantitative microstructural
model has been developed, and the effects of varying pro-
cessing parameters during powder synthesis and sintering
have been assessed. Predictions are made regarding the
achievable sintered full-density microstructures.

I. Introduction

T HE potential of nanophase or nanostructured ceramics, both
as intermediate-stage products (offering superior formabil-
ity prior to final heat treatment) and as final-component prod-
ucts (offering enhanced mechanical properties for intermediate
temperature applications) depends on gaining a better under-
standing and control of the microstructural evolution during
processing. This is because of the tendency for the grains to
coarsen during sintering. Thus, while suitably uniform nano-
phase powder materials are becoming increasingly available,
challenges remain in the fabrication of fully dense nanostruc-
tured products."> Some of these challenges result from agglom-
eration and aggregation of the nanosized grains during powder
synthesis. A promising method for avoiding agglomeration of
the powder is the inert gas condensation (IGC) powder synthe-
sis technique.®> However, there remains a need to understand
better the effects of varying the processing parameters on the
subsequent evolution of the nanophase structure during consoli-
dation and sintering. In this connection, the pore and grain size
distributions, as well as the grain/pore interfacial surface areas,
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need to be characterized as a function of sintered density for a
range of synthesis and sintering conditions. The effects of phase
transformations, and of pressure-, vacuum-, and air-sintering
are also of relevance to an increased understanding of the
resulting densified microstructures.

A predictive knowledge of nanophase microstructural devel-
opment ultimately depends on obtaining quantitative statisti-
cally significant information that is representative of the
microstructures present. Such information contrasts with, and
complements, the detailed qualitative data supplied by electron
microscopy, which is localized over a few grains. Small-angle
scattering (SAS) is one technique which can give a nondestruc-
tive statistical account of the representative microstructures.
However, until recently it has been difficult to obtain absolute
calibrations of the scattering data, due to problems associated
with producing uniform samples of a suitable size and shape, as
has been discussed elsewhere.*

The purpose of this paper is to describe studies of the micro-
structural evolution during the sintering of IGC-produced nano-
phase ceramic oxides. Ceramic oxides are of particular interest,
because the sintered microstructures are less likely than those
of other nanostructured systems to be affected by oxygen con-
taminants on the grain boundaries.>® The studies described in
this paper are based on small-angle neutron scattering (SANS)
and ultrasmall-angle X-ray scattering (USAXS), complemented
by X-ray diffraction (XRD), scanning and transmission elec-
tron microscopy (SEM and TEM), density measurements, and
analyses of nitrogen adsorption and desorption isotherms using
the Brunauer—-Emmett-Teller equations (BET).

Two ceramic systems are discussed: nanostructured yttria
(n-Y,0,) (prepared in the Department of Mechanics and Mate-
rials Science, Rutgers University, Piscataway, NJ, from
nanophase powder supplied by Nanophase Technologies
Corporation, Burr Ridge, IL) and nanostructured zirconia
(n-ZrO,) (prepared at Rutgers University from nanophase pow-
der made at Rutgers). For simplicity, two pure materials have
been studied, but n-Y,0; and n-ZrO, have been chosen because
of the technological potential of nanostructured yttria-stabilized
zirconia (YTZP) in ceramic processing. In the sections that
follow, the microstructural changes during sintering in n-Y,0,
and n-ZrO, are followed and compared. It is shown how abso-
lute calibration of the data reveals small-angle scattering to be
dominated by the grain/pore interface scattering. By applying a
suitable model, the microstructural evolution of n-ZrO, during
sintering has been quantitatively characterized, and the results
for some key microstructural parameters are presented. Finally,
in our concluding remarks, we show how these parameters can
be combined to predict the fully dense microstructures.




1202 Journal of the American Ceramic Society—Allen et al.

II. Experimental Discussion

(1) Nanostructured Materials Studied

Both the n-Y,0, and n-ZrO, studied were prepared from
powders produced using the IGC process.> For the n-Y,0,,
precursor yttrium metal was evaporated from a resistively
heated tungsten crucible in a low-pressure helium atmosphere
of 1.3 kPa (=10 torr). The chamber had been previously
degassed by heating the crucible and the walls of the chamber,
while evacuating it by a turbomolecular pump. When a suitable
vacuum had been attained, ~1.5 pwPa (1.1 X 107° torr), the
chamber was back-filled with ultrahigh purity helium to the
required pressure, and the crucible was slowly heated to evap-
orate the yttrium. Condensate from the convecting yttrium
precursor vapors was collected as nanoparticles on a liquid-
nitrogen-filled rotating cold finger, placed ~200 mm away from
the crucible. Once evaporation was complete, the helium was
removed and pure oxygen was introduced into the chamber at a
controlled rate, which was found to be critical in preventing
agglomeration of the particles in the resulting oxidizing exo-
thermic reaction. The yttrium nanoparticles were converted into
n-Y,0, powder particles of mean diameter ~8 nm (as deter-
mined by XRD and both SEM and TEM). The n-Y,0, powder
was consolidated (at Rutgers) into 0.5-2.0 mm thick pellets
with a consolidation pressure of 500 MPa at room temperature
(as-pressed samples) and at 550°C for 3 h (hot-pressed sam-
ples). The particle sizes and the pressed-sample densities (56%
theoretical density (TD)) depended principally on the rate of
evaporation from the tungsten crucible and on the gas pressures
and temperatures. The as-pressed samples were sintered in air
for 5 h at 600°, 900°, and 1200°C for this study, giving sintered
densities of 71% TD, 85% TD, and nearly 100% TD, respec-
tively. As for all the nanophase samples, these bulk densities
were measured using Archimedes’ principle applied to immer-
sion in water. The samples were coated with a thin layer of
grease (weighing less than 0.4% of the sample weight) to pre-
vent errors resulting from water ingression into the pores. In
most cases, the bulk density could also be measured from the
geometry and weight of the samples, and consistent results
were obtained.

The principal difference in the fabrication of the n-ZrO,
powder at Rutgers University was in the use of ZrO as the
precursor in place of yttrium metal. The helium gas pressure
during evaporation was 0.27 kPa (~2 torr), giving a slow evap-
oration rate of ~8.6 pg-s™! (0.5 g-min~"). Following oxidation,
consolidation of the resulting nanoparticles, of diameter ~6 nm
(as determined by TEM), was carried out at a uniaxial pressure
of 400 MPa, resulting in 0.5 mm thick pellets of 46.3% TD.
These samples were sintered in air for 5, 10, 20, and 40 min at
800°C, and sintered under a 670 wPa (=5 X 107 torr) vacuum
for 2.5, 5, 10, 20, and 40 min at both 800° and 850°C. An
additional n-ZrO, sample was prepared to detect microstruc-
tural changes introduced by post-vacuum-sinter annealing at
the sintering temperature in air, a procedure used to restore
stoichiometry following vacuum sintering. This sample was
annealed in air at 800°C for 2 h, after cooling under vacuum
from the 800°C sintering temperature (having been sintered for
20 min). Densities for all the n-ZrO, samples are discussed
below.

(2) Microstructural Characterization Using Small-Angle
Scattering and XRD

The principles of small-angle scattering are discussed in
detail elsewhere.” Figure 1 shows the geometry of a typical
SANS experiment. In the present experiments, carried out using
the NIST/Exxon/University of Minnesota/Texaco 30 m SANS
instrument at the Cold Neutron Research Facility (CNRF),
National Institute of Standards and Technology, Gaithersburg,
MD, a collimated beam of neutrons, of wavelength, \, 0.55 nm
for n-Y,0;, 1.0 nm for n-ZrO,, and AN/ resolution 15%, was
passed through a parallel-sided sample of ~0.5 mm thickness
and 3—8 mm diameter. A small component of the incident beam
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was scattered out of the straight-through beam direction by
inhomogeneities in the sample microstructure, and the scattered
component was registered on the instrument’s two-dimensional
detector array. With no preferred orientation in the sample
microstructure, the scattering was circularly symmetric about
the incident beam direction. The SANS data were corrected
for empty beam and background counts, calibrated against a
scattering standard, and radially summed. By changing the
instrument configuration, data were obtained over a range of
the scattering wavevector, O (Q = (47/\) sin 6, where 26is the
angle of scatter), of 0.03—1.4 nm™" for n-Y,0;. For n-ZrO,,
further experiments using the NIST/NSF 30 m SANS, also
at the CNRF, extended the Q range, giving 0.025-5.0 nm™".
Using appropriate analysis of the radially summed, absolute-
calibrated SANS data, this Q range was found to be sufficient
to determine the volume fraction size distribution of scattering
features of up to ~100 nm diameter, associated with the scatter-
ing at smaller Q values. The lower size limit was determined by
the level of incoherent background scattering, rather than by the
maximum Q value attained, and was found to be 1-2 nm.

For the sintering study of n-Y,0,, Fig. 2(a) shows radially
summed, approximately calibrated small-angle scattering cross-
section, d>/dQ), data as a function of Q. (d=/d(} is the proba-
bility rate, per unit incident neutron flux and per unit sample
volume, of scattering into unit solid angle, (), about any one
direction defined by a given scattering angle, 26, or magnitude
of the scattering wavevector, Q.) These data show many of the
hallmarks of SANS from nanostructured materials revealed
in previous studies,® in particular, the appearance and later
disappearance of an interference peak as the sintered density is
increased. Coarsening of the grain/pore morphology at high
sintering temperatures is also apparent in the shift in the scatter-
ing to lower Q for the sample sintered at 1200°C. Figure 2(b)
shows absolute d=/dQ} data for selected n-ZrO, samples, and
Fig. 2(c) shows the effects, on the SAS data, of postsinter
annealing in air after vacuum-sintering. Figure 2 includes SAS
model fits discussed later. Figure 3 shows typical absolute-
calibrated scattering cross-section data for n-ZrO,. The Q range
has been extended down to 0.008 nm™' with internormalized
USAXS measurements on a specimen, thinned to less than
200 wm thickness. USAXS measurements were performed at
the NIST USAXS instrument at the National Synchrotron Light
Source, Brookhaven National Laboratory. This is a Bonse—
Hart-type instrument,’ where 0.124 nm wavelength X-rays and
crystal optics were used to provide an ultrahigh resolution for
small-angle scattering studies.

Figure 3 also indicates how small-angle scattering can be
associated generically with the principal features of the micro-
structural model, presented in detail below to represent the
microstructure shown schematically in Fig. 4. It is assumed that
the scattering features are oblate pores (oblate diameters, Do)
between the grains, and that the interference effects are associ-
ated with the distances, D,,,, between pores, across the interven-
ing grains. The model is sufficiently flexible to represent a
range of nanoscale microstructures. For example, significant
agglomeration of the nanoparticles might be characterized by a
somewhat larger D;,, than D, even at intermediate porosities.
Grain-coarsening during sintering might be indicated by D, and
D, increasing together as the porosity decreases.

COLLIMATING
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Fig. 1. Schematic of a typical reactor-based SANS experiment.
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(a) SANS data and model fits for n-Y,0;: (1) as-pressed, and air-sintered for 5 h at (2) 600°C, (3) 900°C, and (4) 1200°C. Thin lines follow

the data and thick lines follow the fits. (b) SANS data and model fits for representative n-ZrO, samples studied: (1) as-pressed, (2) air-sintered for
20 min at 800°C, (3) vacuum-sintered for 20 min at 800°C, and (4) vacuum-sintered for 20 min at 850°C. For the two vacuum-sintered samples, the
data have been extended to lower Q using USAXS. Thin lines follow the data and thick lines follow the fits. (c) SANS data and model fits for n-ZrO,:
(1) vacuum-sintered for 20 min at 800°C without postsinter anneal; (2) as (1) but with postvacuum-sinter anneal in air for 2 h at 800°C; and
(3) vacuum-sintered for 60 min at 975°C, discussed later in the text. Thin lines follow the data and thick lines follow the fits.
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Fig. 3. Schematic showing how SAS data for n-ZrO,, exhibiting
interpore interference effects, can be related generically to the under-
lying grain/pore microstructure. The thin line follows the data and the
thick line follows the fit.

Concerning the SAS data, some basic points can be made
prior to modeling. First, the contribution arising from the pore/
grain interface dominates the scattering. Other features, such as
low-density grain-boundary disordered phases, proposed else-
where,'* cannot scatter sufficiently strongly to give the SANS
observed, while the pore/grain microstructure easily accounts
for all of the scattering. Furthermore, ultrafine microstructural
complexes on grain boundaries, or small tetrahedral pores at
grain-boundary triple junctions, would perturb the extended
Porod scattering regime, but this is not observed in the data.

Second, the Q™ Porod scattering range at higher Q values in
the data can be used to determine the total pore/grain interfacial
surface area, S, using Porod’s Law:” d=/dQ) = 2wlApl* S /0"
The neutron or X-ray scattering contrast, |Apl?, is the square of
the difference in the neutron or X-ray scattering-length density,
p, between that in the scattering pores and that in the solid
grains. The scattering lengths themselves are measures of the
intrinsic strengths of the neutron or X-ray interactions, respec-
tively, with nuclei or whole atoms in the sample. The measure
of S, can be compared with that deduced from applying the
microstructural model.

Third, the characteristics of the SANS data, indicated in
Figs. 2 and 3, and the changing shape of the data as sinter-
ing progresses to high density, seem quite general for nano-
structured ceramic materials, regardless of whether or not a
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Fig.4. Schematic of the nanophase grain/pore microstructure. Globu-
lar nanophase grains are assumed, with mildly oblate pores between
the grains.

metastable phase transformation is involved during sintering.
Therefore, a microstructural model, such as that presented here
for the sintering of pure n-ZrO,, should be applicable, in its
essential aspects, to sintering studies in a wide range of nano-
structured ceramic systems.

For selected n-Y,0, and n-ZrO, samples, at various stages
of sintering, XRD studies were made to determine both the
nanocrystalline phases present and, in some cases, the volume-
weighted mean crystallite sizes. The phase determinations were
carried out using a rotating-anode X-ray diffractometer and
Cu Ka radiation. For some samples, grain (crystallite) diameters
were also determined from XRD line-broadening measure-
ments and the Scherrer'! formula. Because, for some samples,
the nanocrystalline grains were sufficiently small for the Bragg
peaks to become weak and broad, peak overlap was a compli-
cating effect in attempts to distinguish peak-width contributions
due to microstrain effects (proportional to the planar spacing,
d), from those due to crystallite size (proportional to d”). There-
fore, strain effects were ignored, leading to possible slight
underestimates of the grain size determined by XRD. (Note
that, in the case of twinned crystallites within a grain, XRD
determines overall grain diameters, but, if agglomeration
effects are significant, crystallite or subgrain diameters may
be measured.)

In n-Y,O,, it was found that the nanophase grains remain in
the metastable monoclinic phase at low temperatures, but above
800°C, where significant grain growth occurs, this phase trans-
forms to the stable cubic phase.? In n-ZrO,, the original powder
was found to be mainly in the metastable tetragonal phase,
but a transformation to the stable monoclinic phase occurs on
compaction.' There is little or no phase transformation during
sintering in n-ZrO,, even at temperatures at which coarsening
occurs. It is remarkable that, while the nanophase form of
most ceramic materials occurs initially in a metastable phase,
possibly due to the Gibbs—Thomson surface-energy effect act-
ing on the small crystallites,"* there is little evidence that this
has an impact on microstructural development during sintering.

The volume-weighted mean crystallite diameters determined
from XRD studies were compared with the grain and pore
diameters measured by small-angle scattering and other meth-
ods, as is shown in Table L. Such detailed comparisons assist in
distinguishing grain coarsening, during final-stage sintering,
from grain agglomeration, during powder fabrication, consoli-
dation or early-stage sintering.

(3) Microstructural Characterization Using TEM/SEM
and BET Studies

TEM and SEM studies were caried out to determine the
detailed localized grain/pore morphologies in the nanophase
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samples and, from these, to establish and confirm the validity
of the microstructural model for the interpretation of the small-
angle scattering. In selected cases, electron microscopy was
also subsequently used to determine the number-weighted
median grain diameters. These were compared with the values
for the pore and grain sizes, inferred from the microstructural
model interpretation of the small-angle scattering data.

A typical bright-field TEM image of the as-synthesized
n-ZrO, powder, used to fabricate all the n-ZrO, samples in the
studies presented here, is shown in Fig. 5(a). Some apparent
aggregation of the particles into chains was attributable to
their extraction from a methanol suspension pretreatment. True
aggregation or agglomeration of the powder particles would
have resulted in their failure to sustain a stable suspension. For
the sintered n-ZrQ, samples themselves, fracture surfaces were
studied by field emission SEM. Since the sample image contrast
was poor, the fracture surfaces had to be coated with a thin
Au-Cr layer. Figure 5(b) shows a typical SEM image obtained
for n-Zr0O,, sintered in air for 20 min at 800°C. Some evidence
of grain pullout is apparent, but the morphology is broadly
consistent with that presented in Fig. 4.

For the as-synthesized powder, a number-weighted particle
size distribution was determined by counting the number of
individual particles in the TEM images with mean diameters
within different size ranges. The resulting histogram is shown
in Fig. 5(c). The distribution is single-moded and approxi-
mately lognormal in functional form, with median diameter
~6 nm. For n-Zr0O,, sintered in air for 20 min at 800°C, the
SEM studies of fracture surfaces gave the grain size distribution
shown in Fig. 5(d). Apart from the presence of a few larger
features, this is also approximately lognormal in shape. An
estimated number-weighted median grain diameter of ~20 nm
is indicated.

These TEM particle and SEM grain diameters are acceptably
close to the crystallite sizes determined from XRD, as shown in
Table 1 (particularly when different weightings and averages
over the size distributions are considered). This, together with
the general appearance of nonagglomerated particles in
Fig. 5(b), and the fact that SEM images for n-ZrQ,, vacuum-
sintered to much higher densities (see Table I), have a quali-
tatively similar appearance,'” suggest not only that the
nanoparticles are not significantly agglomerated in the
as-synthesized powder, but also that the partially sintered grains
do not agglomerate significantly during sintering. In the
absence of agglomeration or uneven sintering, it is to be
expected that the pore size distributions will mimic the particle
size distributions as sintering progresses, although some devia-
tions must occur as full density is approached.

Nitrogen desorption BET measurements'® were carried out
on selected samples to determine both the pore/grain surface
areas and the volume-weighted pore size distributions. The
isotherms generated were found to exhibit the class I'V behavior
typical of mesoporous solids, and a full pore size analysis was
carried out using the Berrer-Jaynes-Halinda method.'® The
pore diameter resolution and the minimum pore diameter
probed were both ~2 nm.

The BET volume-weighted pore size distributions for the
as-pressed n-ZrO, and n-Zr0O,, sintered in air at 800°C for 20
min, are shown in Figs. 5(¢) and (f), respectively. The relatively
narrow and single-moded pore size distributions observed are
again an indication of the lack of particle agglomeration.
Agglomeration would have given a broad or bimodal pore size
distribution due to the presence of both intra- and interagglom-
erate pores.”” For the as-pressed n-ZrO,, the BET volume-
weighted pore diameter, shown in Table I, is in agreement
with the TEM and XRD grain diameter measurements. For the
sintered sample, the BET pore diameter is somewhat less than
the XRD and SEM measurements would suggest. Table I shows
that a similar situation exists for n-Y,0,, when compared with
the SANS results discussed below, although there is good
agreement with the XRD result. The BET results for the sin-
tered samples are probably affected by the constriction of pore
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TableI. Comparison of Grain and Pore Diameters Measured by XRD, TEM/SEM, BET and SANS*

XRD grain TEM/SEM grain BET pore BET grain SANS SANS
Density diameter diameter diameter diameter o ave int
Sample (% TD) (nm) (nm) (nm) (nm) (nm) (nm)
n-Zr0,
As-pressed 46.3 4.0 (5) 6.0 (5) (powder) 6 (1) 7.5(15) 7.85 (6) 7.18 (4)
Air-sintered 71.5 25(2) 20(2) 9(1) 24.54 (7) 31.2(1)
20 min at 800°C
Vacuum-sintered 91.7 30 (2) 26.9 (1) 374 Q)
10 min at 800°C
Vacuum-sintered 94.7 51 (3) 45 (2) 319(3) 47.6 (4)
40 min at 850°C
n-Y,0,
As-pressed 56 8 (1) 8 (1) (powder) 6.5 (10) 17.7(3) 11.5(1)
Air-sintered 85 33(2) 36 (2) 54.8 (2) 57.8(2)
5hat 900°C

*XRD: volume-weighted mean grain diameter; TEM/SEM: number-weighted median grain diameter; BET: volume-weighted mean pore diameter, inferred grain diameter; SANS:
number-weighted mean oblate pore diameter, D, ,,,, interpore interference distance, D,,,,. All sphere-equivalent diameters, except for oblate pore diameter, D,
B, of 1/3 assumed. Estimated standard uncertainties, o, in least significant digits shown in parentheses.
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necks as sintering proceeds. However, like the TEM particle
size distribution discussed above, the BET pore size distribu-
tions appear lognormal in functional form, even after partial
sintering. This supports an assumption of lognormal grain
and pore size distributions in the model interpretations of the
SANS data.

Single-point BET analysis was also used to determine the
specific surface areas of the same n-ZrO, samples. These data
are presented in Table II, for comparison with those determined
from SANS. From the BET surface area and volume-weighted
mean pore diameter, and the measured density, an inferred
volume-weighted mean grain diameter was back-calculated for
the as-pressed n-ZrO,, shown in Table L Again, acceptable
agreement is obtained. However, the BET surface area for the
sintered sample was too low to back-calculate a credible nano-
phase grain diameter, suggesting that much of the pore/solid
surface area was not accessible to nitrogen.

(4) Microstructural Model for Sintering in Nanostructured
Ceramics

Figure 4 shows the basic microstructure assumed in the
present sintering studies. To model the microstructure mathe-
matically, an idealized model was used, comprising a number-
weighted lognormal size distribution of mildly oblate pores
between the nanostructured grains. In the low-density

as-pressed material, the pores are sufficiently polydispersed, in
both size and shape, so that no interference peak in the scatter-
ing is discernible. However, for higher intermediate densities,
resulting from partial sintering, the pores become discrete. For
the n-Y,0, and n-ZrO, studied here, these high concentrations
of fine pores, distributed throughout the microstructures, were
assumed to give the interpore interference effects, observed as
peaks or shoulders in the data at intermediate Q. For the more
fully sintered densities studied, the pore populations become
sufficiently dilute for the pronounced interference peaks to dis-
appear, but the persistence of, presumably, a few localized
clusters of pores, even in the nonagglomerated grain morpholo-
gies studied here, was found to provide enough interpore inter-
ference effects to determine the parameter, D, ., shown in Fig. 4.
(However, interference scattering effects cannot persist to 100%
TD. At some point, the pore concentration must become too
dilute.)

Previous models for the interpretation of interference effects
in small-angle scattering data either modeled a functional size
distribution of interacting spherical scatterers'®>" or assumed
the scatterers to be monodispersed spheroids in both size and
shape with a preset aspect ratio.”>*' The present model was
developed from the latter to fit a lognormal size distribution of
spheroids with a preset aspect ratio, B, selected from nine
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Table II. Comparison of n-ZrQ, Pore/Grain Surface Areas Measured by BET and SANS*
BET specific SANS population SANS Porod SANS population SANS total (Porod)
Density surface area surface, S, surface, S, specific surface, S, ,,, specific surface, S,
Sample, n-ZrO, (% TD) (10° m*kg™) 10¢ mz-m’f) (10°m?>-m™) (10° m*kg™") (10° m*>kg™)
As-pressed 46.3 99 (1) 292 (3) 359 (1) 113 (1) 138 (1)
Air-sintered 71.5 13 (1) 118 (1) 128.7 (2) 29 (1) 32(1)
20 min at 800°C

*Spop and S, ., determined analytically from SAS oblate pore model populations, as discussed in the text. Estimated standard uncertainties, o, in least significant digits shown

. pop
in parentheses.

available values. The grain size distributions were expected to
correlate, at least approximately, with the pore size
distributions.

To model the experimentally determined small-angle scatter-
ing cross sections in the present case, it was assumed that the
nanostructured material contains spheroids with three orthogo-
nal diameters D,, D,, and BD,. The number of pores per unit
sample volume, #n,, was assumed to be distributed over a log-
normal number size distribution, n(D,), such that

n, 1
Do) = 3 0 Dy s Do mes 1™ (D)

— [lIl (D(,/Do med)]2
210 (Dy e /Do mode)

where D, ... and D, .4 are, respectively, the modal and median
values of D, for the distribution. The number-weighted mean
value of D, here denoted D, ,,,, is given by D, ,,, = (D nea)”*/
(Dy moae)"?, and can be compared with the grain size values
determined by other methods. The volume fraction of pores in
the lognormal population, ¢,,,, is given by &,,, = (n,7B/
(D, mea) "/ (Dy moae)’?}, and b, can be compared with the
total porosity, ..., determined from density measurements.
Note that a lognormal distribution can be analytically defined
by specifying three parameters. Here, it has been found conve-
nient to use ¢up, Dy moge> and D, .4, Which can be directly
incorporated into the fits to the experimental data. (Note also
that, for a lognormal size distribution, D, mese < Domea < Doavg-)

The small-angle scattering cross section was assumed to be
given by

d=/dQ = n,P(Q)S,(Q) + BGD + P, @

where S;(Q) is an effective modified structure factor that incor-
porates the interpore interference effects, BGD is the flat inco-
herent background scattering term, and P,,y is an additional
Porod scattering term discussed below. P(Q) is the scattering
form-factor, equal to the square of the scattering amplitude,
F(Q), for a single spheroidal pore, averaged over all orienta-
tions and over the lognormal number size distribution. Thus,
P(Q) is given by*

)

P(Q) =(F(Q)P*) = 87r3[32IApI2f 2%R-"—)IG(QRO,B,X)IZ dXdR,

3

where X is an orientational parameter, R, = D./2, and n(R,)
dR, = n(D,) dD,. The function G(QR,,,X) is given® by

3J3/2(QR0[1 + (Bz B I)Xz]m) (4)
° (QR,[1 + (B* = DX?]"?)*”

where J;,(x) denotes a Bessel function in “x” to order 3/2.
S.(Q) is given by

S(Q) =1+ B(Q)[S(Q) — 1] (6))

For a monodispersed population of spherically shaped scatter-
ers, B(Q) = 1, and S,(Q) = S(Q). However, in the present case,
B(Q) is modified in an attempt to allow some polydispersity
in the shape and the size of the individual pores within the
morphology and is given by a ratio of different orientational
averages of F(Q):

G(QR,.B.X) =R

_ Ko
B(Q) = W where

KE(O)I* = 8Bl Apl?

J'J@G(QRO,B,X) dX dR,
00 (6)

S(Q) is the interference structure factor for an orientationally
random distribution of nearest-neighbor scatterers, based on a
Percus—Yevick hard-sphere model.! It contains two significant
parameters: the local volume (packing) fraction, m, of the
interfering pores, and the mean distance between pore cen-
troids, D;,.. A full description of S(Q) is beyond the scope of
this paper, but is discussed in detail elsewhere.”® Although S(Q)
strictly applies to an assembly of interacting spherically shaped
scatterers, and no exact description of the case of nonspherical
objects is available, use of B(Q) in S,(Q) provides a good
working approximation when the distribution of nearest-
neighbor scattering-object centroids is approximately spheri-
cally symmetric. This approximation should hold particularly
well in the present case of oblate spheroidal pores arranged
randomly around globular nanophase grains.

For the n-ZrO, sintering studies, best fits were generally
obtained for mildly oblate aspect ratios, with 3 = 1/3 or 1/2.
For convenience, fits presented here all have B = 1/3. D, ,,,
could be deduced from &,,,, D, noqe» and D, .4, and compared
with the grain and pore diameters obtained by SEM, TEM,
XRD, and BET studies. For a narrow lognormal size distribu-
tion of pores and grains, D, ,,, should correlate well with the
mean grain diameter, D,,;,, and there should not be large differ-
ences between number-weighted and volume-weighted mean
diameters. Thus, if pores are arranged around grains, D,,, should
also give a measure of D,,;,. For selected samples, both D, ,,,
and D,,, are included in Table I. For n-ZrO,, as-pressed and
after air-sintering for 20 min, the fitted model pore population
lognormal size distributions are given in Figs. 5(g) and (h),
respectively.

The pore/solid surface area per unit sample volume, Spops Of
the lognormal pore population could also be deduced analyti-
cally from the following relations:

5/2
— 6 ¢post <Do mcde)

SPOP D D

(7a)

omed o med

where, for oblate spheroidal pores, the geometric factor, ¥, is
given by

_ 1 B
Xs = 28 {1 + (1 _ BZ)I/Z

In {%ﬂ]} for B =1 (7b)

For the n-ZrO, samples, values of S, are given in Table III and
can be compared with S, determined from the Porod scattering.
For the two samples where BET surface areas were measured,
specific surfaces are given in Table II, for comparison.

A second Porod scattering term, P,y,, required to fit the rise
in d¥/dQ at small Q, can be associated with an additional
component of the pore/grain surface area, S,,,. Attributable to a
small number of large pores around agglomerated grains or
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Table ITII.  SAS Microstructural Model Fit Results for n-ZrO,*
Sintering Pores
time Density Droar bpop’ D, mose’ D, edt D, ., Local " D, AWF S, (10° S, (10° per
Sample, n-ZrO, (min) (% TD) (%) (%S (nm) (nm) (nm) (fraction) (nm), (%) m*m™) m’>m™)  grain
As-pressed: 46.3 53.7(5) 27.2(1) 6.50(4) 7.37(4) 7.85(6) 0.196(2) 7.18(4) 36 292(3) 359(1) 0.92
Sintered 5 69.3 30.7(5) 27.8(1) 22.46(4) 22.86(4) 23.06(6) 0.180(1) 28.1(1) 13 126(1) 138.3(3) 2.06
in air 10 702 29.8(5) 25.5(1) 22.94(6) 23.42(4) 23.68(7) 0.178(2) 28.4(1) 15 1 12(1) 121.72) 1.77
at 800°C 20 71.5 28.5(5) 28.0(1) 23.66(6) 24.26(4) 24.54(7) 0.194(1) 31.2(1) 16 1 18(1) 128.7(2) 2.23
40 722 27.8(5) 27.4(1) 25.32(6) 25.80(4) 26.04(7) 0.174(1) 32.2(1) 14 110(1) 119.6(2) 2.04
Sintered under 2.5 90.0 10.02) 8.01(5) 19.9(1) 21.3(1) 22.0(1) 0.085(2) 31.2(2) 26 34.6(3) 36.3(1) 0.62
vacuum 5 90.5 9.5(2) 6.58(5) 22.8(1) 24.3(1) 25.0(1) 0.092(2) 34.4(2) 25 25.1(3) 26.9(1) 047
at 800°C 10 91.7 8.3(2) 6.19(5) 24.4(1) 26.1(1) 269(1) 0.097(3) 37.4(2) 25 22.03) 23.8(1) 0.45
20 914 8.6(2) 6.86(5) 24.4(1) 26.0(1) 26.9(1) 0.0952) 36.6(2) 26 24.3(3) 26.1(1) 047
40 93.5 6.5(2) 6.57(5) 25.6(1) 27.4(1) 28.4(1) 0.097(2) 39.6(2) 26 22.03) 23.7(1) 047
Postsinter 88.0 12.0(5) 8.27(5) 27.1(2) 28.3(1) 289(2) 0.073(2) 3392) 20 28.6(4) 31.0(1) 0.40
annealed
Sintered under 2.5 914 8.6(2) 631(5 30.1(2) 31.5(1) 322(2) 0.0993) 36.4(2) 21 19.5(2) 21.7(1) 0.26
vacuum 5 929 7.1(2) 4.52(5) 31.6(2) 33.3(2) 34.1(3) 0.107(4) 43.9(3) 22 13.03) 15.2(1) 0.27
at 850°C 10 93.3 6.7(2) 5.34(5) 29.7(2) 31.6(2) 32.6(3) 0.128(5) 42.3(3) 25 15.7(3) 18.3(1) 0.31
20 93.9 6.1(2) 4.26(5 30.73) 33.02) 342(4) 0.126(5) 47.3(2) 27 11.7(2) 14.8(1) 0.29
40 94.7 5.3(2) 4.22(5) 27.4(2) 30.3(2) 31.9(33) 0.146(6) 47.6(4) 32 11.7(2) 14.4(1) 033

*Estimated standard uncertainties, o, in least significant digits shown in parentheses. Fitted parameters. Others parameters derived, or measured independently. BGD and S,q4

omitted. *AW is fractional width of pore size distribution with respect to D, yo4e-

larger particles, S,qq could be determined from the additional
Q~* scattering component, just as S, was extracted from the
Porod scattering at high Q.

III. Results and Discussion

(1) Validation of SAS Model Fit Results

In summary, Fig. 5 not only confirms the existence of rela-
tively narrow and correlated pore and grain size distributions,
but also indicates an approximately lognormal functional form
for these distributions, as explicitly assumed for SAS. When
allowance is made for the different shape assumptions and size
distribution weightings, the values of D, ,,, and D,,,, given in
Table I for selected n-ZrO, samples, show satisfactory consis-
tency with the volume-weighted mean crystallite diameters
from XRD, and the number-weighted median grain diameters
from TEM or SEM. The volume-weighted mean pore diameters
from BET also show satisfactory agreement for the as-pressed
samples, but indicate a smaller size for the partially sintered
samples, an effect probably associated with the presence of
constricted pore necks. For the two selected n-Y,0; samples,
the SAS pore diameters, D, yode> Do mea> and D, ., are signifi-
cantly larger than the XRD/TEM/SEM diameters, and this may
indicate a greater degree of agglomeration than for n-ZrO,.

For n-Zr0,, Table I shows D, ,,, as closer than D, to the
XRD and TEM/SEM values of D, at lower and intermediate
densities, but D, as closer at the highest densities reached.
Table III, which reports in detail the SAS model fit results for
the sintered n-ZrO, samples, shows both D, ,,, and D;,, as vary-
ing in a similar way with density. This is not so for n-Y,0;,
where Table I and the fit results for the other n-Y,0, samples,
not tabulated here, indicate that D, ,,, is considerably greater
than D,,, over much of the lower density range. This suggests
that, here, the particles neck and attach to one another in short
chains.

The interpretation of the SANS scattering features as oblate
pores yields, not only good model fits to the SANS data, but
also values of ¢,,,, determined from these fits, that approach
the total porosities, .o (see Table IIT). The Table IT compari-
sons of S,,,, S, and their specific surface equivalents, show
how the SAS model pore populations also account for most of
the surface areas in the samples. However, the BET surface
areas for the sintered samples are significantly less than the
SANS Porod surfaces, suggesting that a substantial fraction
of the porosity has closed during sintering and, therefore, is
inaccessible to BET measurement.

For the sintered n-ZrO, samples, the rise in the scattering at
small Q, P,.,, can be accounted for by a value of S5y ~ 2.5
m2-kg ' (0.0025 m*-g "), associated with coarse porosity. How-
ever, the nanostructured morphology accounts for more than
98% of the sintered sample volume. In the as-pressed n-ZrO,,
although an excellent fit is obtained over much of the O range
using any value of the aspect ratio, B, the extra scattering at low
Q is ignored. Without USAXS data, there is insufficient weight
to properly fit this component, which could represent a coarse
porosity of up to 27% of the sample volume, not otherwise
accounted for. While the Q range does not extend to sufficiently
low Q to permit a full characterization of the coarser micro-
structure, modelling of this does not seem to affect significantly
the fit parameters for the nanostructured morphology, at least in
the partially sintered samples. This coarser regime is not dis-
cussed further in the present paper, although it is acknowledged
that a substantial volume fraction of coarse pores or agglomer-
ated grains, persisting in partially sintered material, could hin-
der the achievement of a fully dense nanostructured grain
morphology.

(2) Sintering Study of n-Zr0O,

While, for each n-ZrO, sintering condition, modest increases
occur in grain size and density with sintering time, the curves
shown in Fig. 2(b) typify the SAS data and microstructural
model fits for each series. Sintering is rapid, with the degree of
sintering achieved prior to the earliest sintering times studied
being far in excess of further sintering at later times. For the
two vacuum-sintered samples where USAXS data have been
obtained at small Q, Fig. 2(b) shows that satisfactory fits extend
over three decades in Q and seven decades in d=/d€). Over the
associated microstructural scale range, Fig. 2(c) shows that the
postsinter anneal in air, following vacuum-sintering, has very
little effect on the microstructure, as determined by SANS.
Table III indicates that the maximum densities attained after
dir-sintering at 800°C, and vacuum-sintering at 800°C and
850°C were, respectively, 72%, 93%, and 95% TD.

For the three n-ZrO, sintering studies, Table III presents
relevant parameters, derived from the measured sintered densi-
ties and SAS model fit results. Figure 6 presents the variations,
versus sintering time, of D, ., and D, and Fig. 7, ¢,,, and
G- The variations of S, and S, are similar to those of &y,
and d,,,,;. Results for the as-pressed sample are given in each
figure, and the values for the sample, postsinter annealed at
800°C in air for 2 h, are included in Figs. 6(b) and 7(b).

Figure 6 shows that, for all three sintering conditions, the
greatest pore coarsening occurs between the as-pressed and
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Fig. 6. Evolution during sintering of the SAS model oblate pore population number-weighted mean diameter, D, ,,,, and number-weighted mean
interpore interference distance, D, for n-ZrO, sintered at (a) 800°C in air, (b) 800°C under vacuum, (c) 850°C under vacuum. In Fig. 6(b), X marks

the values for the sample postvacuum-sinter annealed in air.

early sintered states. Thereafter, there is some further coarsen-
ing, although, for extended vacuum-sintering at 850°C, there is
some evidence of pore shrinkage as full density is approached
(decrease in D, ,,,, while D, continues to increase). Over the
range of partially sintered n-ZrO, sample densities studied, the
D,,, diameters are larger than the oblate pore diameters, D, ,,,.
Given the results for grain and pore diameters from XRD,
TEM, SEM and, to some extent, BET, D, appears to be the
better SAS microstructural model parameter to associate with
the grain diameter, D,,;,, at least at the higher sintered densities
studied. While it is assumed that, at very close to full density,
the pore size distribution must shrink and become uncorrelated
with the coarsening grain size distribution, the results show
that, nevertheless, the former can provide a quantitative assess-
ment of the latter over much of the densification range.

Table III and Fig. 7 show that the SAS model fits account for
most of the porosity and surface areas in the partially sintered
nanophase samples. This implies that, for a relatively uniform
nonagglomerated powder fabrication, consolidation during the
early stages of sintering removes most of the coarse pore fea-
tures and permits the development of a sintered pore/grain
microstructure that is largely confined to the nanoscale regime
accessible in the SANS measurements. The few coarse features

that do remain are well separated in scale from the nanophase
microstructure so that the latter is cleanly revealed in the SAS
data and can therefore be modeled comprehensively.

Comparison of Figs. 6 and 7 shows that, while greater grain
coarsening occurs during vacuum-sintering, higher sintered
densities are obtainable at low temperatures. The lower air-
sintered densities achieved may be associated with the rapid
nanophase sintering rate, which could close the pores suffi-
ciently fast to entrap air within them.'>"® Despite the reported
enhanced diffusion rates, due to the high density of nanophase
grain boundaries, the entrapped air may exert sufficient nega-
tive sintering pressure to prevent the removal of the residual
closed pores. Not only is vacuum-sintering more efficient, but,
as Figs. 6(b) and 7(b) show, only minor modifications are intro-
duced into the microstructure during the postsinter annealing in
air to restore the ZrO, stoichiometry.

Despite the different sintering conditions, the most impor-
tant variable in determining the nanophase microstructure was
found to be the density, where 100% theoretical density (TD) =
5.01 X 10% kg-m~? for cubic n-Y,0; and 5.60 X 10° kg-m™ for
monoclinic n-ZrO,. This does not necessarily imply that each
sintering process studied passes through the same intermediate
densification stages. However, in Figs. 8—11, dashed lines are
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annealed in air.

used to connect the data points for clarity. Figure 8 shows D,
and D,,, for the three n-ZrO, series as a function of density. As
with Figs. 9-11, estimated statistical standard uncertainties, o,
given in Table I1I, are comparable to the symbol sizes. A better
measure of sample-to-sample uncertainty is probably given by
the scatter in the points. Where measured, means of the XRD
and/or TEM/SEM grain diameters are included in Fig. 8. These
XRD/TEM/SEM grain diameters are smaller than the corre-
sponding values for D, by 15%-25%, except at the highest
densities studied, where D,,, appears to be in better agreement.
D, ,, is typically some 10%—15% more than the XRD/TEM/
SEM values at low densities, but becomes progressively less
than these, by as much as 30%, at the highest sintered n-ZrO,
densities studied. Thus, Fig. 8 supports our earlier view that D,
is the more useful overall measure of D,,,;, over much of the
n-ZrO, density range.

Figure 8 shows the advantage of vacuum-sintering in achiev-
ing densities of more than 90% TD, with initial particle coars-
ening (from 6 nm to 30 nm) comparable with that during
air-sintering to only ~70% TD. Extended vacuum-sintering
to the highest achievable densities, without the application of

compressive forces, was found to cause further coarsening to
40 nm at 800°C, and to 48 nm at 850°C. At even higher sintering
temperatures, coarsening became more marked and the nano-
phase grain size could be lost (as for the n-Y,0; sample sintered
at 1200°C, where D, ,,, and D, were both found to exceed 100
nm). Figure 8 suggests that unconstrained vacuum-sintering at
temperatures somewhat above 850°C might achieve full density
with mean grain diameters ~60 nm. In recent work® on
vacuum-sintered material, a mean grain size of 75 nm at 97%
TD has been achieved.

Figure 9 presents the specific total (Porod) surface areas, S,
compared with those deduced from the SAS model number-
weighted pore size distributions, S, ,.p- It shows how most of
the surface areas are accounted for in the model and makes
clear the enhanced reduction in surface area made possible
by vacuum-sintering. Furthermore, the surface area variations
appear to follow a single curve, suggesting that intermediate
sintering stages may be independent of air- or vacuum-
sintering.

Figure 10 presents the percentage widths, AW, (relative to
D, ...o) of the SAS model number-weighted pore size distribu-
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TEM number-weighted median grain diameter, denoted XST, is shown
for comparison.

tions, as a function of sintered density. In the as-pressed con-
dition, AW is relatively broad with AW = 36%. For the
air-sintered material, AW = 16%, and, for the vacuum-sintered
samples, it ranges from ~20% up to ~33% for the densest
samples. Thus, the size distribution is narrowest where the
interpore interference is strongest, i.e., for intermediate sintered
densities (see Fig. 2). This basic result also holds for the n-Y,0,
samples, and may be quite general for the sintering of nano-
structured ceramic oxides. Strong SAS interference peaks are
an indication of the narrowness of the pore and grain popula-
tions, because of the implied uniformity in the interpore dis-
tance (D;,,), which they signify.

A qualitative explanation of Fig. 10 is that, for partially
sintered globular particles, the fewest degrees of freedom in the
configuration of pores and grains occur close to the dense-
random-packed hard-sphere (DRPHS) condition* at 64% TD.
At lower densities, there are more degrees of freedom, simply
because of the lower packing density of the solid grains. At
higher densities, there are also more degrees of freedom,
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Fig. 9. Total (Porod) specific surface area, S, (large symbols), and
SAS model pore population specific surface area, S, ,,, (small sym-
bols), versus density: (1) air-sintered at 800°C, (2) vacuum-sintered at
800°C, and (3) vacuum-sintered at 850°C.
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Fig. 10. SAS pore population width, AW, versus density for n-ZrO,:
(1) air-sintered at 800°C, (2) vacuum-sintered at 800°C, and
(3) vacuum-sintered at 850°C.

because the reduced number of pores permits a greater number
of configurations for those that remain around the grains. The
broadening in the size distributions, as full density is
approached, is in accordance with similar effects observed in
the sintering of micrometer-size grain ceramics.'”*>* However,
multiple components in the pore populations, due to separate
processes affecting inter-agglomerate and intra-agglomerate
pores,'” are not observed. This is a further indication of the lack
of significant particle agglomeration in the present case.

Figure 11 shows the mean number of oblate pores per nano-
phase grain in the microstructure, deduced analytically from the
SAS model fit parameters and from density measurements. The
number of pores has been determined by assuming that the
nanostructured porosity, ¢,,, consists entirely of oblate pores
(with orthogonal diameters D, .., D, ... and BD, ,,). The
number of grains has been determined by assuming that the
solid phase consists of globular grains (mean diameter, D,,;, =
D;,.). While the as-pressed material contains just under one
nanophase pore per grain (=0.92), this number is significantly
larger, at approximately two pores per grain for all the samples
air-sintered at 800°C. The high number density of pores proba-
bly enhances the strong interference peak in the SAS data for
this series. Break-up of the original pores, as they are closed off
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Fig. 11. Deduced number of SAS model oblate pores per nanophase
grain versus density for n-ZrO,: (1) air-sintered at 800°C, (2) vacuum-
sintered at 800°C, and (3) vacuum-sintered at 850°C.
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during the early stages of sintering, is the likely explanation,
and the resulting large number of pores per grain is probably
associated with the maximum in the pore coordination number
expected for the DRPHS condition.** For the high-density
vacuum-sintered samples, the number of pores per grain is
much less, being ~0.45 (falling to ~0.4) for sintering at 800°C,
and ~0.3 for sintering at 850°C.

Comparison of ¢,,, and S,,, indicates that, during air-
sintering, the reduction in specific surface area could be largely
accounted for by grain coarsening without true sintering. More
likely, losses of grain/pore surface area to form sintered grain
boundaries are counteracted by surface area gains in more pores
per grain. That some of the grain/pore surface area is lost in
sintering is independently evidenced by the reduced surface
area determined by BET. In vacuum-sintering, grain coarsening
cannot account for all of the specific surface area decrease. This
and the marked reduction in the number of pores per nanophase
grain indicate that much of the surface area loss during vacuum-
sintering must be due to the closure of grain boundaries
between sintered nanophase particles.”’ It is of interest that
the vacuum-sintered samples, which, in previous figures,
ranked mainly with the density, are clearly separated into the
two sintering temperature regimes, when the pore-to-grain ratio
is considered. This suggests that, for a given as-pressed starting
material, some morphological variations are introduced repro-
ducibly by the sintering thermodynamics, other than those
detectable by “conventional” measures of the grain size distri-
butions and sintered densities achieved.

IV. Concluding Discussion

It has been shown how the application of a microstructural
model to the SAS data from nanophase ceramics can be used to
quantify their microstructural evolution during sintering. The
present study suggests that, for the stoichiometry of the n-ZrO,
samples here, vacuum-sintering at a temperature above 850°C
could produce fully dense n-ZrO, with a mean grain diameter
of 60 nm. In practice, densities close to full density have been
achieved'>* at 975°C with grain diameters of 70—80 nm. Fur-
thermore, the model fit results show in detail that the postsinter
anneal, to restore full stoichiometry in n-ZrO, previously
vacuum-sintered at 800°C for 20 min, does not significantly
affect the final microstructure. Thus, by adjusting the oxygen
influx rate during oxidation in the IGC process, and by careful
control of the heating rates and sintering temperatures, the
stoichiometry can be optimized for sintering without fear of
disturbing the microstructure during the postsinter anneal. Fur-
ther reductions in nanostructured grain diameter are possible
(40 nm at near full density) if sinter-forging or hot isostatic
pressing (HIP) are combined with a reduced stoichiometry dur-
ing vacuum-sintering.”

To construct reliable and predictive models for the processing
conditions, it is essential to determine those parameters that are
statistically representative of the undisturbed microstructures
present. While TEM- and SEM-based analyses typically sample
100 pores or grains per image, SANS data are representative of
~10" pores or grains in a typical partially sintered nanostruc-
tured sample. This allows SAS, particularly SANS, to be used
with appropriate microstructural models in the evaluation of
quantitative and statistically significant parameters that probe
the thermodynamics of nanophase ceramic processing.
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