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1. FOREWARD

This is the final report arising from our research program involving the
investigation of processing/microstructure relationships in selected ceramic systems. The first
year of this program was dedicated to the development and detailed assessment of the novel
neutron scattering and x-ray diffraction techniques required for the measurement of ceramic
microstructure evolution as a function of sintering and chemistry. The next two years of the
program were used to study several sysiems in detail, and has led to some remarkable
conchisions which have changed the way in which the sintering stages in different systems are
understood.

The sintering behavior of a ceramic body and the properties of the ceramic
product depend directly on the internal microstructure. The goal of our research program with
the ARO has been to investigate well-characterized systems and to measure microstructure
evelution during ceramic processing in order to obtain an improved understanding of the
relationships between processing and microstructure. This approach has led to progress in

improving process models and to improved predictability of product microstructure.
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2. INTRODUCTION

Starting with the multiple small-angle neutron scattering formalism originally
developed by Berk and Hardman-Rhyne' at NIST, we applied it to such questions as:
o  What effect does the green-body density have on pore-size
evolution and grain-size evolution during sintering?

o What is the role of a sintering aid in the intermediate and
final stages of sintering?

o  What signals the beginning of final stage sintering and how
does the porosity evolve as full theoretical density is
approached?

o How do the sintering mechanisms (surface and volume
diffusion; viscous flow) change the porous-phase evolution?

The answer to this last question, for example, is beginning to have a major impact on the
community because the results differ significantly from classical well-accepted theory. The
answers to all of these questions will be described in the neutron scattering section (Section 3)

which follows.

High temperature x-ray diffraction, incorporating several ceramic-specific
features, has been used to investigate in-situ sintering in terms of the evolving grain sizes and
phases of several systems. In addition, we have studied the sintering kinetics of materials
synthesized at NIST under the support of this program. Finally, the evolution of pore sizes
and size distributions during final-stage sintering has been investigated using small-angle x-
ray scattering. The latter results indicate that for many applications, a product with less than
full theoretical density leads to properties superior to a product with nearly full density. These

results will be described in the x-ray section (Section 4) which follows.




3. SMALL-ANGLE NEUTRON SCATTERING CHARACTERIZATION

The central thrust of this research program was the application of advanced
scattering techniques to study the processing/microstructure relationships in real ceramic
materials, leading to an improved understandiig of ceramic process models. In this study, it
was possible for the first time to follow particle sizes, pore sizes, size distributions and
morphology from the earliest "green" state, through intermediate stage sintering, through to the
final stages of sintering.

The first system that we studied was undoped «-alumina, which served as a
model material. Our intention was to test the quantitative capabilities of our new scattering
techniques with a system which is well understood. We measured the effective pore radii for
alumina 56-98% dense and found that we could not only quantify the pore sizes but we could
also identify the transition from intermediate-stage sintering to final-stage sintering from the
morphological change which takes place in the shape of the pores present at each stage. In the
intermediate stage we measure the cross sections of the interconnected (i.e., open) pore
channels, whereas in the final stage we measure the diameters of isolated pores. Qur ability
to measure the density at which the transition from intermediate to final stage takes place
turned out later in this program to be essential for nnderstanding the effect of sintering aids
on microstructure and the effect of green-body density on product microstructure, These
results will be detailed below. At this time, we show in Figure 1 the effective pore radius as
a function of sintering for undoped alumina. For densities between 55% and 87% of
theoretical density, the effective pore radius remains nearly constant. This, at first surprising,
result for intermediate stage sintering is actually consistent with sintering modules in which the
stable topological decay of an interconnected pore network is taking place. This constant-
radius result is confirmed by mercury porosimetry results and Porod scattering results on the

same samples. For densities between 90% and 98% dense, the radii of the remaining pores




increases monotonically. We have identified these radii as being a measure of the pore size
distributions of the final stage of sintering, in which the pores are isolated from one another
and the decay in percent porosity is no longer stable. Thus MSANS and Porod scattering have
identified for the first time where the transition to isolated porosity takes place, and has led to
strong confirmation of the topological decay model” for intermediate-stage sintering, which until

now has probably not received the attention it deserves.
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Fi_g. 1. Effective pore radii for the 13-series alumina as a function
of %TDderived from MSANS, from Porod scattering, and from MIP.

Next we studied the effect of green density and the role of a sintering aid on the
densification during sintering of alumina. It is well known that high green-state porosity leads
to difficulties in sintering, and it is also well known the addition of small amount (0.25 wt %)
of MgO leads to a much finer-grained and denser ceramic product. It was not known,
however, why a low green-body density could not be overcome by sintering or the mechanism
by which the addition of MgO inhibits grain growth to form a much finer-grained denser
ceramic product with fewer incipient porous flaws. In research supported by this program,

we examined the sintering of alumina with and without additive, and we followed the course
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of the pore size distributions starting with green densities from 46% to 53%. The results
showed unequivocally that the initial connectivity in the green body determined the size of the
pores in the intermediate sintering stage, which are always constant (see Figure 2). Further,
it was demonstrated that the density at which the transition from stable intermediate-stage
sintering to final-stage sintering takes place is determined in part by the green body density.
The denser the green body, the later the transition takes place, and the smaller the isolated

pores which remain at the end of the final stage.
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Fig. 2. Effective pore radii, Reu(0), as a function of %TD for all
four series of samples. The number appearing near the leftmost
symbols is the average green body density for each series.

With regard to the effect of sintering aid, it was learned that the addition of
0.25 wt % MgO can overcome some of the problems associated with low green body density.
Our MSANS data indicated that even with low green body density, the onset or final stage
sintering is delayed. This leads to finer grains and smaller pores in the product material
because the stable intermediate densification stage is extended to densities well over 92% of

theoretical.



Although it is difficult to achieve a concensus regarding many aspects of
sintering mechanisms, there is general agreement that the driving force for sintering is the
reduction in surface free energy. The shape of the minimum free energy surface influences
strongly the microstructure evolutions during processing. In another research problem
investigated with the support of this ARO program, we measured the pore sizes, size
distributions, surface areas and number distributions of the porous phase in glassy silica and in
polycrystalline alumina. In this way we had a probe of two very different sintering
mechanisms: viscous flow in the processing of the glass, and surface and volume diffusion in
the processing of the polycrystalline material. The goal was to gain a quantitative measure of
the structural evolution when different sintering mechanisms dominate densification. The
remarkable result of this study was that, from a topological point of view, both systems evolve

the same way. This is shown in Figure 3, where we show the pore volume fraction, ¢,
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Fig. 3, Pore volume fraction, normalized to S/V, as a function of
densification (% TD) for silica and alumina.

9




normalized to the pore surface area per unit volume, S/V, as a function of densification. The
points for both systems for this topological parameter, ¢/(S/V), fall on a universal curve.
However, in terms of the actual pore sizes and morphology, the two sintering mechanizms lead

to two very different structural evolution signatures. In Figure 4, we show the average pore
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Fig. 4. R.a(0) as a function of percent theoretical density for silica
and alumina.

radius as a function of densification for the two systems. The alumina results are familiar from
Figure 1. The silica results show that the average pore size increases and then decreases in the
intermediate stage instead of remaining constant. This is because, in the glassy system, the
aggregates first densify, removing the smaller pores inside the clusters. This leaves behind
larger spaces (pores) between the clusters. The peak radius i‘entifies the point in the
densification at which all of the small pores have been removed. After that, the porc size

decreases rapidly. In addition, there is a morphological change in the pore shape that goes
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from interconnected cylindrical channels to interconnected fla' (disklike) pores in the final
stage. The transition to collapsed porosity in silicia ;s currently under further investigation.
This densification behavior is attributed to the lack of constraints associated with the absence
of a grain boundary in the glassy system. The density of the green body plays a much less
important role when viscous flow i< the operative sintering mechanism.

Further research on processing/microstructure relationships will include silicon
nitride sintering us a natural progression arising from the program just completed. The new
research will be directed toward examining conventional silicon nitride processing using variety
of sintering aids, microwave-assisted reaction-bonded silicon nitride which is not sintered and

involves no sintering aids, and nanophase processing of silicon nitride which also involves no

sintering aids. The goal will be to understand the underlying mechanisms for silicon nitride

fabrication leading to optimized reproducible processing of this promising ceramic.

4. SYNTHESIS AND X-RAY CHARACTERIZATION

The sol gel method is one of the most active areas of ceramics research. Part
of the synthesis and x-ray program supported by the ARO was devoted to exploring the sol gel
method with regard to new possibilities in the preparation of alumina. Earlier investigations
focussed on boehmite (AfQOH), its conversion to a-alumina, and the subsequent sintering
tehavior. In this program we have synthesized and evaluated a hydrous vitreous alumina
precursor (HVAP). These precursors have been prepared both with and without the addition
of a-alumina seed particles, and their behavior as they are converted to corundum (a-alumina)
has been coinpared to that of microcrystalline boehmite precursors. Qur x-ray diffraction and
differential thermal analysis data indicated that the HVAP material converts to corunduia at a
lower temperdture than the bochmite. Moreover, e presence of a-alumina "seed” particles
:n these precursors lowers the respective transition temperatures even further., A comparison

of x-ray diffraction intensities from seeded and un.:eded samples suggests that the presence of
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seed particles has an effect on the formations of -A{-OH-A#- and -Af-O-A¢f- networks. Low
alumina recoveries from gravimetric alumina-content assays on the HVAP indicate that it
chemically bonds water and possibly alcohol into its structure. In contrast, the boehmite
precursors have alumina yields more consistent with theoretical predictions. We conclude that
the HVAP materials offer a new route to synthesis of alumina, and further research is planned
to continue to explore these possibilities.

As part of this research program, we have measured x-ray diffraction profiles
during the in-situ sintering of alumina. (See Figure 5.) The peaks at 20 = 40° and 58° arise
from the molyhdenum heating strip. The sintering process causes the width and the intensity
of the sample diffraction profiles to change as the temperature increases. The initial submicron
size of the crystallites (Sumitomo, HKP50, 0.2um) causes the diffraction peaks to be broad.
During the early stage of sintering, crystallites grow out ¢f this range and the diffraction
profiles become narrower. A second effect is extinction, which noticeably reduces the
diffracted intensity of the strongest lines as the crystallites coarsen to sizes larger than those
which can be followed by peak broadening. Both effects are sometimes subtle alterations of
the diffraction profiles. The analysis of this data requires that the diffuse thermal scattering
be removed and the effects of extinction be derived from the fitting of the profile shapes. Such
analyses are underway and the grain-size evolution data is expected to be complementary to the
pore-size evolution results described earlier.

Finally, we describe a project in which we have investigated the pore-size
distribution in final-stage sintering by means of small-angle x-ray scattering. The values of
the median size and the width of the pore-size distributions are of particular interest in gaining
an understanding of the processes which take place as a ceramic body approaches full
theoretical density. The distribution of pore sizes is related to distribution of dihedral angles
between grains, which are in turn directly related to the driving force for sintering, i.e., the
surface free energy. This research was stimulated, at least in part, by our neutron scattering

results which indicated that the median size of the few remaining pores in final stage sintering
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Fig. =5,

In situ x-ray diffraction during the sintering of pure alumina,
Spectra were taken in 15 minutes after Z minutes for equilibration

at temperature.
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always increased as density increased. We measured samples of alumina, both doped with
MgO and undoped, that were between 97% and more than 99% dense. The high resolution
x-ray results showed that the mean pore radius continues to increase as density increases,
confirming and extending the neutron results. In addition, it was found that the pore-size
distribution broadens signiﬁcanﬂy (Figure 6) as density increases. Scanning electron
micrographs (Figure 7) of these specimens support the scattering results and show a
concomitant growth of the alumina grains. Lastly, for a given sample density, the average
grain and pore sizes are markedly smaller, and their size distributions are narrower, in the
MgO-doped case. This study gives statistical validity to earlier research® which suggested that
the distribution of dihedral angles between grains, and thus the grain and pore size

distributions, are narrower in MgO-doped alumina than undoped alumina at ~99% dense.
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Fig. 6. Volume size distributions V(D), of the pores derived using the maximum entropy
procedure, plotted as a function of diameter, D, for the MgO-doped alumina samples. For
clarity, smoothed lines have been drawn through the data points.
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Scanning electron mlcrographs of undoped aluminu samples 13-7 (97.0% TD). 13-8 (W.40 TD) and of MgO-doped samples D-6
(9" 5% TD) a %) 7(99.0% T
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MULTIPLE SHALL ANCLE NEUTRON SCATTERING CHARACTERIZATION
OF THE DENSIFICATION OF ALIMIRA

- - +
S. KRUEGER , G.G. LONG and R.A. PAGE

*Haterills Science and Engineering Laboratory, National 1Instictute of
Stenderds and Technology {(formerly NBS), Gaithersburg, MD 20899

+0epattuent of Materials and Mechanics, Southwest Research lnstitute, 6220
Culebra Road, San Antonio, TX 78228

ABSTRACT

Multiple small angle neutron scattering (MSANS) wae used to follow

tha eavolution of the pore size distribution Iin a-A1203 through the

intermadiate and finel etegee of sintering. This techniqua mnakee It
poesible to detarmine microstructure morphology in the 0.08 to 10 um size
ragime under conditions whare the total scattering croes-section {ie
dominated by elastic iIncocherent multiple ecattering, as is often the case
for ceramzice. The MSANS results iIndicate an initial decreass in the
effective pore radius from 0.19 um at 57% of theoretical deneity (TD) to
0.17 pm at 79% TO. Ae the sample density furthar Incraased, there was e
transition reglon after which the effactiva pora radius grew rapidly to
0.5 um et 98% ID. Standard Porod enalysie on ecattering by the eame
eanples eleo indicatee e transition betwaan the Intarmediata end final
etegee of proceeeing. Both sets of results support a topological model of
eintaring in which the interconnected pore network in the intarmediate etege
of eintering decaye in & eteble manner. Tha poree become fewer, while
retaining the same diameter, as densification proceeds. In the finsl etage,
iecleted pores remain,

INTROQUCT1ON

Knowledga of the microstructure evolution es a function of therual
proceeeing i3 Iimportant for the development of procees modele in cersamice.
For dilute concentrations of scatterere between 1 na and 100 nm, emall angle
neutron scettering (SANS) is invaluable for the determination of bulk amicro-
etructural parametere, The complementary MSANS technique, first deecribed
by Berk end Hardmen-Rhyne [1,2], 1e appliceble when the scetterers are in
tha 0.08 pm to 10 um elze range. 1n such cases, the total ecettering crose-
eaction {e dominated by elaetic incoherent multipla ecattering. Effectiva
(volume -weighted average) radil of the scatterere era extracted by meaeuring
the wavelangth dependence of the ecattering curvae et low ecattering vector.
Thus, it becomee poeeible to investigate thicker end denser wmateriale than
is poesible with SANS. Of the many methode evailable for the detarmination
of wicrostructura morphology, MSANS and SANS have the adventege of being
able to measure both open end closed pores.

1n this work, an inveetigation of the microstructure evolution of a-

A1203 as a function of theruel proceesing wae conducted. Thie ie a eystea

for which the procese models {3] ere comparetively well-understood, and thue
it cen eerve ae ¢ model system for the new scettering techniquee. An
aarliar etudy of aicroetructura evolution ae a function of thermal
proceeeing in porous eilica [4] hae demonstrated that MSANS and SANS
effectively covar tha full renge of ralevant microetructura eizee. For tha
elumins eyetem, MSANS wee used throughout the intermedieta end finsl etegae
bacause tha pora elzae were lerga. Stendard Porod [5] enalysis, performed
on the high engle portion of the scattering curvas, wae used to determine

Mat. Res. Soc. Symp. Proc. Yoi. 166, 1990 Materiels Reseerch Society
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total ecattering eurface areae, from which effective (surface area-weighted
everage) pore radil were calculated.

MSANS THEORY

The interection of neutrone with wmatter ie deteruined by the phaece
shift, v, that e plane wave undergoee in traversing a particle of radiue, R.
Thie phaee ehift depende on the index of refraction of the particle or void,
an, reletive to the ecattering matrix such thst v={4x/)2)AnR, where A ie the

neutron wavelength. An-abAZ/Zn, vhere Ab ie the relative scattering length
density, or contraet, of the particle or void:

8 =X 11%1Ve11 - Paatrix’ (1

Thus, the phaee shift v le given by
v = 28bRA, (2)

meening thet it 1s directly dependent on the wmaterisl contraet, the
dimensions of the scatterer and the neutron wvavelength.

If v << 1, the measurement ie in the conventional SANS diffraction
regime. The form of the ecattering curve as e function of the ecattering
wavevector Q (where |[Q] = 2Zxe/A, and ¢ 1le the ecattering angle) 1is
independent of neutron wevelength and depends only on the perticle
dimensions. On the other hand, if v >> 1, the experiment involves mulctiple
refrection, where every particle ecatters and geometricel optics applies.

The scattering curve depends on neutron wavelength ae Az. Vhen v 5 1, the
MSANS diffraction formaliswm appliee [1,2] and the scettering curve broadens
es ¢ function of neutron wavelength. The predicted neutron intensity le

approximetely gaussien «. Q = 0 and hae a width nearly proportionsl te lz.
Even though the wavelength dependence 1= the ecane s thet for wmultiple
refraction, the fect that v 51 allowe en effective perticle radlus,
Reff(O). to ba determined from the wavelength dependence of the radius of

curvature, r , at Q = 0 of the scettering spectrua,
A messure of the amount of aultiple scattering 1s glven by the

paraneter z which 1le the sample thickneee, z, divided by the statistical
mean free path length, .

z=~z/t=1.5 ¢z(abx)2n.ff(0). (3)

vhere ¢ 1s the volume frection of scatterers and the dimensione of the

parameters are expreseed in centimetere. z 1is related to the scattering
radius of curvature via an eapiricel relation [2]

0.85-.0.5
n z

r.(QR] - 0.926(z ¢ 1 for z > 5. (%)

For z > 10, the egreement with the theory is better than 0.1%. The enalyels
requiree only the eample thickness, the wevelength dependence of the radlius
of curveture, the scettering volume fraction (vhich is e refinable
peraseter) end the scattering length density to darive l.ff(O). For lerge

Q, the scettering ls determined by the single scettering Porod lew [35},
which applies even when the reglon neer Q = 0 is doninsted by multiple
scettering [1}.
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ALUMINA SAMPLES

Tha samplee wara Bajkowski alumina powdar (CR6)}, slipcast to an avarega
graan daneity of 53% TD. The ellp consisted of 43.5 vol.t elumina powder
mixed into water, elong with 0.5 wt.t of a polyalectrolyta dispersant
(Darvan C). The suspansion was ultrasonicatad for 15 min end allowad to eet
ovarnight bafore baing poured into moulde with taflon rings on top of
plaster-of-paris blocks. Aftar 55 minutes, the moulds wara ramoved froam the
blocks end sealed in a conteiner overnight., Tha partially-driad saamples
were than removad from the moulds and aasled in containars for 2 days. Tha
containere were than opened to the air for en edditional 5-7 dsye bafore a
eeriee of ovan-drying etape ware performed ee follows: 2 days at 64°C, 1
day ac 81°C, 1 day at 102°C end 1 day et 116°C, aftar which e dry, eolid
green body is obteined. In cthis fashion, a family of eight naarly-identical
eanples were prepered.

During sintaring, eaaples were ramoved ona by ona from the furnace
to yleld examples of meteriel betwaen 56.5 end 98y TD. Figure 1 is a tima-
temperature curve for the eintaring. Each circle raprasente ¢ eampla
removed from the furnaca and the number alongsida is the measured A\TD.

NEUTRON SCATTERINC MEASUREMENTS

Maessurenents wara mada et the 20 MW research reactor et the National
Insticuta of Standards and Technology (NIST, formarly the Netional Bureeu of
Standarda), The NIST SANS facility [6] includes a velocity eelector for
chooeing tha neen iIncidant wavelangth, A, of the neutrons with a epread,
Ar/A = 0.25, Copious nautron fluxee can be obtainad in the wevelangth
region betwaen 0.5 and 2.0 n» due to a cryogenic modarator installed in the
raactor core. Tha nautron beas is collimeted with 4 12 ma apertura which
follows the velocity ealector and a § mm apartura wvhich pracedee tha esample

3 i Figure 1. Sintering time-
73 J temparatura curva for the
= elumina eamples sintered to
k- densicias renging from 56.5
4 - to 98% TD.
&
(=9
4 4
-
i N
170 10 180 1M asq

Time (min)
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poeition. Scattered neurrone are detected by e &4 x 64 cm2 position-
eeneitive detector divided into 128 x 128 pixele. The data are circularly
averaged to produce one-dimeneional Intensity, I(Q), versus Q curvee. For
Porod analyeis, ecattering cross-esctions ars placed on an absoluze scale by
normalizing to that of e standard silica gel sample measured under the eame
conditions.

RESULTS AND DISCUSSION

MSANS measuremente were performed on each sample at a ainizum of 35
different neutron wavelengthe, The ecattering curves exhibited the expected
broadening vith increaeing neutron wavelength, Gauselan fite were mads to
each curve in the range extending from 90% of I(0), the intansity at Q=0, to
45% of 1{0). The ecattering curvee no longer fit well to a gauseian in the
higher Q reglon, wvhera the ecattering intensity falle below 40% of I(0).
For each fit, & radius of curvature wae extracted from the etandard

deviation, .- .fi/Za. Blank epectra (with no ecatterer in place), mesaeured

at aach wavelength, were aleo fitted in order to make a correction for the
instrument function. The meseured vgluse of rc {eymbole) along with the

theoretical valuee determined using the MSANS formaliem (eoclid 1linee) are
plotted vereue neutron wavelength in Figure 2 for each eampla. The
densities meacured volumetrically and thoes determined by tha neutron
ecattering are shown in the ineat to the figure. The derived valuee of
lef(O) fit the theory well for all eamples meaecured.

: : : . o
J Hemres Es
0k a 5.5
R
o .
nk -] o 5.
o WL WO
[ s 925
e e W1 5.8 Figure 2. Meaeured radii
= © sy mo of curvature (eymbols) end
£ uk ' ' the corrasponding theo-
= retical radii (eolid linee)
o as a function of neutron
: e 2] wavelength for sll samples
megoured. The sample
= Wk - densities measured volunm-
o etrically ara shown in the
sl | inset, along with those
determined by tha neutron
scattering seseurements, if
L1 - different.
s 4
~ M

0.§ .8 1.0 1.2 1.a 1.8

Wavelength (nm)
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R.ff(O) was derived from Figure 2 for each alumina sample. A plot of
Rcff(o) as a function of &TID ie llluatrated in Figure 3, along wvith the
avarage pore tadius, R.ff(-). derived from single particla Porod measure-

mente assuming spherical scatterers. The MSANS determinatione, which are
strongly velghted to the larger volume particles [4], 1indicate that the
average pora vadius for the distribution within the alunina decreasses
slightly from 0.19 um to 0.17 um in the intermediate eintering etaga and
increases eharply to >0.5 um in the final atage. Tha Porod determinatione,
which ara weighted to the emaller volume particles, indicata an average
pore radius that 1ie slovly increasing during the intermediate stage of
sintering and more rapidly increasing during the finsl stage. Both resulte
indicate a transition in the wsilcrostructure wmorphology between 85 and
95% ID. The quantitative differences ariee in part becausa R.ff(O) is

derivad from a meaaure of the volume fraction of voide in the system and
R.ff(-) from a meaaure of the total eurfaca area in the spaces {(or necks)

batween tetrahedrally positioned particlees. Mercury poroesimetry
measuraments (R.A. Page, unpubliehed resulte) parformed on the sanplee balow
85% ID, vhere open poroelty is axpectad, agraes qualitatively wvith both sats
of SANS rasults and the average pore radil are quantitatively cloeer to the
Raff(.) valuee.

The isportant result of both the SANS and porosimetry messuremants is
that the effective pora radius remsine relativaly constant through the
intermediate stage of sintering. Thia {e& consistant vith intermediate etaga
sintering wmodels in which topological dacay of an interconnected pora
network ie taking place [7]. Throughout the intersediate staga of
sintering, the ratio d/sv. or volume fraction to surface area par unit

volume, is constant [8}. Consequently, the pore channels ratain a conscant
diamstar as densification proceeds.

Tha affective pore radil measured with MSANS correepond to tha cross-
section of the pore channele. Tha avarage length of the pora channels is
>10 um, vhich le beyond the range of the MSANS technique. Thua, R.EE(O)

T ¥ T ¥
0.5~
£
— 0.8~
A
=
. a.3)-
~
-
@  0.2)-
P
[=
[
0.1}~
1 1 1 1
8 10 0 a0 100

Percent of Theoretical Density

Figura 3. Effactiva pora radii for tha alumina samplas as a function of
percant thaoratical density detarminad from the MSANS formalisa (Reff(o))

and from tha singla particla Porod measurements (R.ff(-)).

21




......

remaina ralatively constant ea dansification proceeds and the pore channel
network decaya.

Before the channala have diseppaared altogether, a trensition into the
final sintering atage occura in which the porcaity becomas isolated. Pore
faoclation poaaibly occurs due to a ruptura or "pinching off” of the channala
as thay can no longar msintain their langth whila at the sama time ramaining
atable against the incraasing aintaring force [7]. Tha isolsted porea are
more spherical, having diamaters which ara greatar then tha croas-sectional
diamatara of the originsl chsnnela, yat smsll anough to ba within tha MSANS
range. Aa tha nuobar of 1aoclatad poras increasaa, tha largar dimanaion
makes an incraasing contribution to the total acsttering, until it finally
dominates the MSANS crosa-aection. Thus, Rgff(o) increases grsdually as tha

transition from intarmadiate to final aintering atage begina. Late in tha
final staga, a more rapid increase is aeen aa the microstructure becosea
doainated by the isclated porea.

CONCLUSIONS

The transition from one sintaring stage to anothar Iin sintarad aluaina
was detectad by small sngle neutron scsttering. The affectiva radius of tha
pora siza distribution, aa measured by both multiple swmall angle neutron
acattering and single particla Porod scattering, ramained fsirly conatant
throughout the intermediata stsge of aintaring, with a rapid incrasss aa
densification procaads beyond 85\ of thaoretical density. The rasults are
consistent with sintaring modals vhich aquata tha intermadiate staga with
tha decay of tha topological natwork of chsnnals and junction poras in tha
aystan. Befora complata dacay can occur, a tranaition into tha final
sintaring atsga occurs in which the poroaity becomea laolated apherical
volids.
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Evolution of the Pore Size Distribution in Final-Stage Sintering of
Alumina Measured by Smail-Angle X-ray Scattering

Susan Krueger, Gabrielle G. Lang.* David R. Black, and Dennis Minor
Natianat Institute af Standards and Technalagy. Gaithersburg. Maryland 20899

Pete R. Jemian* and G. William Nieman

Department of Materials Science, Narthwestern University, Evanstan, llingis 40208

Small-angle X-ray scattering was used to follow the evolu-
tion of the pore size distribution during final-stage sintering
of alumina and of alumina doped with 0.25 wi% magnesia.
Thbe volume-weigbted {(Guinier) results indicate that the ef-
fective slze of the largest pores increases as the body goes
from 97% to more than 99% dense. The surface-area-
weighted (Porod) results show that the median size of the
smallest pores decreases slightly over the same density
range. Taken together, these data indicate that the pore size
distribution becomes broader as final-stage densification
proceeds. This was confirmed by 2 maximum entropy analy-
sis, which was used to derive pore size distributions directly
from the data. Finally, the evolution of the pore size distri-
butions io alumina, with and without sintering aid, were
compared. [Key words: alumina, sintering, pore size distri-
butioo, X-ray, magnesia}

HE microstructure evolution of the porous phase during

final-stage sintering of alumina and of alumina with
0.25 wt% MgO sintering aid has been studied by means of
high-resolution small-angle X-ray scattering (SAXS). The
values of the median and the width of the pore size distribu-
tions are of special interest in gaining an understanding of the
processess which take place as the ceramic body approaches
full theoretical density. In particutar, the distribution of pore
sizes is related to the distribution of the dihedral angles be-
tween grains, which are in turn directly related to the driving
force for sintering, i.c.. the surface free energy.

Earlier studies’ of the microstructure evolution of alumina
as a function of sintering were performed using multiple
small-angle neutron scattering. In that work, both the inter-
mediate and final stages of sintering were studied and the
results indicated that the effective pore radius is constant
during the intermediate stage, independent of the presence of
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MgO. During that stage, the value of the effective pore radius
was shown to depend on the green body density or, equiva-
lently, on the connectivity in the compact before sintering.
When final-stage sintering begins, the open interconnected
porosity of the intermediate stage breaks up into isolated
porosity, and the effective pore size increases abruptly.” It
was found that the role of MgO as a sintering aid lies, at least
in part, in prolonging the stability of intermediate-stage sin-
tering such that the body achieves greater density before the
transition to isolated porosity takes place, leading to a finer-
grained finished ceramic in the case of the densified material
containing MgO. Contrary to expectation, the measured ef-
fective pore radius was never observed to decrease as densily
increased, even for material that had reached 98% of theoreti-
cal density (TD).

The present study was undertaken to measure the evolution
of the pore size distributions during late final-stage densifica-
tion. This kind of information, which can be derived from
single- partic]c scattering, is not generally available from multi-
ple scattering measurements unless the shape of thc distribu-
tion is known. A high-resolution SAXS camera.’* which can
measure sizes between 3 nm and 1 um, was used to measure
samples of alumina and alumina doped with 0.25 wt% MgO
with densities ranging from 97% to more than 99% of theo-
retical, The effective mean pore radius was found to increase
as density increased, confirming the earlier multiple neutron
scattering results. In addition, it was found that the pore size
distribution broadens significantly as density increases. This
behavior can be compared to the trends that are observed® in
the distributions of dihedral angles between grains.

The samples (13-series and 8-series) were made from
Baikowski alumina powder (CR6, 6 m*-g™') and slip cast to
green densities of approximately 53% of lhcorcuca] where
the theoretical density of alumina is 3.985 g-cm ™. The slip
consisted of 43.5 vol% alumina powder mixed lmo water,
along with 0.5 wt% of a polyelectrolyte dispcrsam The sus-
pension was agitated ultrasonically for 15 min and allowed to
settle overnight before being poured into molds with Teflon®
rings on top of plaster-of-paris blocks. The following efforts
were made to guarantee that the material was dried slowly to
prevent cracking. After 55 min, the molds were removed from
the blocks and sealed in a container overnight. The pantially
dried samples were then removed from the molds and sealed

Samples

'Darvan C. R.T. Vanderbill Co., Inc.. Norwaik, CT.
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October 1991

into comainers for 2 days, after which the containcrs were
opened to the air for 5 to 7 days. Finally, -~ series of oven-
drying steps were porformed: 2 days at 64°C, | day at 81°C,
1 day at 102°C, and 1 day at 116°C. At this point a dry, solid
green body was achieved. Compacts (D-series) were also pre-
pared by cold-pressing from the same powder doped with
0.25 wt% MgQ. Green densities of approximately 319% of the-
oretical were obtained for these doped samples. Doping was
achieved by adding a solution of Mg(NQO;), in distilled water
and drring overnight at 200°C. Earlier neutron scattering
studies’ showed that the green body density, rather than the
preparation method, determines the sample characteristics.
The samples were heated to 1600°C,'” at which time 90%
TD was achieved. With the furnace temperature held con-
stant at 1600°C, samples were removed one at a time to yield
examples of sintered microstructure between 97% and more
than 99% TD. The characteristics of the three suites of
samples are given in Table [. Pore volume fractions were de-
termined volumetrically with an uncertainty of 0.3%. Samples
13-7, 13-8, and D-6 were taken from samples measured earlier
by neutron scattering.* The D-7A sample was obtained by
further sintering a piece of the D-7 sample 10 99.7% TD. The
samples for the X-ray studies were cut out of the larger sam-
ples using a standard 3-mm-diameter electron microscopy die
and then polished to thicknesses between 150 and 200 um.

I1f. Experimental Procedure

() SAXS Instrument and Measuremenis

The small-angle X-ray scattering measurements were made
by means of a modified Bonse-Hart-type double-crystal dif-
fractometer’ on the X23A, NIST Materials Science beamline
at the National Synchrotron Light Source, Brookhaven Na-
tional Laboratory. The double-crystal instrument offers high
angular resolution at the smallest scattering angles where the
scattering from large microstructure is to be found, and it
covers the entire relevant size range for the alumina samples.

A diagram of the experiment is shown in Fig. 1. The energy
of the incident photons is chosen using a monochromator con-
sisting of two Ge(111) crystals. The size of the X-ray beam is
defined by slits at the monociiromator exit. Since the X-ray
beam is nearly parallel, the slits are adjusted to maximize the
coverage on each sample. The incident photon intensity is
monitored by means of a combination ionization-chamber/
helium-transport tube after the shits and before the sample
position. Samples were placed on kapton tape and suspended
from rings which were supported at the sample position by
means of two fixed pins. The scattered photons were ana-
lyzed by two additionai Ge(111} crystals, mounted so that they
rotate as a monolith about the center of the surface of the
first crystal, and were detected by a 5.5-mm-diameter photo-
diode detector.*

Smail-angle scattering m:asurements were performed on
the alumina samples using 11-keV photons. Each sample
was aligned individually in the X-ray beam and the beam

o
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definition slits were adjusted to maximize the coverage in
each case. After the small-angle scattering from the sample
was measured, the empty beam (with no sample in place)
was measured before aligning the next <ample. Thus, ¢ach
sample measurement is paired with a corresponding empty
beam measurcment.

(2) SAXS Data and Analysis

The raw data of photon counts vs analyzer crystal angle
were reduced to SAXS intensity vs scattering vector g =
41 sin (8)/A, where @ is one-half of the scattering angle and
A is the photon wavelength. The intensity was placed on an
absclute scale by a primary calibration technique.” Since the
double-crystal instrument involves slit collimation, it was nec-
essary to perform a geometrical correction which was made
using the desmearing algorithm of Lake.” The desmeared in-
tensities, f(g), for each of 1the three suites of samples are plot-
ted on a in (Z{g)) vs ¢° scale in Fig. 2. Note that, in each -use,
the scattering from the most dense samples has the steepest
slope at small g values while the least dense samples show the
least curvature in the same g range. Such curvature is charac-
teristic of samples which contain a distribution of sizes of
scatterers. The slope of the curves at small ¢ is determined by
the size of the largest pores in the size dictribution. Since the
stecpest slopes are associated with the most dense samples,
the maximum pore size continues 1o increase as the material
approaches full theoretical density.

Since the alumina samples do not contain a monodisperse
pore size, a single radius of gyration could not be derived
from a conventional Guinier® analysis in the small-g region.
However, for the purpose of comparing samples, fits to the
desmeared data were made in the same limited range
5% 107 < ¢ £ 6.5 x 107" nm™' to the Guinier equation

Kq) = I(0) exp(—¢ R{/3) )]

where R, is the radius of gyration of the larger particles and
(0} is the extrapolated scattering intensity at ¢ = 0 from the
range of scattering vector values above.

The desmeared scattered intensity beyond g — 0.03 nm™'
follows the standard Porod law” which can be writter

figy=Pg'+ B 2

where P is Porod's constant and B is a backyground term. Both
P and B are obtained from linear least-squares fits to fg* vs ¢*
plots for each sample. The total scattering surface area per
unit volume, 5/V, is determined directly from P since

P = 2m{Bp)SV (3)

The contrast, Ap, is the difference in X-ray scattering length
density between the particle matrix and the pores. For the
alumina samples, Ap is equal 10 32.6 x 10" em™% An average
pore radius, R,, can be calculated from S/V if the pore shape
is known. After the background term is subtracted from f{(q).
the scattered intensity curves, plotted on a log (/{(q}} vs log (q)
scale, exhibit a slope of —4. A Porod plot from sample 13-8,

Table 1. Alumina Samples

Green Sample Sampile
Pore volume densily Time densily density
Sample fraction (%)* (RTD) a1 1600°C (min) (%TD) (g-em )
Undoped alumina
13 30 53.0 30 97.0 3.865
38 1.0 529 300 99.0 3945
810 23 528 30 97.7 3.893
8-8 i4 52.9 120 3.6 3930
814 0.7 529 300 993 3.957
d Alumina
Mﬁdopc 2.5 50.7 7 97.5 3.885
D-7 (K] 510 3 990 3.945
D-7A 03 510 180 99.7 M

“The vncertainty on ail pore volume [(rachion values is 0.3
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which is representative of Porod scattering from all of the
samples, is shown in Fig. 3. The corresponding fitted slope is
~4.02 = 0.06 in the range 0.03 = g = 0.1l nm™".

The radius of gyration obtained from Eq. (1} is 2 volume-
derived parameter and thus ts weighted to the larger pores in
the size distribution while the Porod radius is a surface-area-
derived parameter and is weighted toward the smaller pores.

High-resolution small-angie X-ray scallering insirument.

Thus, the two sets of results taken together are a qualitative
measure of the width of the pore size distribution for each
sampic. To obtain a2 quantitative description of the distribu-
tion of pore sizes, the desmeared SAXS intensities were ana-
lyzed for a volume-weighted distribution (ApY'V(D), where
V(D) dD is the volume fraction of pores with diameters be-
tween D and D + dD. The size distributions were derived
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8 T T Y T T ™ Table 1I. SAXS Guinier Results®
Pore volume
- 0 - Sample fraction (%} Ry ium)
Undoped alumina
ef ~ 13- 30 030 = 0.02
13-8 1.0 0.37 = 0.02
= | 8-10 e ) 0.26 = 0.01
C 8-8 1.4 030 = 0.02
g 8-14 0.7 031 = 0.03
— A
= Doped alumina
= D-6 2.5 031 = 001
e D-7 1.0 0.30 = 0.01
D-7A 0.3 0.39 = 0.02
2r *Guinier fits were always made in the range 5 x 10°' s g 5 6.5 x
10-" am"". "Radius of gyration.
0 i i ; " f f . potential and at 0° and 25° tilv. Magnification was checked
-22 -1.8 -1.4 -10 -06 with NIST SRM 484 (s/n JY-43-cc).
loglq nm™)
Fig. 3. log (N vs log (g) (Porod) plot of 1he desmeared SAXS in- IV. Experimental Results

tensity for sample 13-8, which is a 1ypical example of Porod scalier-
ing from cach of 1he alumina samples studied. The solid linc has a
filled slope of —4.02 = 0.06.

using a maximum entropy technique™ for spherical scattercrs
implemented in the program MAXE obtained from the
UKAEA Harwell Laboratory.

The maximum entropy algorithm has been successfully ap-
plied to a real system in the study of particle size distributions
as a function of starting chemistry in precursor pnrous silica
samples.” In this earlier work." it had been emphasized that
it is important to apply the maximum entropy method to scat-
tering data encompassing a g range sufficient to cover the
entire size range of the pores in the sample. Otherwise, the
resultant curve fit will not accurately represent the true pore
size distribution. The prior assumption used in the maximum
entropy method is that all particle dimensions are equally
probable. Hence all features in the calculated distributions
are only produced by corresponding statistically significant
features in the scattering data.

One measure of the integrity of the data inversion is a
coinparisor of the pore volume fraction, ¢, calculated from
maximum entropy with the volume fraction determined volu-
metrically. Another measure of the integrity of the data is a
calculation of the invariant” of the scattered intensity. The
invariant, often represented as !, can be written as

0= [ ko dg
o

When Hg) is meatured on an absolute scale, Eq. (4) can be
rewritten in terms of the scattering volume fraction such that

Q = 2r'(Ap) e (5)

Note that the shape of the pore size distribution, or equiva-
lently, the shape of the scattered intensity curve, does not
enter into the calculation of Q. Whatever the shape of f{g) vs
q for a given value of ¢, the value of the invariant does not
change, provided that the data arc sufficient to encompass all
pore sizes in the distribution. Thus, by integrating /g)- ¢°
over g, the volume fraction can be calculated directly from
the data and compared to that measured volumetrically.

{3 SEM Sample Preparation and Measurements

In preparation for scanning electron microscopy (SEM)
measurements, the surfaces of the specimens were ground
with successively finer SiC grit and given a final polish with
I-nm diamond paste. To improve the visibility of surface fea-
tures, the samples were thermally etched by heating in air at
1500°C for 15 min and then removed at temperature and al-
lowed to cool in air. The samples were viewed in the scan-
ning ¢lectron microscope at both 12- and 24-kV accelerating

@

26

() SAXS Results

Values for the radius of gyration, R;, obtained from a
Guinier analysis in the data range 5 x 107 s ¢ < 6.5 x
107 nm™" are shown in Table I1. These results, while weighted
toward the larger pores in the size distribution, are not taken
to represent the maximum pore size since the curvature of
the data at the smallest g values measured is still increasing
(see Fig. 2), which indicates that still larger pore sizes may be
present. The Guinier analysis is generally valid® when the g
range used s centered about gR, = 1.2. In this case.
gR, ~ 1.5 at the smallest 4 value measured. Therefore, the ¢
range accessible with the high-resolution SAXS insirument,
while adequate to detect the largest pore sizes, is not suffi-
cient to account quantitatively for all of the large pores in the
samples. However, these results can be used to place a lower
limit on the maximum pore sizes present in the samples and,
since they were obtained in the same g range for cach sample,
they can be meaningfully compared.

The R, values in Table il show an increase in pore sizc with
increasing sample density, independent of the presence of
MgO sintering aid. This is illustrated when the results for all
three suites of samples are plotted together, as shown in
Fig. 4. The trend observed here confirms and extends the
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Fig. 4. Plot of pore R, (radius of gyralion) values for all samples,
obtained from a Guinier analysis, as a funciion of sarn;le density.
In all cases, fits were made in the dala range 5 x 107" =
gs65x%x107 am™.
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Table III. SAXS Porod Results
Pore volume G Fras
Sample Iraction (7F)* (nm ") tnm-'t Pix1F cm "V S/ =0 em *f R.iumi

Undoped alumina

13- 3.0 0.03 0.11 3149 = 0.04 1.716 = 0.006 0.191 = 0.019

13-8 1.0 0.03 011 11.67 = 0.02 1.748 = 0.003 0.172 = 0.051

8-10 23 0.03 0.1 2538 = 0.02 3.800 = 0.003 0.182 = 0.023

8-8 1.4 0.03 .11 12058 = 0.02 1.719 = 0.063 0.233 = 0.053

8-14 0.7 0.03 0.11 8.38 = 0.01 1.254 = 0.001 0.167 = 0072
Doped alumina

D-6 23 0.03 0.13 2587 = 0.03 3874 = 0.005 0.19¢ = 0.023

D-7 1.0 0.03 0.13 11.06 = 0.02 1.656 = 0.003 0.180 = 0.055

D-7A 0.3 0.03 0.13 4.89 = 0.02 0.732 = 0.003 0.123 = 0.123

*The uncertainty on all pore volume fraction values 1s =0.3. Porod constant. *Normatized surfuce area. *Porod radius. Spherscal scatterers are assumed.

trends observed in earlier neutron scattering studies' where
the effective pore radius was observed to increase monotoni-
cally with increasing sample density during final-stage sinter-
ing. In addition, it was shown in one of these studies' that the
effective radius of pores in the doped sample was consistently
smaller than that of pores in undoped samples at the same
density. Quantitatively, the pore sizes in the neutron scatter-
ing studies are somewhat larger than reported here. This oc-
curs because the pore volume fractions used in the neutron
scattering studies were derived directly from the dara fitting
procedure and are somewhat lower than the volumetrically
determined values used in this work. In addition, the multiple
small-angle neutron seattering technique accounts for the
largest pores in the sample, which serves 1o increase the effec-
tive pore radius derived from those studies.'

Values for the pore radius cbtained from a Porod analysis
of the SAXS data and assuming a spherical pore shape are
shown in Table III, along with the derived Porod constant, P,
and the normalized surface area per unit volume, §/V. The
largest possible linear region in the log (/) vs log (g) curve
beyond ¢ = 0.03 nm™ was fit in each case, as given in the
gmin 204 g, columns of Table 111, Figure 5§ shows the Porod
results for all three suites of samples. The large error bars for
the samples at the highest densities are a direct result of the
0.3% uncertainty on the pore volume fraction values. Con-
trary to the behavior of the R, values, the R, values decrease
slightly with increasing sample density, again independent of
the presence of MgO in the sample. Since the R, values are
weighted to the larger pore sizes in the distribution and the
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Fig. 5. Plot of pore R, (Porod radius) values for all samples, ob-
tained from a Porod analysis and assyming a spherical pore shape,
at a function of samples Jensity. Fils were made in the largest pos-
sible lincar dala range beyond ¢ = 0.03 nm™'.
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R, values are weighted to the smaller pore sizes, the behavior
of the radii in Figs. 4 and 5§ indicates that the pore size distri-
bution broadens with increasing sample density.

The volume size distributions V' (D), derived for each
sample using the maximum entropy algorithm, are plotted
versus diameter, D. for each suite of samples in Fig. 6. The
sample densities which have been used to identify the curves
are those which had been determined volumetrically. The
large peaks in the size distributions represent the centroids of
the distributions, while the smaller ripples may be due to
mathematical artifacts.”>* Therefore, smoothed lines have
been drawn through the points for clarity. The volume-
weighted mean pore radius, R., calculated from the resultant
size distribution, is shown for each sample in Table [V. These
values agree quantitatively with the average pore radii deter-
mined from the earlier neutron scattering studies,’* provided
that the volumetrically determined values for the pore volume
fraction are used in all cases.

The broadening of the size distributions as a function of
densification can be seen in Fig. 6 and the increase in the
mean pore radius can be seen in Table 1V. This table also
includes the values of the standard deviation of the mean
pore radius which is seen to increase as sample density in-
creases.

{2) SEM Results

Scanning electron micrographs for undoped samples 13-7
and 13-8, and doped samples D-6 and D-7, are presented in
Fig. 7. The grain boundaries and pores ean clearly be seen.
While some of the pores are larger than 1 um, most are
smaller. In addition, most of the pores reside on grain
boundaries while others are trapped inside large grains. The
average grain size in the undoped samples (13-7 and [3-8) in-
creases dramatically, along with an increase in pore size, as
the sample goes from 97% to >99% TD. A similar inerease in
grain and pore size is seen in the doped samples (D-6 and
D-7). A comparison of the micrographs of Fig. 7 with the
pore size distributions in Fig. 6 shows that the SEM results
are consistent with the SAXS results derived using the maxi-
mum entropy technique. Note that the region of sensitivity
for the SEM studies differs from that of the SAXS studies.
The SEM technique measures surface features, Therefore, it
is well-suited for studying the largest pores in the samples
since the necessary polishing and etching processes tend to
remove the small pores from the sample surfaces. On the
other hand, the SAXS technique measures bulk samples so it
is sensitive 10 the smaller pores as well. Figure 6 shows that
the majority of t*e pores in the samples fall below the size
range readily accessible with SEM.

The most striking feature in the comparison between the
doped samples and the undoped samples is that the average
grain size in the doped sampies is markedly smaller than that
of grains in the undoped samples of approximately the same
density. Since porc growth is associated with grain growth,
this would imply that the average pore size is also smaller in
the latest stages of sintering for the MgO-doped samples.
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Fig. 6. Volume size disiributions V(D), derived using the maximum eniropy procedure, plotied as a funciion of diameter, D, for the
undoped alumina samples: (A) 13-series and (B) 8-series, and the MgO-doped alumira samples, (C) D-series. For clarity, smoothed lines

have been drawn 1hrough the dala points.

V. Dilscusslon

The motivation for studying the pore evolution during the
late stages of sintering of undoped and doped alumina with
high-resolution SAXS was the result of the earlier neutron
scattering study’ of the same material which suggested that

Table IV. SAXS Maximum Entropy Results

Pore volume
Sample fraction (%) R, (um)*
Undo?ed alumina
13- 30 (.245 (0.113)
13-8 1.0 0.336 (0.172)
810 23 0.225 (0.105)
&8 14 0.236 (0.114)
814 0.7 0.280 (0.161)
ch_egi alumina
25 0.225 (0.096)
D-7 1.0 0.272 (0.119)
D-7A 03 0.292 (0.130)

*Volume: weighted mean radius. Standard devistions of the mean radius
are given in parentheses.
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the effective pore radius continues to increase with increasing
sample density, even when densities reach 98% TD. The neu-
tron scattering results for the undoped 13- and doped D-series
samples are reproduced in Fig. 8, where the effective pore
radius is plotted versus %I D. This figure shows that the mean
pore radius during intermediate-stage sintering is determined
by the green body density or, in other words, by the original
connectivity in the green state. The transition from interme-
diate stage (where the porosity Consists mainly of intercon-
nected channels) to final stage (where the porosity becomes
isolated) apparently occurs between 86% and 92% TD, where
the effective radius begins to increase rapidly with increasing
sample density. This transition occurs at a greater density in
the case of the MgO-doped sample, suggesting that the role of
MgO as a sintering aid lies, at least in part, in extending the
stable intermediate sintering stage, thus allowing the body to
achieve greater density before final-stage sintering begins.
Although there are large uncertainties in the radii of the
denser final-stage samples, the effective radius of the un-
doped alumina sample is consistently larger than that for the
doped sample at the same density. This effect might be even
more proncunced if the green densities had been identical. Ex-
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ton rmcrognphs of undoped alumina samples 13-7 (97.0% TD), 13-8 (99.45% TD) and of MgO-doped samples D-6

Fig. % Scanni
(9*5% TD) and n‘)-? (99.0% TD).

tending intermediate-stage sintering leads to a finer-grained
ceramic in the case of alumina containing MgO since it does
not undergo the same degree of exaggerated grain and pore
growth as the undoped material. The high-resolution SAXS
experiments were performed in order to measure the final-
stage samples with higher precision than is possible with the
neutron scattering technique and to extend the study of the
evolution of the pore size distribution to sample densities
greater than 99% TD.

The SAXS Guinier results (Table II and Fig. 4) confirmed
the neutron scattering results and demonstrated that the aver-
age pore radius continues to iricrease in the final stage of sin-
tering in both the undoped and doped alumina. Furthermore.,
the trend continues even as densities reach more than 997
TD. When these results are combined with those obtained
from the Porod analysis (Table LIl and Fig. 5), it is evident
that the pore size distribution broadens with sample density
in both cases.

The more quantitative represcmanon of the pore volume
distributions, obtained by the maximum entropy technique

(Fig. 6}, can be directly rclated to the grain size distributions
observed in the SEM micrographs (Fig. 7). While the gnain
size distribution can be seen directly from the micrographs,
the SAXS measurements arc uscd to obtain a statistically sig-
nificant description of the pore size distribution. The average
pore diameters determined from the pore size distribution
(Table IV} quantitatively confirm the neutron seattering
results prowdcd that the volumetric densities are used in
both cases.'

Earlier studies® in which the dihedral angles between
grains were measured and rclated to the grain size distribu-
tions in ~9%¢ densc alumina and alumina with 0.25 wt%
MgO demonstrated that the dihedral angle size distribution,
and thus the grain size distribution, were narrower for the
MgO-doped sample. However, the median value of the dihe-
dral angle remained the same for hoth undoped and MgO-
doped samples. This behavior can be seen in the micrographs
for the ~97% TD samples as well as the ~99% TD samples,
although the micrographs indicate that the average grain size
is larger for the undoped cases. The narrowing of the grain -
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size distribution implies that the ranges of the surface energy
and/or the grain boundary energy become narrower with ad-
dition of MgO.

A similar trend is expected for the pore size distribution at
the same densities. The derived volume distributions for the
~99% TD samples (13-8 and D-7) are plotted together in
Fig. 9. The figure suggests that the size distribution is indeed
narrower for the MgO-doped sample and that the doped
sample contains a smaller volume of pores greater than
~800 nm in diameter. Table 1V supports this conclusion,
showing that both the mean pore radius and its standard de-
viation are smaller for the sample containing MgO. This ef-
fect may be masked somewhal since the green density of the
MgO-doped sample was higher than that of the undoped
sample, meaning that the average pore radius of the MgO-
doped sample was larger from the beginning. If both samples
had started ou: th identical green densities, the differences
observed here in mean pore radius and in the width of the
size distributions could possibly be larger.

The pore volume fractions, &, calculated from the maxi-
mum entropy procedure and from the invariant, where the
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Fig. 9. Maximum eniropy-derived volume disiributions V(D) vs
diameter, D, gd ots for 1the ~99% dense samples (A) 13-8 (undoped)
and (B) D-7 (MgO doped).
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integral in Eq. () is taken from g = 0 10 g, 2re compared to
the volumetric determination in Table V. The value of ¢ de-
termined from maximum entropy is, in some cases, lower
than the volumetric determination, which has an uncertainty
of =0.003. Furthermore, the value determined from the in-
variant generally falls above that determined from maximum
entropy. In the maximum entropy procedure, an analytical
caiculation of the volume fraction based on the known scat-
tering function for spherical scatterers is made. On the other
hand, the integral used in calculating the invariant begins
at g = 0. Since no data are available at values below g =
5 x 107° nm™', /q) is extrapolated to ¢ = 0 using the Guinier
approximation represented by Eq. (1).

Although both the maximum entropy and the invariant de-
terminations of ¢ yield volume fractions that agree well with
those measured volumetrically, it is still possible that a small
number of pores in each sample are too large to be measured,
even with the high-resolution SAXS instrument. This was al-
ready suggested from the Guinier plots (Fig. 2), which display
noticeable curvature at the smallest measured g values. In ad-
dition, the R, values obtained from the Guinier analyses
{Table 11) indicate that gRy,~ 1.5 at g =5x%x 10" nm™',
whereas the g range should be centered upon gR; = l 27
Thus, those pores with sizes that correspond to the extremes
of the g range may be underrepresented in the pore size dis-
tributions. Further evidence of the existence of larger pores is
provided by the SEM micrographs in which a few pores with
diameters larger than 1 um can be seen. Except that the
pores at the extremes of the g range may not be completely
included, the small number of such large pores will not signif-
icantly affect the derived pore size distributions.

VI

The evolution of the pore size distribution during final-
stage sintering of alumina and of alumina doped with
0.25 wts%c MgO was followed using high-resolution small-
angle X-ray scattering. The pore radius of gvration, obtained
from a Guinier” analysis, was observed to increase from ~0.3
to ~0.4 um, independent of the presence of MgO sintering
aid, as the sample density increased from ~97% to >99% of
theoretical density (Table !1). In contrast, the pore radius
derived from a Porod” analysis and assuming a spherical pore
shape was observed to decrease from ~0.2 to ~0.1 pm over
the same range of sample densities (Table 111). Taken together,
these results indicate qualitatively that the pore size distribu-
tion broadens with increasing sample density. In addition,
pore volume distributions, which provide a quantitative de-
scription of the pore size distribution, were derived for cach
sample using a maximum entrooy analysis.” Both the mean
pore radius and its standard dev:ation, obtained directly from
the pore size distribution. were found to increase with in-
creasing sample density. The trends observed here confirm
earlier multiple small-angle neutron scattering studies'
which demonstrated that the average pore radius continues 1o
increase in the final stage of sintering in both the undoped
and the doped samples and suggested that this trend contin-
ves even as densities reach more than 99% of theoretical.
Furthermore, the average pore radit determined from the
SAXS analyses agreed quantitatively with those determined
in the neutron scattering experiment, provided that the volu-
metrically determined sample densities are used in both
cases.

Scanning clectron micrographs of both undoped (13-7 and
13-8) and MgO-doped (D-6 and D-7) samples show that the
majority of pores are smaller than | xm, supporting the scat-
tering results. The average grain size as well as the average
pore size increases for both doped and undoped samples as
the densitly increases from 97% to >99% of theoretical. For a
given sample density, the average grain size is markedly
smaller, and the grain size distribution is narrower, in the

Concluding Remarks
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Table V. Scattering Volume Fractions
Volume Iraction®
Volumetric Maximum entropy lavanant
Sample measurement determination determination
Undoped alumina
13- 0.03 0.027 0.029
13-8 0.01 0013 0.012
8-10 0.023 0.02 0.025
88 0014 0.011 0.015
8-14 0.007 0.008 0.010
Dc;ged alumina
-6 0.025 0023 0.023
D-7 0.01 0011 0.011
D-7A 0.003 0.005 0.007

*The uncertainty in all pore volume [raction values 1s =0.003.

MgO-doped samples. This confirms earlier studies’ which
showed that the distribution of dihedral angles between
grains, and thus the grain size distribution, in ~99% dense
MgO-doped alumina is narrower than in undoped alumina at
the same density.

Acknowledgment: We are gratefuf to UKAEA Harwell for the MAXE
software used to perform the maximum entropy data analysis,
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APPENDIX III

Characterization of the Deasification of Alumina by
Multiple Small-Angle Neutron Scattering
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Abstract

Multiple small-angle neutron scattering was used to
follow the evolution of the pore-size distribution in
a-Al,O, through the intermediate and final stages of
sintering. This new technique enables the study of
microstructure in the 0-08-10 um size regime, which
is the size range of importance for many materals
systems, without needing to increase the resolution
of currently available small-angle scattering instru-
ments. The microstructure evolution results indicate
a nearly constant effective pore radius for the alumina
throughout the intermediate sintering stage, ranging
from 0-19 pm at 54% of theoretical density to 0-17 wm
at 79% dense. As the alumina densifies further, there
is a transition region after which the effective pore
radius grows rapidly to =0-6 pm at 97-5% dense.

1. Introductioo

Small-angle neutry,. attering (SANS) is an impor-
tant technique for th statistically significant evalu-
ation of bulk microstructural parameters in materials
containing dilute concentrations [where ‘dilute’ is
represented by /(1 —¢)~ ¢ and ¢ is the scattering
volume fraction] of scatterers between 10 and 1000 A.
However, the relevant structures in many physical
systems, such as partially sintered ceramics, can-
not readily be studied by SANS since the usual
approximations are not valid for the larger sizes and
more.dense structures present in these materials. To
perform neutron scattering characterization of high
technology materials as a function of thermal process.
ing, it has become increasingly important to extend
the range of particle-size determinations usually
associated with SANS up to —~10pm and to be able
to include the analysis of thicker and less-dilute
[¢/(1-¢)> ¢] systems in which the coherent elastic
differential scattering cross section is dominated by
multiple scattering. These issues have been success-
fully addressed by the multiple small-angle neutron-
scattering (MSANS) formalism of Berk & Hardman.
Rhyne (1985, 1988), which applies when multiple
scattering arises solely from the compounding of

0108-7673/91/030282-09303.00

single-particle scattering events, meaning that there
is no scattering component due to correlations
between particles. Berk & Hardman-Rhyne refer to
this type of scattering process as ‘incoherent multiple
scattening’.

The central assumptions of the MSANS formalism
are that the observed MSANS intensity is the result
of incoherent multiple scattering from a randomly
distributed monodisperse population of spheres com-
prised of material of uniform density (i.e. containing
no internal structure) and that the phase shift v that
a plane wave undergoes in traversing a particle of
radius R is within the range ~0-1 to 2. Effective
(volume-weighted average} radii of the scatterers are
extracted by measuring the wavelength dependence
of the broadening of the scattering curves.

An earlier study of microstructure evolution in
porous silica as a function of thermal processing
(Long & Krueger, 1989) demonstrated that MSANS
and SANS can effectively be used together to cover
the full range of relevant microstructure sizes. In this
work, MSANS was used to follow the evolution of
the pore-size distribution in a-Al,0; through the
intermediate and final stages of sintering.

Knowledge of the microstructure evolution as a
function of thermal processing is important for the
development of process models in ceramics. The pro-
cess models for both the silica (Kingery & Berg, 1955)
and alumina (Coble, 1961) systems are comparatively
well understood. Whereas porous silica is a glassy
system which sinters by means of viscous flow,
alumina is a polycrystalline system which sinters by
means of volume and surface diffusion. The different
sintering mechanisms should give rise to different
microstructure evolution. Thus, these well character-
ized materials can serve as model systems for the new
MSANS technique.

2. MSANS theory

The interaction of neutrons with matter is character-
ized by the phase shift » that a plane wave undergoes
in traversing a particle of radius R. This phase shift
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determines the shape of the single-particle differential
scattering cross section, dX (Q)/d{2, as a function of
the scattering wavevector Q, where |Q}=2#¢/A and
£ <1 is the scattering angle. » depends upon Ap, the
contrast of the particle or void, relative to the scatter-
ing matrix such that

v=2A4pRA, (1)
where Ap is written as
AP = Z (b|/ V)-pmalrix' (2)

cell

The b, are the coherent scattering lengths of the
individual nuclei whereas p ..« is the average scatter-
ing-length density of the matrix. Thus, the phase shift
is directly dependent upon the material contrast (4p),
the dimension of the scattering particle or void (2R)
and the nsutron wavelength (A).

If <1 (the usual SANS diffraction regime), the
measured scattered intensity can be described by the
Born approximation (Porod, 1951; Weiss, 1951) of
scattering theory or the Rayleigh-Gans model (Ray-
leigh, 1910, i914; Gans, 1925) of wave optics. For
appropriately thin samples, the majority of the
incident neutron beam is transmitted through the
sample and the remaining neutrons are scattered only
once before exiting the sample. The scattered intensity
as a function of Q is independent of neutron
wavelength and its shape near Q=0 depends only

1(Q)

Transmitted Beam

Fig. t. (a) Representation of an I{Q) w2 Q scattered-intensity
curve arising from conventonal small-angle scattering, illustral-
ing its wavelength-independent shape and the transmitted-beam
region near Q=0. (b) Represemation of a typical set of
1({Q) os Q multiple small-angle scattered-intensity curves from
a single sample, illustrating their wavelength-dependent shape
and the empty-beam curve.
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on the particle dimensions. Fig. 1{a) represents a
typical SANS scattering curve. The scattered intensity
around Q =0 cannot be measured directly because it
lies in the same region as the transmitted beam, which
is 10’ to 107 times more intense than the scattered
beam. Therefore, a beamstop is usuaily employed to
prevent the transmitted beam from reaching and thus
damaging the neutron detector. For any particle
shape, the particle size can be described by its radius
of gyration R, or Guinier radius (Kostorz, 1979)
which is the same as the radius of gyration in
mechanics and is obtained from an analysis of the
small-Q portion of the scauered-intensity curve. The
range for which the Guinier analysis is valid is defined
by QR, = ~1-2 (Kostorz, 1979). In addition, the ratio
of the total scattering surface area to the volume of
the sample in the neutron beam, S/V,, can be
obtained from an analysis of the large-Q portion of
the scattered-intensity curve. In this region, the scat-
tered intensity obeys the Q~* Porod law (Kostorz,
1979). An equivalent spherical radius can be deter-
mined from the total scattering surface area.

At the opposite extreme, when > 1 (the multiple
refraction regime), every particle scatters and the
scattered intensity is derived from geometrical optics
(von Nardroft, 1926). The shape of the scattering
curve is independent of the particle radius and
depends only upon the difference in index of refrac-
tion between the scatterers and the matrix which, in
turn, depends upon neutron wavelength as A% This
regime is not pursued further here.

When v =1 (the MSANS diffraction regime), the
scattered intensity cannot be described by either con-
ventional SANS diffraction or by multiple refraction.
Scatterers with radii in the 0-1-10 um range generally
undergo phase shifts of the order of 1 for the range
of neutron wavelengths usually available for SANS.
Since larger particles scatter more intensely than
smaller ones, the likelihood of multiple scattering
becomes grea‘er (Berk & Hardman-Rhyne, 1988).
Furthermore, che incidence of coherent scattering
between larger particles is greatly decreased, meaning
that the single-particle scattering cross section does
not contain a component due to interparticle interfer-
ence. Thus, in the MSANS diffraction regime, multi-
ple scattering arises solely from the statistical com-
pounding of numerous coherent ¢lastic single-particle
scattering events in which interparticle interference
does not play a significant role (Berk & Hardman-
Rhyne, 1985).

A measure of the amount of incoherent multiple
scattering is given by the parameter Z (Berk & Hard-
man-Rhyne, 1988), which is the sample thickness, z,
divided by the statistical necutron mean free path

length, L
F=z/I=1-5¢z(4pA )R, 3)
where ¢ is the volume fraction of scatterers. 7 is
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related to the sample transmission as T, = exp {—Z}.
Since dp involves only coherent scattering lengths, 2
can only be calculated from the measured sample
transmission after correcting for absorption and inco-
herent single-particle scattering, where applicable. A
value of Z = 0-0 means that there is no multiple scatter-
ing. In practice, the data from SANS samples of finite
thickness such that 0<<Z=1 always contain some
multiple scattering which is either negligibly small or
treated as a small correction to the single-particle
scattering. In MSANS measurements, the amount of
multiple scattering is copious and Z typically ranges
from 10 to 400.

In the region of validity of MSANS, the intensity
of the transmitted beam is immeasurably small and
the width of the scattered intensity curve near Q =0
is broadened far beyond the broadening due to instru-
mental resolution. The amount of beam broadening
is dependent upon the incident neutron wavelength
as illustrated in Fig. 1(b) where representative
MSANS curves are shown for different wavelengths
incident on a single sample. The intensities have been
normalized such that I{0)=1-0. In each case, the
scattered intensities, /(Q), have a curvature, r., near
Q=0 and can be approximately described as a
Gaussian with a width proportional to AZ, For large
Q, there is a crossover to single-scattering Porod
behavior (Berk & Hardman-Rhyne, 1985), where the
cross section is proportional to Q™*,

It is evident from (1) and (3) that the contribution
of incoherent multiple scattering to the total cross
section depends upon a balance of the parameters
which define v and Z For a given neutron-scattering
contrast and wavelength, (3) indicates that the
amount of multiple scattering depends linearly upon
the sample thickness and the radii of the individual
scatterers. Therefore, even though in practice thick
samples {0-5-1-0cm) are used to ensure copious
multiple scattering, the MSANS formalism can also
be applied to much thinner samples (0-1-0-2 cm) if
the radii of the scatterers are sufficiently large. (From
a practical standpoint, sample thickness can be
chosen so that the wavelength dependence of the
width of the scattering curve is easily observed within
the range of available neutron wavelengths.)

Although the wavelength dependence at small Q
seems to be the same as that for the multiple refraction
regime, the underlying mechanism is different. When
v=1, an effective radius, R.«(0), where the 0 refers
to Q =0, can be determined for the scatterers from
the wavelength dependence of r, using the MSANS
formalism represented in equations (2.12)-(2.15) of
Berk & Hardman-Rhyne (1985, 1988). The
dimensionless parameter r[QR])=r.[Q)R, where
[...]) means with respect to, is related to Z via an
empirical relation (Berk & Hardman-Rhyne, 1988)

r[QR]=0-926{Z1n°" £}** for 7>5, (4)
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which approximates the theory to better than 0-1%
when > 10.

The MSANS formalism in effect replaces the stan-
dard Guinier analysis in the the small-Q region of
1{Q) where R,4(0), rather than R,, defines the size
of the scatterers. When polydispersity is present,
R.4(0) can be written in terms of the moments of an
assumed particle-size distribution. For the small-Q
regime, R.4(0) ={(R*/(R? (Berk & Hardman-Rhyne,
1985), where the brackets denote the arithmetic
average of the argument. Note that in the low-Z limit
the MSANS formalism no longer applies and the
moments are expressed in terms of the Guinier radius
of gyration such that R, =[3(R%/5(R%]Y" (Kostorz,
1979). If a similar relation for the effective radius can
be found using the large-Q regime, then the average
radius as well as the width of the size distribution
can be found as shown below.

The standard Porod analysis (Kostorz, 1979) can
be applied to the large-Q region of I(Q). In this
region, the scattered intensity ¢can be written as

I(Q)=PQ™*+B, (5)

where P is Porod’s constant and B is a background
term. The normalized total surface scattering area per
unit volume, S/ V,, is determined directly from P. An
effective pore radius, R q{0), where o refers to the
large-Q regime, is calculated directly from S/V,
assuming spherical scatterers. For polydisperse sys-
tems, the moments of the size distribution are
expressed as R.q(20) =(R%/(R?. If both R.4(0) and
R_q(20) are known, (R} as well as the width, B8, of an
assumed particle-size distribution can be determined.

To apply the MSANS formalism to the analysis of
scattering from a system of spheres containing no
internal structure, (3) and (4) indicate that the sample
thickness, the scattering volume fraction (which is a
refinable parameter), the scattering-length density
and the wavelength dependence of r, must be known
in order to derive R,4(0). In addition, the constraints
that 7=10 and 0:1= v =2 must be satisfied. When
v>2, the scattering intensity falls into a crossover
regime between diffraction and refraction. However,
if Z is sufficiently large, the MSANS formalism
may even apply if v>2 (Berk & Hardman-Rhyne,
1988).

The assumption that the scattering system is domi-
nated by incoherent multiple scattering is extremely
important since it means that the scattered intensity
does not contain an interparticle interference term
due to pair-pair correlations between particles. Since
the scatterers are so large, Le. comparable in size to
the mean free path length of the neutrons, there is
no coherent scattering between particles. Thus, even
a dense system of scatterers may be considered dilute
from the perspective of MSANS even though ¢/(1—
)~ ¢ does not apply.
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Table 1. Alumina samples prepared from Baikowski
CR6, 6 m’ g™"' powder

Thickness Pore volume %TD
Sample {cm) fraction, ¢ Volumetric MSANS
13-2 1-019 044 565 54
13.3 0-988 0-35 &47-0 65
13-4 0-894 0-21 91 9
13-5 0-914 013 254 a5
13-1 0-851 0-11 90-8 29
1).6 0-852 0-075 94-6 92-5
1)-7 0-840 0-055 971 94-5
1).2 0-804 0-¢ 98-9 97-5

3. Alumina samples

The samples were ?repared from Baikowski alumina
powder (CR6, 6 m* g™'), slipcast to an average green
density of 53% of theoretical density (TD), where
TD=3-965g cm™. The slip consisted of 43:5vol.%
alumina powder mixed into water along with 0-5 wt%
of a polyelectrolyte dispersant (Darvan C). The sus-
pension was ultrasonicated for 15 min and allowed
to set overnight before being poured into molds with
Teflon rings on top of plaster-of-paris blocks. After
55 min, the molds were removed from the blocks and
sealed in a container overnight. The partially dried
samples were then removed from the molds and
sealed in containers for 2 d. The containers were then
opened to the air for an additional 5-7d before a
series of oven-drying steps was performed as follows:
2d at 337K, 1d at 354K, 1d at 375K and 1d at
389 K, after which a dry solid green body is obtained.
In this fashion a family of eight nearly identical
samples was prepared.

During sintering, samples were removed one by
one at different times from the furnace to yield
examples of material between 56-5 and 97-5% TD.
The characteristics of the alumina samples are listed
in Table 1. Sample densities measured volumetrically
as well as those determined from the MSANS
measurements are given. The sintering time-
temperature curve is shown in Fig. 2. Each circle
represents a sample removed from the fumace and
the number alongside each circle is the measured
%TD.

4. Neutron-scattering measurements

Measurements were made at the 20 MW research
reactor at the National Institute of Standards and
Technology (NIST). The NIST SANS facility
{Glinka, 1981; Glinka, Rowe & LaRock, 1986} makes
use of a velocity selector to choose the mean incident
wavelength of the neutrons, A, which have a
wavelength spread AA/A =0-25. Copious neutron
fluxes can be obtained in the wavelength region
between 5 and 20 A due to a cryogenic moderator
installed in the reactor core. The neutron beam is
collimated with a 12 mm aperture which follows the
velocity selector and an 8 mm aperture which pre-
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cedes the sample position. Scattered neutrons are
detected by a 64 x 64 cm position-sensitive detector
divided into 128 x 128 pixels. The data are circularly
averaged to produce one-dimensional intensity, 7(Q),
vs Q curves. Intensities measured for Porod analysis
were placed on an absolute scale by comparison with
I(Q) from a calibrated silica-gel sample measured
under the same conditions.

The MSANS measurements were performed with
no beamstop in front of the detector since the intense
transmitted beam associated with conventional SANS
measurements is absent. The absence of the beamstop
ensures that the beam center can be found with high
precision. With the center of the Gaussian precisely
known, an accurate determination of the radius of
curvature can be made. Measurement times ranged
from 10min to 1h, depending upon the neutron
wavelength. At the shortest wavelengths, the incident
neutron beam is attenuated as needed in order to
avoid saturating the detector. Fora given wavelength,
the broadest scattered intensity curves require the
longest measuring times in order to accumulate
sufficient counts.

5. Data analysis
5.1. MSANS analysis

MSANS measurements were performed on each
sample at a minimum of five neutron wavelengths.
The scattering curves exhibited the expected broaden-
ing with increasing neutron wavelength as shown in
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Fig. 2. Sintering time~lemperaiure curve for the alumina samples.
Each circle represents a sample removed from the furnace and
the number alongside is the percent of theoretical deasily.
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Fig. 3, where I(Q) vs Q curves, normalized to f(0) =
1-0, are plotted for the 85% TD sample. The features
at Q=0-005A"', most obvious for the longer-
wavelength data, are due to a change in detector
sensitivity at the beam-center position. To avoid this
region, Gaussian fits were made to each curve tn the
Q range beginning where the intensity is ~85-90%
of I1(0) and extending to ~45% of [(0). Below 40%
of I(0), the scattering curves did not fit well to a
Gaussian.

For each curve fit, a radius of curvature is extracted
from the standard deviation, o, such that r.=
(1/29)"?. Blank spectra, measured at each
wavelength with no scatterer in place, are also fitted
te enable a correction for the instrument function
(Hardman-Rhyne & Berk, 1985). Radit are extracted
in each case from the empirical formula in (4) using
(3) for Z These values are averaged to obtain an
effective radius, R_4(0), for the scatterers in each
sample.

Finally, both R_4(0) and the scattering-volume
fraction, ¢, are refined simultaneously for each
sample using a least-squares fitting method. Owing
to the approximate nature of the empirical formula
(4), the full numerical MSANS analysis describing r.
as a function of A, developed in (2.12)-(2.15) of Berk
& Hardman-Rhyne (1985), is used in the refinement
procedure.

5.2. Porod analysis

The scattering at large Q was measured for each
sample with an incident neutron wavelength of 6 A
and the detector offset to an angle of 3-5°. Sample
transmissions were determined by dividing the total
detector counts accumulated for each sample by the

L i 1 J
v A =13

& =124 i
O A =1k

® A = 104

O A=89k .
® X =8k

O x=TA 4
A A = B

G Blank

Fig. 3. Measured MSANS I{Q) vs Q curves from the 85% TD
alumina sample for eight neutron wavelengths. The curve for
the emply-beam ‘blank’ was taken at A =13 A.
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total detector counts accumulated under the same
conditions with no sample in place. This method
yields the equivalent of a single.scattering sample
transmission. Values between 0-87 and 0-97 were
measured, which fall within the range expected for
Al;O; when no multiple scattering is present.

Since the scattered intensity follows (5} in the
Porod regime, both the Porod constant, P, and the
background term, B, were found directly by making
linear least-squares fits to JQ* vs Q* curves for each
sample. The largest possible linear region of the
curves was fit. In each case, the maximum Q value
was 0-16 A™', which is the largest Q value for which
data were obtained. The mintmum Q value ranged
from 0-035 A~ forthe97-5% TD sample to 0-1 A™" for
the 54% TD sample. The ratio of the normalized
total scattering surface area tc the volume of sample
in the neutron beam S/ V, is determined directly from
P. With the assumption of spherical scatterers, R q(<0)
for the large-Q regime is also determined.

6. Results and discussion

The measured values of r.[Q] (symbols) are plotted
versus A in Fig. 4 along with the theoretical values
(solid lines) determined using the MSANS formalism
[(2.12)-(2.15) in Berk & Hardman-Rhyne (1985)]. As
the scattering volume fraction decreases (e the %TD
increases), the calculated values of R 4(0) become
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Fig. 4. Measured radii of curvature (symbols} and the correspond-
ing MSANS theoretical fit (solid lines) as a function of neutron
wavelength. The sample densities are those refined from the
neulron-scattering measurements.
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Table 2. MSANS results

Neutron
wavelength
A{A) Pore radius
Sample %TD Min. Max. R 4(0) {um)
13-2 34 60 9-9 02001}
13-3 65 60 99 01901}
134 79 60 10:9 0170 5)
13-5 85 60 13-0 o181 1)
13-1 B9 70 14:2 23
13-6 92-5 99 14:2 03203
13.7 94-5 99 165 0:53(5)
13-8 97.5 10-9 165 750151

Phase shift
z Ratio® v

Min. Max. Min. Max. Min. Max.
152 414 14 26 013 022
98 289 1 M 012 021
49 193 7 17 10 0-22
32 204 6 17 0-09 028
47 234 7 19 017 041
96 298 1t 21 035 0-66
73 248 9 19 0-4% 0-93
40 126 ] 13 Q:53 1-10

* Ratio = R,4(0)/ R,10), where R,{0) is the pore radius calculated assuming no muluple scatienng is present.

much more sensitive to small changes in the volume
fraction, ¢. For example, an uncertainty of 0-01 on
the value ¢ =0-01 has a much greater effect on R_4(0)
than the same uncertainty on the value ¢ =0:4. In
these cases, the refinement procedure was especially
useful as it allowed the simultaneous determination
of ¢ and R,4(0) values which best fit the r. vs A data.
Values for the phase shift » ranged from 0-1 to 10,
asshownin Table 2, which fall well within the allowed
range for MSANS analysis.

The slopes of the r, us A curves are steepest for the
intermediate-stage alumina samples, which have the
largest pore volume fraction. These samples also have
the largest 7 values and thus the largest amount of
multiple scattering, even though the effective pore
radii are smaller than those of the final-stage samples.
In addition, the scattering intensities show beam
broadening at smaller A values and the width of the
Gaussian at Q=0 increases more rapidly with
increasing A.

When the pore volume fraction is small, as in the
97-5% TD sample, 7 is correspondingly smaller and
the slope of the r. vs A curves is much flatter. Since
the amount of multiple scattering is much less in the
denser samples, the scattered intensities must be
measured using longer-wavelength neutrons for beam
broadening to be observed. Without the cryogenic
moderator, copious neutron flixes at wavelengths
beyond ~12 A would not be available and the most
dense samples could not have been measured using
the MSANS technique.

The refined value for the effective pore radius
R.q(0), obtained from the data in Fig. 4, is listed for
each sample in Table 2, along with the ranges of A,
Z and » Also listed is the ratio of R_4(0) to the
equivalent spherical radius R,(0} calculated assuming
that no multiple scattering is present, ie. using the
standard Guinier analysis to obtain R, and then
assuming spherical scatterers to obtain R,(0).

The data points from Fig. 4 for all of the samples
(circles) along with the empirical curve as given by
(4) (solid line) are plotted as a function of 7 in Fig,
5. The dimensionless parameter r.[QR] is obtained
by multiplying r.{ Q] by the best R,4(0} value for each

sample after refinement. The Z values for these
samples range from 40 to 400, well within the range
of validity of the empirical formula. Thus, excellent
agreement with (4) is expected.

A ln(I) vsln (Q) plot of the Porod data (circles)
for the 85% TD sample is shown in Fig. 6. The fitted
background term [see (5)] of 0-018(1) cm™' was sub-
tracted prior to plotting. The solid line is the linear
fit to In(f) vs In(Q) in the range 0-055=Q=<
0-155 A™', where the slope was determined to be
—4-02(2). The effective pore radius, R.4(<), and the
minimum Q value used for the Porod fit are listed in
Table 3 for each sample, along with the normalized
total scattering surface area, §/V,. The normalized
pore volume fraction ¢/(S5/V,) and the number of
pores per unit sample volume, N/ V,, are also tabu-
lated for each sample.

The R.4(0) and R () values calculated from the
MSANS and Porod measurements, respectively, are
plotted in Fig. 7, along with those obtained using

50 T T T T T T T
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Fig. 5. Combined plol of r.[ QR] os £ for all samples a1 all neutron
wavelengths measured. The solid line is the empirical formula
(4). The data points are the products of the measured r.[ Q] and
the best-fit value for the effective pore radius, R (0), for each
sample.
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mercury intrusion porosimetry (Rootare & Prenzlow,
1967) for the samples below 85% TD, where open
porosity is expected. The MSANS determinations,
which are weighted to the larger volume scatterers
(Long & Krueger, 1989), indicate that the average
pore radius for the distribution within the alumina is
essentially flat, with a value of ~0-2 um, in the inter-
mediate sintering stage and increases sharply to
=06 um in the final stage. The large error bar on the
value for the 97-5% TD sample is a consequence of
the shallow slope in the r. vs A curve (Fig. 4). Since
three local minima in the x° fitting parameter were
found for R.4(0) values between 0-6 and 0-9 um, no
single fit could be chosen as the ‘best fit' to the
MSANS formalism. An uncertainty in the pore
volume fraction, ¢, of approximately 0-005 was also
found from the fitting procedure.

The R.q(cc) values determined from the Porod
analysis are weighted to the particles with the smallest
scattering surface areas. Although consistently lower,
the R.4(o0) values agree qualitatively with the R 4(0)
values. The average pore radius remains nearly con-
stant at a value of ~-0-1 pm throughout the intermedi-
ate stage and increases to 20:4 um in the final stage.
The large error bar on R 4(o0) for the 97-5% TD
sample is mainly due to the uncertainty in ¢ as
determined from the MSANS analysis,

The porosimetry results agree qualitatively with
results obtained from both the MSANS and Porod
analyses for intermediate-stage sintering. The
obsernved quantitative discrepancies are expected
since the MSANS and Porod radii are derived from
a measure of all of the voids in the system, with
MSANS radii weighted to the larger-volume and
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Fig. 6. Prrod data for the 85% TD sample plotted on a
In (1) ve In (Q) scale after sublraction of the filled background
term [see (5)]. The solid line is the linear leasi-squares fil 1o the
data in the range 0-055= @=<0-155A~". The fined stope is
-4-02(2).
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Pored radii weighted to the smaller-volume voids. On
the other hand, the porosimetry radii mainly represent
the size of the small necks between pores.

Mercury intrusion porosimetry assumes that the
largest poi=s are on the outside oi the sample. This
is important because the pressure required 1o fill a
large pore is less than that required to fill a small
pore. However, as the mercury pene.rates a
homogeneous sample consisting of a random distri-
bution of necks and larger channel-like voids, a sig-
nificant nu.nber of necks may be encountered before
the mercury reaches the open channels. Since the
neck size is measured at a higher pressure than that
required for the open channel, the mercury reaches
the channel after the appropriate pressure to measure
its size has been exceeded. Thus, large voids in the
interior of a sample may not be measured, even if
they form a majority population.

The MSANS and Porod results for pore size assume
spherical scatterers whereas the porosimetry results
are obtained assuming cylindrical pore morphology.
Yet the same trend in the evolution of the effective
pore radius during intermediate stage sintering is
reported in each case. This occurs because the average
length of the cylindrical channels is =10 um, which
is beyond the measurabl: range of even the MSANS
technique. Thus, the pore channels can be effectively
represented by strings of spheres, with R.4(0) and
R_q(o0) corresponding to the cross-sectional radii of
the cylinders. R_q(0) is dominated by the larger-
diameter and R.q(%0) by the smaller-diameter chan-
nels in the size distribution.

The important result of the MSANS, Porod and
porosimetry measurements is that the effective pore
radius remains constant through the intermediate
stage of sintering. This is consistent with topological
decay models of the intermediate sintering stage in
which an interconnected pore network decays in a
stable manner (Rhines & DeHoff, 1984). Throughout
this stage, the network of interconnected channels
decays such that the ratio ¢/(S5/V,), or pore volume
fraction to surface area per unit volume of sample in
the neutron beam, remains constant (DeHoff, Rum-
mel, LaBuff & Rhines, 1966). Consequently, the pore
channels become fewer while retaining a constant
diameter as densification proceeds. This can easily
be observed in Tables 2 and 3, which show constant
R.n(0), R q(0) and ¢/(§/V,) values for the inter-
mediate-sintering-stage samples. *lso shown is the
number of pores per unit sample volume (N/V,),
which decreases sharply, as expected, as intermedi-
ate-stage sintering progresses.

Before the channels have disappeared altogether,
a transition into the final sintering stage occurs in
which the porosity becomes isolated. Pore isolation
occurs because the channels rupture or ‘pinch off’
when they can no longer maintain their length while
at the same time remaining stable against the increas-
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Table X. Porod results
Normahzed Number of
Normalize: pore wolume pores per
surface area fraction unit volume
Pore radivs LR P e/ 1SV NV,
Sample  %TD Qn.(A7" Rlxhtum)  1x16°cm™ (x107%cm) (%10 em™)
13-2 54 010 00911y 15212 30519, 1472
13-3 65 09 0-108{1 37(1) 3-60(4) no 015
13-4 79 0-07 0-108(1! 5810 360421 33-6i48)
13-5 8S 0-0€5 0-120( 1} 374 40112} 20-3(18)
13-1 89 0-035 0-154(1 2 15(1) S 7-2{10)
1}-6 925 0-045 0-185( 1) 122t 41603 2 B4 72
13-7 94.5 0-64 0-298(2: 0550 9-93(4) w=495(5)
13.8 975 0-035 0-44(9) 0-1623t4 14-5¢29: 0083
® §/ V, 1s the rano of the total scattering surface area to the volume of 1he sample in the ucutron beam. where the beam diameter 1s 0-9cm
ing sintering force (Rhines & DeHoff, 1984). The from one sintering stage to aaother in the

isolated pores become more spherical, achieving radii
which are greater than the cross-sectional radii of the
original channels, yet are still within the MSANS
range. As the number of isclated pores increases, their
larger dimension increasingly contributes to the total
scattering, until it finally dominates the measured
MSANS intensities. Thus, as seen in Tables 2 and 3,
R_«(0) and R_q(oc) begin increasing gradually as the
transition from intermediate to final-stage sintering
begins. Late in the final sintering stage, a more rapid
increase in both R.a(0) and R_4() is observed as
the microstructure becomas dominated by isolated
pores.

7. Concluding remarks

The multiple small-angle neuiron-scattering tech-
nique was successfully used to observe the transition
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Fig. 7. Effective pore radii for 1he alumina samples as a function
of percenl theorelical densily delermined from the MSANS
formalism (rom a Porod analysis and from mercury porosimetry
measurements on lhe samples betow 85% TD, where open
porosity is expected.
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densification of alumina. The effective radius of the
pore-size distribution, as measured by MSANS,
Porod scattering and mercury porosimetry, remained
constant throughout the intermediate stage of sinter-
ing, with a rapid increase measured by MSANS and
Porod scattering as densification proceeds beyond
85% of theoretical density. These results are consistent
with sintering models which equate the intermediate
stage with the stable decay of a topological network
of channels and ju.action pores in the system. Before
complete densification can occur, a transition into
the final sintering stage takes place in which the
porosity forms isolated spherica! voids. The Porod
and MSANS results for the radii of the final-stage
voids agree qualitatively, indicating that the pore-size
distribution does not broaden appreciably as its peak
advances toward higher R values during late-stage
densification.

The agreement among the MSANS, Porod and
porosimetry results concerning the constant value of
the pore radius during the intermediate stage illus-
trates that the MSANS formalism, as applied to the
alumina system, is adaptable to the use of strings of
spheres to describe cylindrical pore channels and is
thus not limited by the restriction of isolated spherical
scatterers. The quantitative differences between the
scattering and the porosimetry results arise because
the MSANS and Porod radii are derived from a
measure of all of the voids inthe system, with MSANS
radii weighted toward the larger and Porod radii
weighted toward the smaller voids. However, in a
system consisting of a homogeneous i’stribution of
pore sizes, such as alumina, the porosimetry radii are
dominated by the size of the small necks between
pore cha.nels.

As densification proceeds beyond 85% TD, the
channels become pinched off and then the transition
from an open pore network to isolated pores occurs,
resulting in an increase in both R,4(0) and R.q().
Although even the largest pores are expected to begin
to shrink by 95% TD (Johnson, 1990), the scattering
results (Fig. 7) indicate that R.(0) and R.s(c0) may
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still be increasing at 97-5% TD. This suggests that
discontinuous grain growth may be taking place.
However, the large uncertainties in the scattering
volume fraction, ¢, and the effective radii, R.4(0) and
R g(), preclude drawing firm conclusions.

Although the final-stage samples were originally
intended for single-scattering SANS measurements,
it was found that even the 97:5% TD sample was
within the limit of applicability of the MSANS tech-
nique. There was significant wavelength-dependent
beam broadening and even the smallest Z value (Z=
40) ts well within the MSANS formalism. However,
the fact that ¢ is so small means that the change in
r. as a function of A is small (sce Fig. 4). This nearly
flat slope makes the refinement procedure difficult,
resulting in large uncertainties in the fitted R_4(0)
and ¢ values. To improve the determination of R.q(0)
during final-stage sintering, measurements of the
higher-density samples are planned with a high-resol-
ution small-angle X-ray scattering instrument (Long,
Jemian, Weentman, Black, Burdette & Spal, 1991).
This instrument can mcasure the single-scattering
intensities from pores 4-0nm to 1-0 pm in size and
thus bridge the gap between those sizes which can be
casily measured by conventional SANS and MSANS
techniques.

This work was supported in part by the US Army
Research Office under contract no. MIPR ARO 102-
90 and in part by the Department of Energy under
grant no. DE-FGO05-84ER45063.
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The Etfect ot Green Density and the Role of Magnesium Oxide
Additive on the Densification of Aiumina Measured by

Smali-Angie Neutron Scattering

Gabrielle G. Long* and Susan Krueger

Notionol Institute of Standerds and Technology, Gaithersburg, Marytand 20899

Small-angle neutron scattering measurements were used to
examine the effect of green density and the role of MgQ ad-
ditive on the evolution of the porous microstructure of alu-
mina during intermediate- and final-stage sinterlng. It was
found that the initial connectivity in the green state plays a
dominant role in establisbing tbe cbannel diameters during
tbe intermediate stage of sintering, and contributes also to
determining the onset density at which the final stage of sin-
tering begins. The role of MgO as a sintering aid lies, at
least in part, in prolonging tbe stahility of intermediate-
stage sintering such that the body achieves greater density
before the transition to final-stage sintering after whicb iso-
lated pores arc formed. [Key words: alumina, microstruc.
ture, sintering, characterization, neutrons.)

I. Introduction

Nuuznous sintering models have been developed over the
years in attempts to reliably predict the kinetics of sinter-
ing and to estimate sintering rates. From a theoretical per-
spective, it is often difficult to proceed beyond idealized
systems because of the complexity of real powder compacts.
Experimentally, quantitative characterization is often ham-
pered by the existence of a wide variety of conditions under
which observations of the evolving physical system must be
made. Although it has been difficult to find a consensus re-
garding many aspects of sintering mechanisms, there is gen-
eral agreement that the driving force for sintering is the
surface free energy, and that the microstructure characteris-
tics determine the specific mechanisms by which the pore
and the solid phases evolve during densification. The present
investigation was undertaken to examine the microstructure
evolution during sintering with the goal being to gain insight
into the mechanisms operative during thermal processing.
Small-angle neutron scattering is a well-developed and rec-
ognized technique for the cratistically significant characteri-
zation of microstructures in the 1 nm to 0.1 um range. This
traditional size range, which is too low to include most of the
microstructure relevant to ceramic research, has recently
been extended to 10 um by the development of a multiple
neutron scattering formalism. The new multiple scattering
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formalism is directly applicable to the important questions
concerning ceramic microstructure evolution during sintering
in that it is valid for samples containing a large volume frac-
tion of open or closed pores in the size range between 0.08
and 10 um. Indeed, the new technique is applicable to most,
and under certain conditions all, porous microstructures from
early-stage through intermediate- and final-stage thermal
processing.

In the experiments that form the subject of this paper,
samples of undoped alumina and of alumina with 0.25 wt%
MgO added were prepared by slip casting, or alternatively by
cold pressing. For each green density, a collection or suite of
nearly identical samples were conventionally sintered. During
sintering, these samples were removed one by one from the
furnace as they reached densities between 52% and 99% of
theoretical, yielding examples of microstructure from the
early part of the intermediate stage of sintering out to the
latter part of final-stage sintering. The microstructure
parameters of these samples were derived from multiple smail-
angle neutron scattering measurements. In particular, the
microstructure evolution as a function of green density and as
a function of MgO additive was studied.

The application of the multiple small-angle neutron scatter-
ing (MSANS) technique'* to microstructure evolution as a
function of the thermal processing of ceramics has been de-
scribed earlier.’* In this paper, an overview of the assumptions
involved is given and the general features of the formalism
are described.

Unlike conventional small-angle neutron scattering (SANS),
the scattering in the MSANS diffraction regime is dominated
by incoherent multiple neutron scattering. Whether a particu-
lar scattering experiment is in the SANS or in the MSANS
regime is determined by the value of the phase shift » that a
neutron undergoes in traversing a particle or pore of radius R.
The phase shift depends on three parameters—the contrast
Ap of the scattering particle or pore relative to the matrix,
the neutron wavelength A, and the particle size 2R:

v = 2ApAR I

In SANS, v <« ], whereas in MSANS, 0.1 < » < 2. A meas-
ure of the amount of multiple scattering is given by a param-
eter Z, called the scattering power, which is the sample thick-
ness, z, divided by the neutron mean free path length, £:

T = 2/ = 1.56z(ApAYR (2

¢ is the volume fraction of scatterers, which for ceramic bod-
ies more than 50% dense is 1 — d/d,,, where d is the sample
density and d,, is the theoretical density of a fully densified
body. Ap is the neutron contrast scatteringdength density* of

Multiple Small-Angle Neutron Scattering Formalism
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spectra, measured at cach wavelength wnh no scatterer in
place, were also fitted to enable a correction® for instrumental
broadeniog. The radii of the pores were extracted from each
curve usiog ao empirical formula® for the description of
MSANS:

rJOR] = 0.926{Z In°® Z}**  (for £ = 5) 3)

where £ is given by Eq. {2) and [. . .} means with respect to and
defines the scale for describing r.. These values of R, derived
from the fitted values of r. for each wavelength, were aver-
aged together to obtain an effective radius R (D) for the scat-
teriog pores io each sample. The (0) is 2 reminder that this
derivation of effective pore radius comes from an analysis of
the portion of the scattering curves near Q = 0.

Finally, both R.{0) and the scattering volume fraction, ¢,
were refined simultancously for each sample using a least-
squares fitting method. Because of the approximate nature of
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Eq. (3), the full numerical MSANS analysis describing the
dependence of the radius of curvature on neutron wave-
length, dcve{oped in Egs. 2.12 to 2.15 of Berk and Hardman-
Rhyne,' was used in the refinement procedure.

The measured r. (symbols} vs wavelength for each of the
four suites of samples is shown in Fig. 3, along with theoreti-
cal values (solid lines) determined by means of the MSANS
formalism. The good fit between the measurements and the
theory suggests that the MSANS formalism is well-suited to
the analysis of the porous microstructure of these samples.

V. Results and Discussion

Results from the measurements on the slip-cast alumina
(series 13) samples are considered first. The Porod results for
these samples are given in Table II, and the evolution of the
number density as a function of perceot theoretical density is
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Table II. Porod Results for the (13-Series) Slip-Cast Alumjina Samples
Q.?, Surface area Number densily R ()

$ample (A™) (x1045/V)em™") {x10" em™%) {um) #/S,
13-2 0.10 1520 = 0.2 147 = 27 0.091 = 0.001 3.03 = 0.04
13-3 0.09 971 = 0.1 66 = 15 0.108 = 0.001 3.60 = 0.04
13-4 0.07 583 = 0.03 39.6 = 438 0.108 = 0.001 3.60 = 0.02
13-5 0.065 174 = 0.02 205=18 0.120 = 0.001 4.01 = 0.02
13-1 0.055 215 = 0.1 72 =10 0.154 = 0.001 512 = 0.02
13-6 0.045 1.218 = 0.005 284 = 0.72 0.185 = 0.001 6.16 = 0.03
13-7 0.04 0.553 = 0.003 0.495 = 0.005 0.298 = 0.002 9.93 = 0.04
13-8 0.035 0.1723 = 0.0004 0.08 = 0.03 0.44 = 0.09 145 =29

shown in Fig. 4. The number of pores per unit volume de-
creases by several orders of magnitude as densification of the
alumina proceeds. Figure 5 shows the evolution of the
MSANS-derived pore radius, R.«(0), for the same slip-cast
alumina samples as a function of densification. Although the
number of pores is rapidly decreasing, the actual size of the
pores is constant over the entire range of densities representa-
tive of intermediate-stage sintering, from about 55% to ap-
proximately 87% TD. In the final stage of sintering, above
87% TD, the size of the pores increases rapidly despite the
rapid decrease in their numbers. Also shown in Fig. 5 are the
Porod-derived pore radii, Rye) = 3¢/S., where (=) indi-
cates the large Q region of the scattering pattern and §. is the
surface scattering area per unit volume. Finally, results are
also shown from MIP measurements over the range of densi-
ties where the pore structure was open enough for this tech-
nique to be attempted. The R,«{%) results are in qualitative
agreement with the R {0) results in that they both indicate a
constant pore radius during the intermediate stage of sinter-
ing and a rapidly increasing pore size during the final stage of
sintering. The porosimetry results qualitatively confirm both
of the neutron scattering analyses by again indicating a con-
stant effective pore radius for the intermediate stage. The or-
dering of sizes from these three techniques is as expected
since the MSANS results are volume-weighted,! emphasizing
the population of large pores in the distribution, the Porod
SANS results are surface-area-weighted.' emphasizing the
smaller pores in the distribution, and the porosimetry results
are limited by the narrow necks connecting the large popula-
tion of larger pores.

All three techniques indicate that the effective pore size
and also the pore morphology are constant through the inter-
mediate sintering stage of alumina. These results lend support
to the topological decay model of Rhines and DeHoff® in
which the interconnected network of pores decays in a stable
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Fig- 4. Number densily vs %TD for the 13-series undoped alumina
samples.

manner. During the intermediate stage, the interconnected
pore channels decay such that the volume fraction to surface
area per unit volume (¢/S,) remains constant.” Consequently,
the pore channels become fewer, while retaining the same
diameter, as densification proceeds. From Table 11, the Porod
results for the ratio of the volume fraction to surface area per
unit volume can be seen to have nearly constant values
throughout the intermediate sintering stage.

Next, MSANS results from all four suites of samples arc
considered. Figure 6 shows the evolution of the pore size as a
function of densification for the four suites of samples, and
Table III lists the experimental MSANS parameters and the
effective pore radii. The numbers associated with the left-
most symbols in the figure indicate the average green density
of each suite of samples. As one might expect from the results
on undoped alumina shown in Fig. 5, the effective pore radius
was constant during the intermediate stage of sintering for
cach of the suites of samples. However, the actual value of
R.«{0) depends inversely on the green density as shown in
Table IV. The greater the green density, the smaller the effec-
tive radius that persists during intermediate-stage sintering.
Evidently, once the size of the pore channels is established, it
is constant until the onset of the final stage of sintering.
These results indicate that for the alumina system the con-
nectivity that is established in the green body determines the
pore size throughout the stable intermediate sintering stage,
and once this size is determined, it is unvarying as long as
isolated porosity has not yet begun to form.

At the onset of final-stage sintering, the pore radius appar-
ently coarsens abruptly. Part of this apparent coarsening may
be due to the pinching-off of pore channels such that the
larger dimension of the newly isolated pores comes increas-
ingly within the range of sizes visible to the MSANS tech-
nique. Another possibility is that the increase in the effective
pore radius may be smaller than it seems if the error bars on
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Fig. 5. Effective pore radii for 1he 13-scries alumina as a function
of %%TD derived from MSANS, from Porod scatiering, and from MI1P.
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the measurements could be reduced. A future objective of the
authors is an investigation of the final stage of sintering in
alumina with improved resolution. The present objective
which remains is the determination of the influence of MgO
additive on pore coarsening in the final stage.

Figure 6 indicates that for the D-series of samples with
0.25 wt% MgQO, the intermediate sintering stage remains
stable out to significantiy higher density {~93% TD) than
the undoped alumina 13-series, which remains stable out to
~£7% TD. Consequently, the pores in the doped sample be-
gin to coarsen later and thus do not suffer the same degree of
exaggeraled growth evident in the thermal processing of the
undoped alumina, even though the average green density was
fower in the doped sample. Similarly, the transition to the
final sintering stage for the doped sample with the lowest
green body density (15-series) occurs no later in the densifica-
tion process (— 874 TD) than the transition in the undoped alu-
mina with higher average green density. Evidently, while the
green density determines the scale of the pore channel size in
intermediate-stage sintering and, in part, deterrnines when

I R R R R R R B Ry = N T . W T S T
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the transition to final-stage sintering will occur, the MgO sin-
tering aid can effectively alter the position of the transition
between connected and isolated porosity. The transition to
isolated porosity is delayed in the doped alumina because the
additive apparently enhances the stability of the intermediate
sintering stage during which most of the porosity is removed.
Since isolated pores begin to form in the doped sample only
after the remaining porosity is significantly reduced, there is
less opportunity for pore coarsening to take place. Reduc-
tions in pore coarsening have also been observed in SANS
measurements of plasma-sintered MgQ-doped alumina.”

The present study has followed the microstructure evolu-
tion of porosity as a function of sintering to gain insight into
densification processes. Research by others™™> has focused on
the evolution of the mean pore spacing or on the behavior of
the dihedral angle between the free surfaces of grains sharing
a grain boundary. Although the force balance is most directly
related to the dihedral angle, all three types of measure-
ment —pore size, mean pore spacing, and dihedral angle—are
complementary. In particular, it was found that the mean
pore spacing by number (see Fig. 17 of Ref. 12) is contant
during the intermediate sintering stage and increases during
final-stage sintering. Thus the trends observed for the mean
pore spacing, which is also some measure of the grain behavior,
are the same as those observed in the pore sizes measured in
the present SANS study. Measurements' of the dihedral
angle in nearly fully dense alumina and alumina doped
with 0.25 wt% MgO found that while the median dihedral
angle was the same in both cases, the doped sample had a
significantly narrower distribution of dihedral angles. High-
resolution SAXS measurements' currently under way are
being used to examine the evolution of the pore size distribu-
tion, as a function of doping, as alumina approaches full the-
oretical density.

V1. Summary and Coenclusions

A combination of small-angle neutron scattering (Porod)
measurements, multiple small-angle neutron scattering meas-
urements, and mercury intrusion porosimetry measurements
was used to investigate the effect of green body density and
1he role of MgQ sintering aid on the densification of alumina.
It was found that the initial connectivity that is established in
the green body plays a dominant role in establishing the chan-
nel diameters during the intermediate stage of sintering. 1t

Table III. MSANS Results
Sample Wavelength {nm) H Phase shift
Nag. %TD Min Max Ren (um) Min Max Min Max
13-2 54 0.60 0.99 0.20 = 0.01 152 414 0.13 0.22
13-3 65 0.60 0.99 0.19 = 0.01 93 289 0.12 021
134 79 0.60 1.09 0.17 = 0.005 49 193 0.10 0.22
13-5 85 0.60 1.30 0.18 = 0.01 32 204 0.9 0.28
13-1 g9 0.70 142 023 = 002 47 234 0.17 041
13-6 925 0.99 1.42 032 = 0.03 96 298 0.35 0.66
13-7 94.5 0.99 1.65 053 = 0.05 73 248 0.45 2.93
13-8 975 1.09 1.65 075 £ 015 40 126 053 1.10
V-1 56 0.64 0.95 024 » 001 273 519 0.18 0.25
V-2 90 0.95 1.26 032 = 0.01 132 226 0.35 0.45
V-3 9 1.05 1.38 041 = 0.02 76 162 0.44 0.72
15-2 60 0.64 0.95 033 = 0.01 261 513 0.26 0.34
15-4 g1 0.84 1.15 032 =001 173 332 0.30 042
15-5 g7 0.95 1.26 037 = 0.01 185 322 0.40 0.53
15-6 9 105 1.28 043 = 002 157 304 0.51 0.75
15-7 95.5 1.15 1.51 072 = 005 100 211 0.69 1.11
D-1 54 0.53 0.85 027 = 001 206 450 0.17 0.24
D-3 72 0.64 0.95 0.25 = 0.01 169 306 0.21 0.26
D-4 88 0.74 1.05 025 = 0.01 78 161 0.21 0.31
D-5 93 0.95 1.26 0.28 = 0.01 84 152 0.29 040
D-6 9% 1.05 1.51 055 = 0.02 63 140 0.45 0.77

f—
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Table [V, Relationship between Green Body Density and
Intermediate-Stage Pore Size

Sample series Rean(0) {um) Green body density (%)
i3- 0.i9 53
V- 0.24 51
D- 0.26 50.5
15- 0.33 46

was demonstrated that this stagc is consistent with the topo-
logical model of Rhines er al.*® It was also shown that the
average green density plays a significant 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 achicves 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 cf the pore radii as densifi-

cation proceeded. This upturn in pore size, which was not -

observed to twrn 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. Since
the error bars on the pore sizes determined by the present
neutron scattering studies are too large to enable an observa-
tion of the density at which the effective pore size may begin
to decrease, further investigations of the final stage of sinter-
ing, with improved experunentai resolution, are intended.
Those studies wiil attempt to determine when/if the down-
turn in pore radius occurs as a function of densification, and
what the influence of Mg0 additive may be on that process,
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Small-angle neutron scattering rneasurements were used to examine the pore
microstructure evolution of glassy silica and polycrystalline alpha-alumina as a function
of sintering. It was shown that the two major sintering mechanisms, viscous flow and
surface and volume diffusion, lead to very different microstructure evolution signatures
in terms of the average pore size as a function of density. However, with respect to
topology, the evolution of the porosity per unit surface area as a function of density

is remarkably similar in the two systems.

. INTRODUCTION

Knowledge of the microstructure evolution as a
function of thermal processing is important for the de-
velopment of process models in ceramics. Although it is
difficult to achieve a consensus regarding many aspects
of sintering mechanisms, there is general agreement
that the driving force for sintering is the reduction in
surface free encrgy. The shape of the minimum free
energy surface is expected to influence strongly the
microstructure evelution during thermal processing. In
cffect, the topological characteristics of a compact from
mement to moment influence the sintering mechanisms
by which the pore and solid phases of the structure
evolve. Such topological characteristics as the pore sizes,
size distributions, surface areas, and number distributions
can be monitored by small-angle neutron scattering,
yielding a direct measure of the microstructure that
drives the sintering.

The present investigation was undertaken to examine
processing/microstructure relationships during sintering
of two relatively well-understood model systems, poly-
crystalline alumina, in which solid-state diffusion mecha-
nisms dominate, and porous glassy silica, in which
viscous flow is dominant, The goal is to gain a quan-
titative measure of the structural evolution of the porous
phase that takes place when different sintering mecha-
nisms dominate densification.

In the experiments that form the subject of this
paper, undoped alumina was prepared by slip casting and
microporous silica was prepared by a sol-gel process.
For each system, a collection or suite of nearly identical
samples were prepared and sintered. During sintering,
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samples were removed from the furnace one by one
as they achieved intermediate densities representative of
microstructures from the early part of the intermediate
stage of sintering to the late part of the final stage of
sintering. Microstructure parameters of these samples
were derived from small-angle neutron scattering and
multiple-small-angle neutron scattering, as required by
the sizes and volume fractions of the pores. This process
yielded a quantitative signature of the structural evolu-
tion of crystalline and glassy materials as a function of
sintering.

Il. SMALL-ANGLE NEUTRON SCATTERING

Small-angle neutron scattering (SANS) is a well-
recognized technigue for the statistically significant char-
acterization of microstructure in the 1 nm to 0.1 pm size
range.! This traditional size range, which is toc low to
include many of the microstructural features relevant to
ceramic research, has recently been extended to 10 ym
by the development of a multiple-small-angle neutron
scattering (MSANS) formalism.>* The new multiple-
scattering formalism is valid for samples containing a
large volume fraction of open or closed pores in the size
range between 0.08 and 10 um. For the microporous
sitica used in this study, MSANS was applicable to
samples in the intermediate stage of sintering. For the
alumina used in this study, MSANS measurements were
valid from early intermediate stage through to the final
stage of thermal processing. The reason that MSANS
could not be used for all of the structures in this
study is that an important change takes place in the
microstructure morphology within one of the systems.

© 1991 Materials Research Society
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The application of the MSANS technique to micro-
structure evolution in ceramics as a function of sintering
has been described earlier.** In this paper, the earlier
measurements are reviewed and extended, and conclu-
sions are drawn based on the existence of either glass-
and-void or crystalline-and-void phases in the body.

Unlike conveniional SANS, the scattering in the
MSANS diffraction regime is dominated by incoherent-
multiple-neutron scattering. Since the radii of the scat-
tering pores are between 0.08 and 10 um, which is of the
same order of magnitude as the neutron mean free path
length, the neutrons scatter from only one pore at a time,
even though they may scatter many times before leaving
the sample. This means that there is no contribution to
the measured scattering from interference between pores.

Whether a particular scattering experiment is in the
SANS or in the MSANS regime is determined by the
phase shift & that a neutron undergocs in traversing a par-
ticle of radius R. The phase shift depends on three param-
eters: the contrast* Ap of the pore relative to the matrix,
the neutron wavelength A, and the particle size 2R.

v =2ApAR. 1)

In SANS, v « 1, whereas in MSANS, 0.1 € v € 2

A measure of the amount of multiple scattering is
given by the parameter Z, called the scattering power,’
which is the sample thickness z divided by the neutron
mean free path length !

T=z/l = 1.3¢2(ApA)’R. )]

¢ is the volume fraction of scatterers, which for ceramic
bodies more than 50% dense is (1 — d/dy). where d
is the sample density and di is the theoretical density
of a fully densified body. In the present case, ¢ is the
porosity. Ap is the neutron scattering length density® of
the pores relative to the matrix (that is, the particles)
mentioned above, A is the neutron wavelength, and R is
the mean effective radius of the pores. From a materials
perspective, the greater the number of pores and the
larger their size, the greater the multiple scattering.
However, even if the pore volume fraction is small, as in
the final stage of sintering, if the remaining pores have
large radii, multiple scattering measurements can still
be carried out successfully, provided that the samples
are thick enough and long wavelength neutrons (of the
order of 1.2 to 2 nm) are available. For sintering of
microporous silica, the pore structure within the samples
representative of the final stage could not be measured
by MSANS, and the structural evolution measurements
had to be completed using SANS measurements. The
absence of MSANS for the final stage densification of
silica implies that there are no large spherical pores left,
as will be explained below. For conventional sintering of
alumina, the entire pore evolution from early intermedi-
ate stage 10 late final stage can be observed by means of
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MSANS because even the residual pores near the end of
final-stage sintering can be approximated by spheres and
are large enough to be measured. It was found that the
measurement techniques that can be used yield important
clues as to the differences that will be observed between
the sintering of these crystalline and glassy systems.

The MSANS analysis assumes that the scatterers can
be described as spheres with no internal structure in a
featureless matrix. Of course, the pores in both systems
have no internal structure. For the silica case, the single
colloidal particles and the particle agglomerates have
been shown® to be spherical. The voids between the par-
ticles for porosities between 85% and 50% were shown
in Ref. 6 to be reasonably well approximated by spheres.
The point at which the pores may become isolated could
not be determined in that work. However, the matrix is
always glassy, and thus it is relatively featureless. For
alumina, the crystalline matrix contains features such as
dislocations which will cause scattering. Such structures
do not generally fall into the same size range as the pores
and are thus outside the region of sensitivity of MSANS.
For alumina, the spherical approximation for the shape
of the isolated pores is applicable to the final stage of
sintering, but there is some question as to how well the
method will perform during the intermediate stage of
sintering when the pores form an interconnected network
of cylindrical channels. Relevant to this concem, it was
found* that the spherical approximation is valid provided
that the cylindrical channels can be modeled by strings
of spheres. This will be true when the length dimension
of the cylinders is beyond the range of sizes measured
by MSANS. For intermediate stage sintering of alumina,
the length of the interconnected pore channels may
be well beyond 10 um. Supporting evidence for the
validity of the strings-of-spheres approximation for alu-
mina comes from mercury intrusion porosimetry (MIP)
measurements on the same intermediate stage samples.
In MIP, a cylindrical morphology is assumed for the
pore shape. Since the MIP results’® and the MSANS
results showed the same behavior, this can be taken as
evidence that each approximation serves appropriately
in the respective method.

In conventional SANS, the width of the scatter-
ing curve as a function of scattering wave vector Q
(where |Q| = (47/A) sin 8, and 28 is the scattering
angle) is independent of the incident neutron wavelength.
In MSANS, the width of the scattering curve changes as
a function of wavelength; that is, there is wavelength-
dependent beam-broadening. Thus, with the phase shift
between 0.1 and 2, with the pore size between 0.08 and
10 pm, and with Z 2 10, the wavelength dependence of
the MSANS data can be used to obtain useful pore size
information. By studying the samples over a range of
incident neutron wavelengths, the statistics of the data
refinement are significantly improved. The parameters
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required for the data analysis are sample thickness 2,
material contrast Ap, the scattering volume fraction ¢
(which is the same as the porosity), and the wavelength
dependence of the beam broadening over at least three,
and preferably more, wavelengths.

Even under scattering conditions where the low-
wave-vector portion of the scattering curve near @ = 01is
dominated by multiple scattering, the large-wave-vector
portion of the scattering curve, defined by QR > 10,
follows? single particle Porod’ scattering. This means
that the usual analysis of the large-Q portion of the
scattering curve can be carried out independent of the
existence of MSANS at low-Q. This is very useful,
because a Porod analysis yields values for the total
surface scattering area of the pores.

d- _ 27(Ap)°S

V is the sample volume in the neutron beam and $ is the
total surface area of the scattering pores. From this the
Porod constant P can be defined as

P =2n(8p)*(5/V), @)

and one has a direct measure of the total surface area of
the pores per unit volume that is independent of model
for the pore shape. If the pores can be assumed to be
spherical, one has another measure of their size since
R = 34(V/S), and one can also obtain a value for their
number density from Np = (S/V)[1/(47R?)).

. SAMPLES

The silica samples were prepared by the Shoup®
technique from 85 wt. % potassium silicate and 15 wt. %
colloidal silica. Detailed information on sample prepara-
tion is given elsewhere.® The porosity of the nominally
alkali-free (<100 parts in 10° Na and K) precursor body
was 84%, Each of the samples was subjected to a firing
temperature above the onset of sintering, which occurs
between 1420 and 1470 K, depending on the average
pore size of the dried precursors. Crystallization was
carefully avoided in the sintering of this material. The
densities of the small-angle neutron scattering samples
were between 60% and 98% of theoretical density (TD),
where the TD for silica is 2.20 g cm™. Thus the samples
are representative of intermediate-stage to final-stage
thermal processing.'” The silica sample characteristics
are given in Table L.

The alumina samples were prepared from Baikowski
alumina powder (CR6, 6 m? g™'), and were slipcast to
an average green density of 52.8 + 0.4% TD, where
TD for alumina is 3.965 g ¢m™. Detailed information on
sample preparation is given elsewhere.® During sintering,
the samples were removed from the furmace one at a
time, yielding examples of microstructure between 56

s

TABLE . Silica samples.

Sample Porosity Thickness. Density,
number o cm g cm™

1 0.40 0.487 1.30

2 0.35 0.142 1.42

4 0.30 0.123 156

5 0.26 0.122 1.63

6 0.05 0.486 2.09

7 0.05 0.113 210

9 0.02 0.130 2.15

and 98% TD. The alumina sample characteristics are
given in Table I1.

IV. MULTIPLE SCATTERING MEASUREMENTS

The neutron scaltering measurements were per-
formed at the 20 MW research reactor at the National
Institute of Standards and Technology (NIST). The NIST
SANS facility'! makes use of a velocity selector for
choosing the mean wavelength of the incident neutrons,
which have a wavelength spread of AA/A = 0.25.
Copious neutron fluxes are available in the wavelength
region between 0.5 and 2.0 nm due to a cryogenic
moderator installed in the reactor core. The neutron beam
was collimated with a 12 mm aperture following the
velocity selector and an 8 mm aperture preceding the
sample position. Scattered neutrons were detected by
a 64 x 64 cm® position-sensitive detector divided into
128 x 128 pixels. The data were circularly averaged to
produce one-dimensional intensity /(Q) versus scattering
vector {J curves.

In conventional SANS, a beamstop is used in the
center of the scattering pattern to protect the detector
from the unscattered transmitted beam. This transmitted
beam is 10° to 107 times greater in intensity than the scat-
tered beam. For MSANS, measurements were performed
with no beamstop in place since the intense transmitted
beam associated with SANS is absent. Performing the
measurements without a beamstop ensures that the beam

TABLE tl. Alumina samples.

Sample Porosily Thickness, Density,
number o cm g cm™
t3-2 0.46 1.019 2.15
13-3 035 0.988 259
134 0.21 0.894 3.t5
t3-5 0.t5 0.9t4 339
13-1 0.11 0.851 3.55
t3-6 0.075 0.852 .69
t3-7 0.055 0.840 an
18-8 0.025 0.804 389

J. Mater. ries., Vol. 6, No. 12, Dec 1991
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center can be located with good precision, and enables
an accurate determination of the beam-broadening of the
K curve at @ = 0. Measurement times were of the
order of 10 min to 1 h, depending on the amount of
multiple scattering present.

MSANS measurements were made at a minimum of
five wavelengths per alumnina sample. Multiple scattering
curves from one of the alumina samples (13-5) are shown
in Fig. 1, where all of the curves have been normalized to
{(0) = 1. The feature at Q =~ 0.05 nm™, which appears
in all of the broadened spectra, is due to a change
in the detector sensitivity near @ = 0. To avoid this
region, Gaussian fits to the data were made beginning at
85-90% I(0) and extending out to approximately 45%
1(0). Below 40% I(0), as the theory predicts, the curves
are not well-described by a Gaussian. For the silica
samples, the region that was distorted by the changes in
detector sensitivity was larger because a different portion
of the detector was used. Therefore, the silica curves
could be fit only between 75% and 40% of /(0).

The wavelength dependent beam-broadening of the
MSANS curves is described as a radius of curvature,
r., at @ = 0 in the scattering curve, in keeping with
the earlier literature.>* For each scattering curve, a
radius of curvature was extracted from the fitted standard
deviation o, such that r. = (1/20)/2, Blank spectra,
measured at each wavelength with no sample in place,
were also measured to enable a correction!? for instru-
mental broadening. The radii of the pores were extracted
from each curve using an empirical formula® for the
description of the MSANS:

r[QR] =0926{z In®® 2}*°  forz 210, (5
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FIG. 1. MSANS curves from zlumina sample 13-5.
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where z is given by Eq. (2) and [...] means “with
respect to” and defines the scale for describing r.. The
values of R, derived from the fitted values of r., are
averaged together to obtain an effective radius R.q(0)
for the scattering pores in the sample. The (0) is a
reminder that this value of the pore radius comes from
the @ = O portion of the scattering curve. Later in this
paper, another pore radius will be derived from the large
{2 (Porod) portion of the scattering curves, and it will be
referred to as R.a(oc).

To complete the MSANS analysis, both R.g{0) and
the scattering volume fraction ¢ are refined simulta-
neously for each sample using a least-squares fitting
procedure. Due to the approximate nature of Eq. (5), the
full numerical MSANS analysis describing the depen-
dence of the radius of curvature on neutron wavelength,
developed in Eqs. (2.12)-(2.15) of Ref. 2, was used in
the refinement procedure.

The measured r.’s as a function of wavelength for
the silica samples are shown in Fig. 2, and the measured
rc's versus A for the alumina samples are shown in
Fig. 3. The lines in Figs. 2 and 3 are the theoretical
curves determined by means of the MSANS formalism.
The data for silica sample 4, with ¢ = 0.3 was too close
to the data for silica sample § with ¢ = 0.26, so it
was omitted from the figure for clarity. Nevertheless,
both figures indicate good agreement between the theory
and the measurements, demonstrating that the MSANS
formalism is well-suited to the analysis of these porous
microstructures.

It is interesting to note that, regardless of whether
the phase of the material is glassy or crystalline, the 7,

0.097 T 7 y T ] i
o 80X TD T
0.079}F K Qe .
a T4% O
= = ! 4
| o
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£ 081} E i
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FIG. 2. Radii of curvature for the silica samples derived from the dats
{symbols) and calculated from the theory (dotted lines) as a function
of neutron wavelength.
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FIG. 3. Radii of curvature for ihe alumina samples derived from

the data (symbols) and calculaled from the theory (solid lines) as
a funclion of neutron wavelength.

versus A curves have the steepest slopes for the data from
the samples with the largest volume fraction of pores,
and the shallowest slopes for the data from the samples
with the least porosity. This trend was observed also'?
in MSANS data from alumina samples that had been
doped with 0.25 wt. % MgO. The results indicate that
while the size of the pores may be increasing, decreasing,
or remaining constant as the porosity is decreasing, the
general trend of the r. versus A curves is observed to
behave as shown in Figs. 2 and 3. Thus, even though
both ¢ and R.4(0) are implicit in these curves, the slope
is dominated by the volume fraction of pores ¢.

TABLE 11 Silica Porod results.

V. RESULTS AND DISCUSSION

Results from the sintering of microporous silica
are considered first. The Porod results for silica are
given in Table 111. The Porod analysis yields directly
a value for the total surface scattering area. This
surface area, normalized to unit volume of sample in
the neutron beam, is generally seen to decrease as
densification proceeds. Assuming a spherical shape for
the pores, a value for their average radius R.s{>c)
can be derived, and this is also given in Table IIl.
The average radius is first seen to coarsen and then
to shrink. Finally the radius appears to become very
large, which is hard to understand unless this is taken
as evidence that the spherical approximation fails for
the pore shape in silica over 95% TD. Since it will
be demonstrated that the pore morphology in final-
stage silica is disk-like, the last two numbers in
Table II1 are not physically meaningful and are left for
reference purposes only. Another parameter, the pore
volume fraction divided by the surface area normalized
to unit volume, is also shown in Table IIl. Since
this is a topological parameter, all of the values for
&(S/V) shown in the table are physically relevant.
More will be said about the meaning of this param-
eter below.

Near Q = 0, MSANS was used to measure the
average pore sizes of microporous silica. During the
intermediate stages of thermal processing there was a
considerable amount of wavelength-dependent broaden-
ing; however, there was no detectable broadening in the
late stage samples, even with the longest wavelength
neutrons (2 nm) and the thickest samples. In an earlier
study.* it was demonstrated that pores with radii between
0.08 and 3 pum would have produced detectable broad-
ening using the longest wavelength neutrons available.
The absence of such broadening in the final stage indi-
cates that the large sphere-like voids present during the
intermediate stage of sintering were completely removed
before the silica reached 95% TD. To observe the pore
population in the late stage of sintering, measurements
were made by means of SANS. In the SANS analysis,
the scattering pore size was estimated by fitting the small

Sample Porod consiant, S/v Porosity o/(S/V) Ren(x)

number x 10% cm3 x 10 cm™! 6. % x 107 cm am
1 127 +£034 1698 + 040 40 2.36 £ 0.06 71+ 2
2 842 £0.14 11.26 £ 0.18 35 3.11 +£ 0.05 93+ 2
4 954 £0.12 1276 +0.16 30 235 £ 0.03 0+ 1
5 788 + 0.04 10.54 + 0.05 26 246 + 001 74+ 05
6 0.283 £ 0.002 0.378 £ 0.003 5 132 % 1.0 397 £ 28
9 0.118 £ 0.001 0.156 % 0.001 2 128 +038 384 £ 32
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Q scattering data to the Guinier equation'?

_ '_’R'_'
I(Q):I(O}exl)( Q3 g) (6)

where R, is the radius of gyration of the pores and /(0) is
the extrapolated scattering intensity at Q = 0. The SANS
results on the late stage samples revealed the presence
of small pore populations with radii of gyration 33 nm
and less. The MSANS and SANS results are shown in
Table [V. It can be seen that the pores first coarsen
and then shrink abruptly as the silica densifies. These
results support a model® proposed for this system in
which there are two distinct populations of pores. There
is a population of small pores that exist within loosely
aggregated clusters or “domains” of closely-packed fine
silica particles. These pores within domains are actually
voids between louching particles. Also there is a popula-
tion of large pores that are found between domains. The
latter population of pores dominates the MSANS data.
The small pores are less stable and thus are eliminated
first, causing the domains to densify and the interdomain
pores to coarsen. When the intradomain pores have
disappeared, the interdomain pores can stop coarsening
and begin to shrink. These small-angle neutron scattering
results indicate that it is possible to determine exactly
when domain densification is complete.

Comparing the Porod and the MSANS and SANS
results for pore radius, one can see that the Porod-
derived radius, which is a measure of all of the porosity
but weighted toward the smaller pore population, begins
to decrease earlier than the MSANS-derived radius.
This can be taken as evidence of the existence of the
population of small pores that is beyond the range of
visibility of the MSANS. With regard to the final-stage
data, the lack of MSANS indicates that there are no large
pores left while the Porod results imply the presence
of large pores. The apparent contradiction is removed
when one considers the question of the final stage silica
pore shape. For the final stage, consistency among all the
results is achieved only when the pore shape is taken as
disk-like. The scattered intensity from disk-like pores of

TABLE 1V. MSANS and SANS results from silica.

finite thickness, T, and a much larger diameter can be
written as'

R

-k

Q) =4 Z1Q). %)
where A is a constant and /,(Q) is the “thickness factor”.
Analagous to Eq. (6). 7,(Q) can be approximated at small
Q by

I(Q) = It(o)exP(—QQRzz) (8)

where R, = 7/\/12. Thus, by fitting Q) - O vs Q°
at small O, T can be obtained. The results are given
in Table IV. Thus, if the final-stage porosity in the
microporous silica is taken to be disk-like, the radii
of gyration measured by means of SANS indicate disk
thicknesses of <50 nm.

Finally, electron mictoscope micrographs were taken
from fracture surfaces of the 74% and the 95% dense
silica. These are shown in Figs. 4(a) and 4(b). At 74%,
the porosity is still interconnected by large cylindrical
pores, but some narrow porosity has also formed. By
95% dense, the microstructure contains no large pores
and only the narrow collapsed porosity is seen. These
mictographs confirm the change in pore morphology
observed by MSANS and SANS.

Next the alumina results are considered. The Pored
results for alumina are given in Table V. The surface area
per unit volume decreases monotonically as densification
proceeds. However, the pore radius, assuming spheres,
is seen to be relatively constant during the intermediate
stage of sintering, and increases rapidly during the final
sintering stage.

The MSANS results for alumina are given in
Table VI, where, unlike silica, MSANS characterization
could be used throughout. It can be seen from the
table that the effective size of the pores is almost
constant over the entire range of densities representative
of intermediate stage sintering, from approximately 55%
TD to about 87% TD. Above 87% TD, the sizes of
the pores increase rapidly, despite the sharp decrease
in their numbers. This trend, i.e., constant pore radius in

z v
Sample Porosily Re(0), T —_— -
number & T pum nm min max min max
1 40 0.176 = 0.01 32 72 0.11 0.14
2 35 0.225 £ 0.015 21 k] 0.19 0.34
4 30 0.223 £ 0015 7n 49 0.21 0.36
5 26 0.118 £ 0.02 16 k]| 0.15 0.28
6 5 <0.08
7 5 45 +6
9 2 <0.08 49 + 4
J. Mater. Res., Vol. 8, No. 12, Dec 1991 271
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FIG. 4. Scanning electron micrographs of (1) a fracture surfuce uf f4'¢ dense microporous sitica. (b) a fracture surface of 95% de:se mICTOporous
silics, and (c)a pohhd mboe of 95% dense aIumln.:.

the intermediate sintering stage and rapidly increasing
pore radius in the final sintering stage. is also seen for
‘Rer(c0) which was derived from Porod scattering. where
a spherical appmthon was made lor the pore shape.

The qualitative agreement between the Porod and the
MSANS results for average pore radius suggests thai,
unlike silica, there is only onc pore-size disiribution

ane

4. Mater. Res.. Vol

present in alumina, The MSANS results are weighted
oward the larger pores in the distribution and the
Porod results are weighted toward the smaller pores in
ine distribution. but it appears that lhﬂte is only one
Jistribution present, '

. The constant pore radius in the intermediate sin-
wring stage of alumina lends support to the. topolog
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TABLE V. Alumina Porod results.

Sample Porod constant SV Porosity o/(5/V} Ren(x)

number * 10** ¢m™} x 10* em™! 0. % x 107 cm nm
13-2 313 =04 15.2 + 0.2 46 303 £ 04 9l = 1
13.3 00 =02 971 =01 35 3.60 £ 0.04 108 1
13-4 120 =007 583 +003 21 3.60 = 0.02 108+ 1
13-5 7.70 + 0.04 374 +£0.02 15 4.01 = 0.02 120 1
13-1 442 003 215 00 11 5.12 £ 0.02 154 &£ 1
13-6 2.51 + 0.011 1.218 £ 0.005 75 6.16 = 0.03 185 £ 1
13.7 114 + 0006 0.553 £ 0.003 55 593 £ 0.04 298 2
13-8 0.355 + 0.0009 0.5123 £ 0.0009 25 145 09 440 = 90

ical decay model of Rhines and DeHoff'® in which
the interconnected channel network of pores decays
in a stable manner. During the intermediate stage, the
interconnected pore channels are expected to decay
such that the volume fraction to surface area per unit
volume, ¢/(S/V), remains constant,'’ as can be seen
from Table V. Consequently, the pore channels become
fewer, while retaining the same diameter, as densification
proceeds. At the onset of final-stage sintering, the pore
radius coarsens abruptly. Part of this apparent coarsening
may be due to the pinching off of por¢ channels such
that the larger dimension of the newly-isolated pores
comes increasingly within the range of sizes visible to
the MSANS technique. The error bars on these late-stage
radii are large because it is difficult to fit the shallow
slopes of the relevant r, versus A curves. The authors
have recently attempted to improve the precision of
these results with independent measure ments using high-
resolution small-angle x-ray measurements'® on the same
late-stage alumina samples. The new results confirm
the average pore sizes and the trends shown here. A
micrograph of a polished surface of the 95% dense
sample is shown in Fig. 4{(c).

The behavior of the total surface area of the pores,
as a function of densification, is shown in Fig. 5 for both
silica and alumina. Although there are some quantitative
differences below 80% TD, it is interesting to see that the
total surface area of the pores in the glassy syslem and

TABLE ¥Y1. MSANS results for alumina.

in the crystalline system falls on the same densification
curve. Next, the parameter ¢/(S/V), which was taken
above to be an indicator of the existence of a topologi-
cally stable sintering stage in intermediate stage sintering
of alumina, is comnpared for the uensification of alumina
and silica in Fig. 6. The topology of the microstructure
evolution of silica and alumina are on the same general
curve, This is a remarkable result. The pore morphology
for the polycrystalline alumina goes from interconnected
cylindrical channels to pinched-off sphere-like shapes;
the pore morphology for the glassy silica goes from
interconnected cylindrical channels to a collapsed disk-
like shape that is largely interconnected even at 95%
dense. Nevertheless, the topological parameter &/(s/v)
evolves in the same general manner during the sintering
of both.

The SANS and MSANS results for the pore radius
as a function of densification are compared for the two
systems in Fig. 7. In this figure, the differences in signa-
tures of the sintering of a glass undergoing viscous flow
and crystalline material densifving mainly by surface and
volume diffusion are evident. The glassy silica flows
such that the smaller voids are first removed, causing
the temporary coarsening of the largest pores. The point
at which all the intradomain pores have vanished can
easily be seen. After that point, the large pores shrink
rapidly and eventually collapse as the silica sinters to
full theoretical density. The alumina densifies by the

Sampie Porosity Re(0)
aumber b, % um min max min max
13-:2 46 0.20 £ 0.01 152 415 0.13 0.2
13-3 35 0.19 + 0.01 98 289 0.12 0.21
134 21 0.17 £ 0.005 49 193 0.10 0.22
13-5 15 0.18 £ 0.01 32 204 0.09 0.28
13-1 11 0.23 + 0.02 47 234 0.17 0.41
136 75 032 £ 0.0 96 298 0.35 0.66
137 55 0.53 £ 005 73 248 0.45 093
13-8 25 0.75 £ 0.15 40 126 0.53 1.10
J. Mater. Res., Vol. 8, No. 12, Dec 1999 2113

53 .



G. G. Long et al.: Small-angle neutron scalering characterization of processing/microstructure relationships

scl i T 1 T T T T T T
o polyerystalline slumina e
o glassy silica
5.4 .
= a
T 4.8 -
Al
2
z I o
o,
S .
3
3.8~ -
a
3.0 S B S | 1 1 | | 1 F
50 80 T0 [:[1] po 100
% T

FIG. 5. Total surface scattering area per unit volume (§/V) as a
function of densification (i.e., percent theoretical density) for silica
and alumina.

stable removal of pore channels one by one from an
interconnected network. During this intermediate stage,
the average pore channel radius remains constant. Only
in the final stage, in contrast to the silica, do the isolated
pores exist and requirc the proximity of grain boundaries
for their ultimate removal.

18 T T T T T T T T
= -
n L
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v 10 ]
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€
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FIG. 6. Pore volume fractior, normalized to S/V, as a function of
densification (% TD) for silica and alumira.
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FIG. 7. R.a{0) as a function of percent theoretical density for silica
and alumina.

Vi. SUMMARY AND CONCLUSIONS

Small-angle neutron scattering measurements were
used to examine the evolution of the porous micro-
structure of ceramic bodies as a function of densification.
Topologically, both systems were shown to evolve
in the same way. However, the structural evolution in
terms of pore size and morphology displays a different
characteristic signature depending on the sintering
mechanism that is operative. For the densification
of a glassy ceramic, porous silica, the densification
path that is observed is auributed to the viscous
flow mechanism of densification and to the absence
of a grain boundary. For the densification of a crystal-
line ceramic, polycrystal-line alpha-alumina, the densifi-
cation path that is observed is attributed to the
dominance of diffusion sintering mechanisms and
to the conditions imposed by the existence of the
grain boundary. Whereas the density of the green
body established the radius of the interconnected
pore channels, which was constant throughout inter-
mediate stage sintering in alumina, the density of the
green body may play a less important role in the sinter-
ing of glassy silica.
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