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" New formulationé of thermodynamics for surfaces and.for non-
isothermal systems are used as a basis for analyzing the kinetics
of isothermal and non-isothermal sintering. The analysis
suggestsﬁ 1) Rates‘of microstructural changes in crystalline
aggregates sometimes are limited by layer growth instead of
diffusion. 2) Temperature gradients can drive microstructural
changes in aggregate. 3) Surface diffusion over distances much
greater than particle diameters can promote densification and/or
coarsening.. Isotherma% experiments with aggfegates of very small
Ca0 and MgO crystals suggest-thatAcouﬁiéd pore and.grain growth
can be a dominant process from the initiation of sintering.
Densification studies with isothermal and non-isothermal
aggregates confirm a significant effect of temperature gradients.
Deductions from the theory and experiments are compared to

observations of others.

INTRODUCTION
Essentially all theoretical models for sintering and related
processes use what is for crystalline solids an approximation--
that the driving force is a reduction in areas of curved surfaces
of particies of isotropic surface energies. Burke,l Pask,?
Johnson,3 and no doubt others, have warned us that we should be
wary of the pbssible consequenceé of this approximation.

Crystalline particles often have anisotropic surface energies and



may develop facets during sintering at the cost of an increase in

surface area4 | Fig. (1).5 How our neglect of such facts may

influence deductions from theory has not been known.

Fig. 1 Rutile particles before (left) and after (right)

sintering in HC1 at'1000°C.5

Sintering theories also include the implicit assumption that
temperature gradients provide no significant driving force. But

there is clear evidence that temperature gradients drive

6-7

segregation in solids and that temperature gradients ’cause

7.8 Figure (2) shows dramatic changes that were

pores to migrate.
produced in a bar of Ba-Cu-Y-O superconductor of initial 50%
porosity when held for 16 hours in a gradient_between 950°C.and
500°C.,9 In light of such evidence that temperature gradients
cause mass transport in- solid phases, we should expect . that
temperature grédients will sometimes provide an important driving
force for sintering.

ﬁew evaluations of the conditions fqrvmaximum stability for

10,11 .nd  for solids in temperature

crystalline particles
gradientslz. now make it possible  to predict the influence of

anisotropic surface energies and of temperature gradients in
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driving surface area changes, pore elimination, and grain
growth.13=15 A section on theory outlines the analysis and its
conclusions. Studies in our Laboratories which were designed to
test sintering theories with exceptionally well characterized
crystalline oxide powders under isothermal and non-isothermal
conditions are described in an experimental section. In a
discussion section it is argued that the data obtained in those
studies, experimental data of others, and the new theoretical
models suggest that some ideas about sintering should be re-
evaluated. | |
| THEORY
Thermodynamics of Isothermal Particles

Most ceramics contain two or more chemical components. But
for simplicity, kinetic and thermodynamic expressions will be
developed only for phases that contain a single atomic species
and vacancies. The major kinetic and thermodynamic deductions
reached below would be unchanged for a multicomponent solid in
which sintering occurs at constant composition.

We first seek an expression for the flux of atoms which move
from nj sites ét a particuiar temperature and with a particular
bonding environment to ny adjacent sites where the bonding
environment is different.l0 The probabiiity that any particular
atom on an nj site will be adjacent to a vacant j site is the
product of the mole fraction of i sites that are occupied, X;j,
and of j sites that are vacant, Xy4. To be converted to a j atom

and i vacancy pair, the initial molecule-vacancy pair must



acquire a thermal free energy Gi - G} - %3, where &} is
the thermal free energy of the i atom, and st is that of the

j vacancy. 'Then the total flux from n; to the j collection is

*
ci - 6t - c¥; -
Jij = njvji49i4XiXyy exp - — T (1)

where vij is the frequency with which an atom-Qacancy pair is
excited to the free energy G;, and gij is the probability that
the excited i atom and j vacancy pair will move in the direction
in physical space that transfers the molecule and vacancy across
the free energy barrier GI. The flﬁx from ny to nj is given
by a similar expression with the subscripts reversed. Eq. (1)
should be valid for any adjacent rows or layers of a crystalline
particle.

At equilibrium, Jij = Jji. terms in nvg cancel, and by

microscopic reversibility G{ = Gg; Therefore,

X5 et - Gty X5 ct - 6§y
—— exp | T T — exp | — (2)
Xvi kT ij kT

Eg. (2) can be put in the equivalent form _
nj GE - G%i ny G% - GSj
— exp | ——— | = —~—exp | —— (27)
Ny i kT Ny kT



In a particle with more than two different bonding
environments, dynamic equilibrium requires that an equation like
Eq.(zf characterize the vacancy distribution between each
separate pair.of environments. This generalized form of Eq. (2)
can also be derivedll from the requirement

§G = §)%(Ginj + Gyinyi) = O, (3)

where the minimﬁm is taken with respect to changes in shape and
with respect to the exchange of atoms and vacancies between sites
of different bonding environments.

Classical .surface thermodynamic theory accounts for the
increased chemical activities of small particles by introducing
the assumption that surfaces are under tension (for liquids) or
stress (for solids).16 That assumption of classicalitheory is
not needed to account for the influence of surfaces on the
stabilities and related propertiés of particles when it is
recognized that minimization of particle free energy demands that
vacancies be redistributed.ll The vacancy concentrations in each
sub-part of a cfystal which makes the free energy a minimum
depends through Eq.(3), not only on the 1local bdnding
environment, but on the relative numbers and bonding environments
of all sites of the . crystalline particle. The smaller the
crystal of a given composition, the smaller becomes Xy, the

vacancy concentration on bulk lattice sites. But always, -

Xy [ cE - c&y ] P [ Gg ]
— exp | ———— | = — exp | = (4)



where P is the vapor pressure in equilibrium with the particle,
PX®is the standard pressure, and Gg is the standard free energy
of the vapor. Because Xy decreases as the particle size
decreases, the vapor pressures'of small crystals are increased.
For liquids, partitioning of molecules and free volume between
bulk and surface regions of drops can cause a similar size effect
on properties.ll |

Eq..(3) is in principle exact (though the values of some of
the terms in the summation may be unavailable). If only nearest
neighbor bonds are significant, so that surface free energies are
associated with monolayers, and if the small reduction in free
energy that results from vacancy partitioning ié neglected Eq.

(3) becomes in terms of macroscopic variable

§%(oci4A; + vihj)=z O (5)

for any changes in shape or vacancy distribution, where ai‘is the
unit free energy of a surface of érea Aj, 74 is the unit free
energy of an edge or a ledge, and hj is its length. Ledges, and
kinked 1ledges, may be "present in a particle of minimum free
energy content because a crystal of arbitrarf number of atoms
with the optimum number of vacancies will usually not have the
exact number of sites required for a perfect crystal shape.
When edge effects are neglected, Eq. (5) reduces to

§Y0iA; =2 0 : (6)

which is the condition deduced by Gibbsl® and curiel? to describe
equilibriuh shapes of faceted crystalline particles. Herringl8

showed that Eq. (6) can be generalized to describe equilibrium



crystals which are bounded by a combination of planar and rounded
surfaces. But its neglect of edge effects makes Eq. (6)
inadequate for analysis of the kinetics of particle shape

changes. Kinetic analysis requires the use of Eq. (3) or (5).

Isothermal Kinetics

Many years ago Herringl? pointed out that the sintering of
crystalline solids might sometimes be limited not by diffusion,
but by the rate at whiéh new crystal layers are nucleated or
grow. Coble and cannon2? and Johnson3 analyzed the influence of
a slow step of vacancy formation or annihilation at a surface or
interface. Here, the kinetics of ledge growth is examined for
threé simple cases in terms of Eq. (3) or (5).

Suppose, for example, that a closed pore can decrease in
volume because of diffusion to it of atoms from a surface layer.
The driving force for transfer of atoms from the outer surface to
the.surface of a pore is the free energy decrease that results
_because atoms of a pore surface--on average--form more bonds than
do atoms of an outer surface. To illustrate this point, suppose
both the outer surface layer and the surface layer of the pore
are close packed and ﬁhat only nearest neighbor bonding is
important, assume additivity of nearest neighbor bonds, and
negiect entropies.

There is no barrier to nucleation of a new row of atoms on a
perfect low index surface of a pore because an atom placed in one

of the corners on that surface has as many neighbors, 6, as an



atom at a corner or kink site of an outer surfacellayer. The
free energy of the bonds formed by an incomplete edge row of nj
atoms on a pore surface is Hp[7(nj-1)+6], where Hp is the
enthalpy of a nearest neighbor bond. The free energy of bonds of .
the ng, atoms in an outer surface edge row is HpL[7(ng-2) + 2x6].
‘The average free energy change per atom when nj atoms are
-transferred from an outer surface edge row for which ny >> nj to
form a new edge row of a pore is §G = - Hb/ni.

Classical sintering theories treat this free energy of
transfer as a contihuum, which implies that 5G/én has the same
value for every atom transferred. But for crystalline solids,
most transfers between outer surface corner or kink sites to
kink sites of pores aré thermodynamically neutral in the sense
that the average number of bonds per atom is unchanged. Only
transfers that remove the last atom of an outer surface row or
introduce the 1last atom of an inner surface row are
thermodynamically favorable to pore closure. Fig. (3) illustrates

the problem in a 2-dimensional model.

Fig. 3 Illustration of

zero and negative free

For transfer of one or two atoms from Bto A, 6G =0
For transfer of one atom from A to0 8, éG= 0 .
But for transfer of two atoms from A to B, dG<0 energy changes 1n

crystals.13
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In three dimensions the problem is to calculate the rate at
which a new row of nj; atoms can be added to an inner surface by
random = additions--or losses--of atoms from kink sites. In a
model calculation?l loss of atoms from a completed row of a pore
is assumed to be negligible, but transfer of the nj atoms to form
a row must occur despite the fact that atoms or vacancies of the
source have the same activities as atoms of vacancies at the
sink. The expression for the steady-state atomic diffusion
flux J in a two step irreversible process when the activity is
defined as unity is

kik3
J = ——— (7)
ko + kj
where k; = k; = A, D/q, the effective area A, for diffusion times
the diffusion coefficient D divided by the distance q to the
pore, and k3 is the rate of the growth step. Here k3 is not a

usual rate constant, but the probability that random movements of

" atoms in the self adsorption layer of the pore will form a new

row of nj atoms. This probability is estimated to be

njvXa(1l/n;j)2 exp (- Gp/kT) (8)

where v is an attempt fréquency X5 is the fraction of occupied
sites, (1/ni)2 describes the statistical fluctuation required to
fill a row, and G; is an activation'energy for movement. Using
the nearest neighbor approximation to estimate terms in Eq. (8)
with a reduced bond energy of Hp/kT = 3.3 at 1000 K yields

ky = 0.03/n;y. So, if the cross sectional area for diffusion is

11



assumed to be nj;2 and if D = 1078 cm/sec and g = 10”4, ledge
growth would be slower than diffusion for pores with cross
sections greater than ébout 7 atoms, or 20 nm. This estimate must
be recognized as uncertain by orders of magnitude. But the
calculation shows that the smaller the pore, the shorter the time
until a statistical fluctuation from equally probable energy
states completes a row. The rate of the pore closure should
increase, therefore, with decreasing pore cross section.

In the neck region between crystalline particles the boundary
along which the two particle surfaces intercept provides a 1line
at which formation of a new surface layer of each grain is
favored by bonding across the interface with atoms of the other
grain. Consequently, surface layers that terminate at necks can
grow by transfgr of atoms from edge rows of outer surfaces, which
have, on average, fewer bonds. Because each successive new layer
of atoms added to a crystal surface near a neck is nucleated at a
successively later time, the later layers extend shorter
distances from the grain boundary,and the necks may appear
rounded at 1low magnifications despite the fact that they are
formed from stepped low index layers.

If, as usually assumed, exaggerated grain growth is driveﬁ by
surface curvature, the .direction of ‘boundary movement should
always be towards the center of curvature of the grain boundary
along which growth occurs.l But De Jonghe?2 has shown by high
resolution TEM that Na g”-alumina grows by the addition of planar

ledges of 1.13 nm in height, with no liquid phase present; The

12
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ends of these tabular grains sometimes are curved in a direction
opposite to that expected from the theory. Such observations are
easily explained if we assume that exaggerated grain growth is
not driven by curvature, but by changes in interfacial energies.
Exaggerated grain growth is usually favored by a reduction in
the concentration of line defects which accompanies the process,
but thfs effect can be neglected here. The free energy content
for the.cbllection of small grains is Gy = ogAyg Where o5 is
their average grain-boundary free energy per unit area, and Ayg
is their grain-boundary area per unit volume (with that volume

large enough to contain many small grains). For advance of a

unit area of the large grain boundary upward by a distance ég

§Gy = - (oghyg) 6Q | (9)

Eq. (9) predicts that exaggerated grain growth is driven
principally by reduction in area of small grain boqndaries when a
differential volume element is swept out by the growing grain.
The model explains convex, concave and planar boundaries
during exaggerated grain growth as consequences of relative rates

of nucleation and growth of new crystal 1ayers.14

The Kinetics of Non-isothermal S8intering

An gquatién for the flux of atoms from sites at a temperature
T{ to sites at a different temperature T3y can be obtained by
modifying Eq. (1), to introduce local site temperatures and the
temperature T* of the transition state.12/15 yhen the flux Jij

is set equal to in the non-thermodynamic terms cancel as before.

13



A single phase solid in a temperature gradient, therefore; would
be in a state of maximum stability when the relationship between
its sub-parts is

Xy [G{—-G&i] Xy [Gg-csj]

—— exp = —— exp
Xvi kTi ij ij

(10)

Eq. (10) can also be derived by assuming that the condition
for maximum stabiiityvof a solid in a temperature gradient is
that the ratiovof its Gibbs free energy in each volume element to
the local temperature of that volume element is a minimum, that

is

is a minimum (11)

} (njGj + NnyjiGyj)
kTi

For an initially one-component or pseudo-one-component solid
the minimum value of Eq.(11) is obtained when the solid has
moved to - form a pore-free mass in the subvolume of lowest
temperatures. If the temperature gradient does not change the

vacancy concentrations from the values characteristic of

equilibrium at the local temperatures, the driving force for

transport from a higher temperature T; to a lower temperature T4
can be written as

AGi AGj

= exp [ - — - exp [ - — ] (12)
kT{ ij

where Pj; and Pj are vapor pressures, PX°is the standard pressure

and AGj and AGy are free energies of vaporization.

14



Because the stability of the condensed phase can be increased
by a shift of vacancies from the higher temperatures towards the
lower, the driving force in a temperature gradient may be
increased over the value predicted by Eq. (12).12 fThis shift in
vocancies would increase the driving force by increasing P; and
would increase the probability of atom-vacancy exchanges in the
lower temperature range.

For silver or Mg0, a 1°C/mm temperature gradient is
calculated to influence local pressure differences more than do
.surface energy gradients for particles of radii >30 um.15 The
driving forces provided by temperature gradients and by surface
energy changes are additive. The:efore, as long as open channels
are present, vapor phase or surface diffusion can cause
‘densification in temperature gradients by transporting matter
from hotter parts of a porous aggregate to cooler parts. There,
because of the influence of surface geometry, growth in neck
regions would occur preferentially.

But unleos the minimum temperature in the gradient is
maintained high enough to transport ﬁatter to the coldest parts
in the time provided, the temperature gradient will cause

differential densification or coarsening.

EXPERIMENTAL
Isothermal Studies
Ca0O, obtained from decomposition of CaCO3, and MgO, obtained
by decomposition of MgCO; or Mg(OH),, are exceptionally vaiuable
materials for use in testing theories about early stages of
sintering.

15



The CaO produced by vacuum decomposition of CaCO3 is formed
as aligned rod-shape particles of normal, NaCl-type CaO which are
approximately 10 nm (100 A) in diameter.23 The combined use of
condensation of 1liquid N, in pores, Hy porosimetry, and
micrometer measurements of dimensions of mm size particles
provides a complete accounting of the pore size distribution in
the CaoO aggregates.24m Surface areas are available from BET
measuremehts. The COj-catalyzed sintering of this Ca0O has been
studied in an apparatus in which the weight changes produced by
CO, sorption at high temperatures and by N, adsorption at 73 K
both can be measured without exposure of the Céo to the
atmosphere.25 |

Mgo from Mg(OH), decomposition is formed as ortho&hombic
boxes in aggregates of about 54% porosity. The aggregates are
essentially perfectly aligned, so that an electron micrograph
pattern is 1like that of a single crystal.?2® Ccalorimetric
measurements show the total surface area of these aggregates to
be 950 100 m2/g.27 BET measurements show only 100 to 300 m2
surface per gram to be accessible to N,; the accessible surface
decreases with particle size of the source Mg(OH)2.23 The
calorimetric estimate is confirmed by direct TEM observations of
total area which show particles of nearly square cross sections
and 1 nm to 2 nm edge 1engths.25r29 From these cross sections
the surface area is calculated to be > 800 mz/g.

Changes in surface areas and pore volumes which resulted from
sintering the ca0O were studied first.23 Average pore cross

sections Fig. (4) were calculated from the data on the assumption

16



that the pores retain a tubular geometry during sintering. This
basic geometry was confirmed by SEM observation. The data showy
that pore and particle growth begin as soon as bulk or grain
boundary diffusion begins.

Grain growth is known to occur during initial and
intermediate stages of sintering,39-32 but Exner and Petzow33
apparently expect negligible grain growth in a regular array of
equally spaced particles, and Lange34 stqgests growth is
important only in volume elements where the local density is
nearly 100%. The data for CaO suggest that pore and grain growth
can occur in aggregates of uniform packing of similar particles.
The N, measurements are sensitive only to areas and volumes of
the particles and pores of < 100 nm cross section, and these
were uniform in size and spacing.

When aggregates of the aligned parficles of MgO were sintered
in water vapor at 823 K, stronger evidence was obtained that
coupled pore and grain érowth is a dominant process from the
initiation of sinteriﬁg in aggregates of uniform particle and
pore dimensions. Figure (5) shows on the left hand scale the
decreases in pore volume and area that began when water vapor was
introduced. The right hand scale shows the changes.in the cross
section of pores which were on the assumption that the pores were
tubes of square cross sections. The basic conclusion from the
figure, that the average cross section of pores began to increase
as soon as sintering was initiated, depends only on the
section of pores which were on the assumption that the pores were

tubes of square cross sections. The basic conclusion from the
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section of pores which were on the assumption that the pores were
tubes of square cross sections. The basic conclusion from the
figure, that the average cross section of pores beéan to increase
as soon as sintering was initiated, depends only on the
assumption that the average cross section changes in a regular
manner with sintering. TEM pictures of the sintered MgO 1look
like higher magnifications. of the original particles and pores.

A plot of the excess energy measured calorimetrically for MgO
against surface areas accessible to N227 provides another
interesting finding. If diffusion were rate limiting, the H,0-
catalyzed surface diffusion of MgoO would be expected to cause the
surface areas accessible to.Hzo gas to decrease more rapidly than

the areas of closed pores. If so, after Nj-accessible surface

18
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areas were reduced by sintering, the heats of solution would
still remain high because those heats measure the energies of
closed pores as well as open pores. But small initial reductions
in Njy-accessible area produced large reductions in measured
heats. Closed poreé must have been eliminated at a faster rate
than open pores, despite the fact that bulk diffusion is required
for closed pore elimination. This observatioﬁ‘can be understood
in terms of the 'theory"outlined in the section on isothermal
sintering. If layer growth steps are rate limiting, closed pore
elimination would be favored over elimination of open pores
because bonding interactions along all edges of a new layer of a
closed pore are favorable and becausé the closed pores in the MgO

studies were smaller than the open pores.

Non-Isothermal Experiments

For non-isothermal studies,35 aggregates of aligned MgoO
particles were sintered in water vapor until the surface area was
reduced to 8 m2?/q. Partiéle cross sections were estimated from
SEM photographs to be 100 to 200 nm. The material had an
apparent density of about 3.5 g/cm3, close to the theoretical
density, which implies that clésed pores are absent. The MgO was
formed into compacts with green'densities of 0.7 to 0.9 g/cm3.

For reference, some runs were made in a part of the furnace
where the temperature was isothermal to * 2°. Non-isothermal runs
were made in a part of the furnace where the temperature varied
almost linearly. Data for the non-isothermal samples were

corrected for linear shrinkage by assuming that all the shrinkage



was toward the hot end. This method of analysis underestimates
the influence of a temperature gradient:; transport should be
toward the colder end of the gradient so that the maximum
temperature of the gradient decreased as a sample shrank. Two
sets of experiments will be cited.

Three samples with similar green densities were compared
after sintering for about 110 min. Sample a was held at 1300
+2 K, sample b in a gradient from 1599 2 K to 1213 *2 K and
sample c¢ was héld at 1213 *2 K. Plots of fired densities vs
green densities were used to correct samples to equivalent
initial densities. Corrected densities for samples a, b, and c
were then .93, .90 and .77. The den#ity predicted for the sample
in the temperature grédient on the assumption that the dénsity
would be an exponentially weighted average of those measured in
the isothermél runs‘36 is 0.81. A striking observation was that
the radial shrinkage of sample b is 9.7% at its hot end compared
to 6.2% for the hotter isothermal sample and is 3.4% at its
coider end, compared to 0.7% for the colder isothermal sample.

Figure (6) shows the effects on density of 150 min heat
treatments at 1303 K and in a gradient between 1303 K and 1233 K.
Densities were measured for 1 mm sections in the first 6 mm of a
sample and for the final 4 mm section. For 2 specimens held in
the temperature gradient,; densities averaged higher for the
hottest third of the samples than for the isothermal 1303 K
sample and averaged lower than it in the coldest third. The

exponentially weighted average density calculated for the non-

20



isothermal

applies 1is 0.93 g/cm3,

specimens on the assumption that isothermal kinetics

significantly lower <than measured

densities even in the coldest third of the samples.

@ Isothermal at 1303 K
1.20 0,0 Nonisothermal 1303 — 1233 K
O . . . .
_ 11510 Og© Fig. 6 Density variations
ME --;D-—C—J--b—.——..———_._-_- Range of ‘
(0] .
3 110—- ——e o © 0.0 =2 othermal 1D 10mm bar. Expected
> values ] ]
2 1.05 ..__._ 8. _.Q.Q_U_ —_—— average density if
Q
a a . . .
1.00 - isothermal kinetics
oesl_1L £ 1 1 1 1 1 O applied in the gradient
’ 1 2 3 4 5 6 7 8 _
Length {mm) is 0.93 g/cm3.35
DISCUSSION

A}

Kinetics of Isothermal Sintering
Model experiments with relatively large metal spheres or
metal wires give direct experimental support to the view that
models for densification can neglect grain growth as 1long as

channels remain open in an aggregate.37'38 But our isothermal

experiments suggest that in uniform aggregates of exceptionally
small particles graiﬁ growth occurs from the initiation of
sintering. What then is the probable role of grain growth when
particles are in the range of usual ceramic interest?

Whittemore and Sipe31 used Hg porosimetry to measure changes
in pore size distributions from the initiation of sintering for a

number of oxides. One was MgO in which the initial pores grew by
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a factor of 5 to about 400 nm cross section as the cumulative
pore volume decreased by about a factor of three.

Barringer et al3? evaluated grain growth during densification
of monodispersed rutile crystals of 300 nm initial" cross
sections, uniformly packed, with relative green densities of 55%.
By the time that the relative density reached 93%, the number of
particles was reduced to one-eighth the original number. The
number of pores must also have decreased.

Kolar et al40? have provided strong evidence that pore growth
occurs by Ostwald ripening in later stages of sintering. Models
should be explored which assume pore and grain growth by a near-
equilibrium Ostwald ripening to be the dominant process from the
initiation of sintering, with shape changes; coarsening, and
densifiqatidn competing processes superimposed on the growth. The
possibilities that ledge nucleation or ledge growth may limit the
rates and that densification and/or coarséning are produced by
trénsport over distances of many particle diameters should be

evaluated.

Non-Isothermal Sintering

The beneficial effects of fast firing reported by Vergnon, ét
al4l and others42-45 and of rate controlled sintering4® in
increasing densification rates and reducing grain growth may be
primarily consequences, not of heating rates per se, but of
temperature gradients. We can hope that, in a suitably chosen
gradient, matter will diffuse by vapor transport and'by surface

diffusion from the hottest part of the specimen to the coldest
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part to fill in pores with little grain growth. Gradients may
also cause beneficial particle rearrangements as suggested by
Lis, et al.45 But when the coldest part'of a specimen is too
cold, differential densification of the kind illustrated by
Figure (6) will result, because diffusion rates 1l1limit mass
transport to the coldest part.

For good or evil, temperature gradients must significantly
influence the microstructural -changes that occur during the
firing of commercial ceramic objects. In commercial operations4?
heating rates are fast, and specimens are usually much 1larger
than laboratory specimens. Large temperature gradients can be
expected during much of the firing cycle. If ceramic science is
to provide bettér guidance to engineering practice, we must

clarify the influence of these gradients.
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