J Mater Sci (2010) 45:575-581
DOI 10.1007/s10853-009-3929-2

Densification of porous 8 mol% yttria-stabilized zirconia
component: modelling and experimental studies

J.Lu-X. C. Song * T. S. Zhang - H. H. Hng -
J. Ma

Received: 26 April 2009/ Accepted: 24 September 2009 / Published online: 8 October 2009

© Springer Science+Business Media, LLC 2009

Abstract In this paper, the densification of a ceramic
powder matrix that contained large macropores of the size
much larger than the average grain size of the matrix was
studied. The grain-boundary diffusion controlled sintering
models of ceramic matrix contained large macropores were
first established. A sintering potential associated with the
macropores was also verified and introduced into the
models. The experimental data were collected for the sin-
tering of porous 8 mol% yttria-stabilized zirconia system
with 20 vol% large pores. The predictions of the model
were found in good agreement with experimental data.

Introduction

An increasing number of porous ceramics were applied to
various advanced applications including electrodes of Solid
Oxide Fuel Cells (SOFCs), high-temperature thermal
insulation, support for catalytic reactions, filters and mem-
branes for high-temperature gas cleaning or molten metal
filtration, and gas burner media, etc. The performance of
these ceramics depends on their structure parameters
including porosity and, pore size etc. However, the porosity
introduced from the initial powder compaction is not
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enough to fulfill the generally accepted levels of porosity
for the advanced porous ceramic applications. Additional
porosity can be achieved using artificial pore formers. The
size of the pores left by the pore formers can be much bigger
than the average grain size. In this paper, situation where the
pore diameter is much larger than the average grain size will
be defined as ‘macropore’ and ‘micropore’ refers to where
the pore diameter is approximately the same or smaller than
the grain size. During the early stage of sintering, microp-
ores can be sintered quickly and disappear. However, the
macropores are much larger and may even grow. Hence, the
interaction between these macropores and matrix will be
different from that of micropores, and will have a huge
effect to the densification of ceramic components. As a
result, the sintering characteristics of the macropores need
to be studied separately from those of micropores.

Since Frenkel first proposed a model for the sintering of
viscous materials in 1945, constitutive models have been
wildly used to evaluate sintering parameters, describe the
densification and grain growth process, and identify the
sintering mechanism of porous bodies. However, in most
constitutive models, the pore is mainly in the range of
micropores. Lange et al. [1-3] have reported in their earlier
work that during the sintering process, a pore can only
shrink if it has a coordination number which is lower than
the critical coordination number. In a later work, Slamovich
and Lange [4, 5] observed that the shrinkage behaviours of
large pores were not controlled by coordination number, but
by the characteristic diffusion distance. However, in the
situation where the size of pores is much larger than the
mean grain size, Cocks and Searle [6] found that the
shrinkage of large pores was not from the direct diffusion
from matrix to pores, but resulted from the deformation of
surrounding grains. By combining the large amount of
experimental data on porous body densification, Cocks [7]

@ Springer



576

J Mater Sci (2010) 45:575-581

proposed that sintering potential only depends on the size of
the pores and the sintering behaviours of the micropores
and macropores have to be considered separately. This idea
is supported by the numerical study of Pan et al. [8].

In present work, the relationship of sintering controlled
by grain-boundary diffusion mechanism for macroporous
ceramic component was studied. In this model, unlike the
classical approaches, the sintering potential of large mac-
ropores was introduced separately from that of fine
micropores in an interconnected porous network system.

Materials modelling

Figure 1 shows the material system for the present work.
The size of large macropores is much bigger than the
average grain size of the microporous matrix (which means
the pore size in the matrix is mainly of the order of the
average grain size or smaller). This porous body is sub-
jected to a stress T; and creeps at a rate Ej;.

The linear grain-boundary diffusion models will be
applied as grain-boundary diffusion is well accepted to be
the dominant mechanism for fine-grained body sintering.
The grain-boundary diffusion constitutive law can be
generally written as

. 1 1
gij = ﬂs,'j =+ 3_Kgm5ij (1)
T+ .
a
Macropore

Micropores

«

Fig. 1 A material system of macropore of radius “a” surrounded by
a microporous matrix with a mean spacing “2b”
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where ¢; is the strain rate, S; and o,, are deviatoric stress
tensor and mean stress, respectively; while J; is the
Kroneker delta, u is the shear viscosity and « is the bulk
viscosity. ¢ and  satisfy the relationship [9, 10]:

(2)
3
k= £(t) 3)

where & is the uniaxial strain rate at a given stress o for a
fully dense material of grain size L, f{p) and c(p) are
dimensionless functions of the relative density.

For macroporous material system, the situation will be
more complicated. The macroporous system can be consid-
ered as a composite system containing two parts: a micro-
porous matrix and macropores that are much larger than the
average grain size. Ignoring the interactions between the
macropores, the strain rate of a macroporous system can be
expressed using Eshelby’s expressions [11] as:

o= -

= —om0i [ _ v 3 -
T (-2 + 301 -)
+ m[(7 - SV) + 15fv(1 - V)] (4)

where v is Poisson’s ratio, and f, is volume fraction of the
large pores.

In above equation, the volumetric strain rate is mainly
due to the mean stress g,,. However, in practice, both micro
and macropores will shrink during the sintering even
without externally loaded stress. Thus, the sintering
potentials of micro and macropores should both be intro-
duced to the models.

For situations where different mechanisms are involved,
it is proved convenient to introduce the strain rate potential
and stress potential, which are related as follows:

ot =¢+ @ (5)

where ¢ is a function of stress and ¢ is a function of strain
rate. The stress ¢;; and strain rate &; at a material point can
then be determined from the stress potential and strain rate
potential, respectively, in the following manner:

O¢ 0¢

ij = a3 0ij =~ 6
8! ao_ij Ojj 69,] ( )

The situation where a porous body subjected to a stress
X; and creeps at a rate E,j is considered, an element of
material within a grain experiences a stress ¢;;. The total
volume of the porous body is V, the volume of the
microporous matrix is V,,, V—V,, gives the volume of the
large pores. The body has a surface area A; and grain
boundaries of total area Aj.
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Following the expression proposed by Cocks [12] where For the dilatational part:
the convexity condition was used G=ig=ig=A (9)
©>5E, — ¥ (7) |
Em :g(ér+é¢+é0) =A (10)
where
1 ) ) and for the deviatoric part:
we= [ e v )
Vi, 2B
. . & = —28p = =280 = —— (11)
A¢ and Aj are the rates of change of surface and boundary r

area and the superscript ¢ represents an assumed compat-
ible strain rate field within the macroscopic element. The
first term of right part comes from the microporous matrix,
and the last two arise from the macropores.

Before introducing the sintering potentials to the mod-
els, the stresses of a macropore experiencing hydrostatic
stresses in a microporous matrix will be first analyzed by a
thick-walled hollow shell.

Figure 2a shows the cross section of a macropore with
its surrounding microporous matrix, where a is the mac-
ropore radius and b is half of the mean spacing between the
macropores. The body is subjected to a uniform external
pressure, g,,, and the principal stresses are ¢,, 64 09 shown
in Fig. 2b.

The thick-walled shell analysis demonstrates that the
macroscopic volumetric strain rate is from two fields:
dilatational and deviatoric fields.

(a) Om

b
Ope——mo0 —> Oy,
GITL
b a
(b) e o, +da,
o’

Tg
a,. 4

Jg

Fig. 2 a Cross section of the spherical shell b principal stresses
acting on an element

where r is the radial distance from the centre of the cell. A
and B represent the magnitudes of the two fields. The
macroscopic volumetric strain rate can be obtained by
combining these two fields:

Eq = 3(A+%) (12)

Then, the sintering potentials will be introduced to the
models.

The stress potential for the microporous matrix (the first
term of right part of Eq. 8) of the situation where a sin-
tering potential operates can be expressed as:

1 1
— [ yedv=— v wdV
gl vav =il [ o)

and

= Sk 4 ok (13)
where o, is the sintering potential associated with the
micropores.

In the case of macroporous body, when the large pores
shrink during the sintering, the surrounding materials will
experience superplastic deformation, i.e., the grains simply
rearrange, and the total area of grains remains constant [7].
If the surface area of the pores increased by an amount of
A;‘, this will be accompanied by a decrease in the grain-
boundary area of an amount of AS which equals to —1/2A¢.

The rate of change of surface area of the macropore can
be expressed in terms of the field quantities A and B:

. B
A; = 8ma (Aa + E) (14)
Then,
{ C {C 1 2 B
VAL + A = |y, — ak 8na”| A + pe (15)

Combine Eq. 8 to (15) with (7) gives

B (1-f) 9«
@:3zm<A+E> — 6uB’ 73 —7A2(1—fv)
_ 303’0(1 —ﬁ,)A —3ﬁ,O'SR (A +£) (]6)
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2yv b
" ( 2%) (7

is the sintering potential associated with the macropores. It
is related to the size of the large macropores and influenced
by the surface and grain-boundary energies.
f, is volume fraction of the large pores, a’ / b3,
Optimizing Eq. 16 with respect to A and B, we can have

X — O'xp(l —fv) — ol

A= 3K(1 —fv) (18)
o 3(Zm - JsR)fvb3
B g (9

Finally by substituting A and B back into (16) and
combining with the deviatoric strain rate term by Eshelby
(Eq. 4), the full expression for the strain rate potential is:

2
O — 1 22+L[Zm_asp(l _fv)_astv]
2:“;1 ¢ 2K 1_fv
3 (Zm - GSR)ZfV
—— 20

. 5y . . d .
with p, = /x% using &; = % [12], the strain
rate expression for grain-boundary diffusion controlled
sintering is:

. Sl
1 z:m - osp(l _fv) - a.vav 1 (Zm - asR)fv
Tk I T g
(21)

The densification rate can be determined as
p=—pé (22)

We can now obtain the densification rate equation from
Egs. 21 and 22:

) —3S;;
p=p mm = 5v) + 15£,(1 = v)]
1 z:m — Oy (1 _fv> - astv 3 (Zm - asR)ﬁ/
K pl—fv Cdu 11—, (23)

In Eq. 23, the sintering potential associated with
microporous matrix o,, and dimensionless function f{p)
is chosen based on the work of Du and Cocks [9]

4.5y 5(2p — po
= £ 24
o L P ( 1 —p, ( )
0.54(1 — p,)*
=— 0 (25)
p(p = Po)

After substituting Eqs. 24, 25 and 17 of o, into Eq. 23,
the densification rate equation contains the relative density,
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grain size, macropore diameter and volume fraction of
large pores as variables, which can be obtained directly
from experiments. And when the volume fraction of large
pores, f,, equals to zero, Eq. 23 will reduce to the original
form for a homogenous microporous body.

Experimental procedure
Raw materials

In present work, commercial 8 mol% yttria-stabilized zir-
conia (8YSZ) powder (Tosoh, Japan) was used as raw
material. The mean particle size of 8YSZ was 0.1 pm. Poly
(methyl methacrylate), PMMA microspheres (Struers,
Singapore) were added to 8YSZ powders to produce
macroporous system. The PMMA was 20% by volume
relative to 8YSZ powder. The PMMA microspheres were
sieved before the usage, and the mean particle size was
between 50 and 70 pm.

Processing

A two-roll milling compaction process was applied to
fabricate macroporous 8YSZ. For a better comparison,
microporous 8YSZ (without macropores) was also fabri-
cated. Initially a dough was made by weighing out the
8YSZ/PMMA powders, methylcellulose, glycerol and
distilled water. The well mixed dough was then rolled
on a two-roll-mill until a moist tape was obtained. The tape
was then removed from the machine and cut into

15 x 15 mm>.

Sintering and characterization

The macro- and microporous 8YSZ samples were heated to
150 °C at a heating rate of 25 °C per hour. The samples
were held for 1 h to get rid of all the water in the samples.
They were then heated to 600 °C at a heating rate of 60 °C
per hour, and held for 1 h to eliminate the polymers. The
green density of the samples was measured only after the
polymers had been burnt out. Then, the samples were
heated to 1350 °C at a heating rate of 200 °C per hour, and
held for different holding times: 15, 30 min, 1 and 2 h.

The density of the sintered samples D easured Was cal-
culated directly by measuring their mass and volume. The
relative density p was obtained by:

Dmeasured
p = e (26)
theoretical
where Dyeoretical Of 8YSZ was taken as 5.95 g/em”.
Cross-section images of both microporous and macro-

porous systems were obtained using a JSM-6340F scanning
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electron microscope (SEM, JEOL Company, Japan) after
polishing and thermal etching of the samples.

The grain size was determined by counting the number
of grains traversed by straight lines. About 150-200 grains
were measured for each sample. The final mean grain size
was obtained as 1.56 times the average intercept length.
The size of the large pores was also measured. About 100—
200 pores were measured to obtain the mean pore size. The
volume fraction of large pores, f,, in the overall macro-
porous body can be written as (see Appendix):

1—
fv:1—(1+—p’")p (27)
where p,, is the density of the microporous matrix of the
macroporous body, and can be obtained from the SEM
images of the cross section of the specimens. p is the rel-
ative density of the overall macroporous body.

Results and discussion
Sintering results

The SEM images of typical sintered 8YSZ samples are
shown in Fig. 3.

SEM image of macroporous sample showed that the
large pores dispersed randomly in the microporous 8YSZ
matrix.

As stated, the relative densities of sintered samples were
calculated, and the grain sizes of sintered samples as well
as the large pore sizes of the macroporous samples were
measured from SEM images. The results were plotted as
functions of time in Fig. 4.

During the experiments, the grain sizes of microporous
and macroporous system increased from 0.1 um to 1.9 and
1.2 pum, respectively. Stage 1 was observed throughout the
experiments. And the large pores were found to be
shrinking continuously during the sintering process.

The experimental results obtained were used to evaluate
the model developed in present work.

Fig. 3 Microstructures of
micro- and macroporous
samples sintered at 1350 °C.

a Microporous sample sintered
at 1350 °C for 30 min and

b macroporous sample sintered
at 1350 °C for 1 h

Modelling results

For free sintering, there is no external stress applied on the
samples, i.e. the mean stress g, and deviatoric stress S;; are
zero. Hence, the densification rates for macroporous and
microporous systems under grain-boundary diffusion are:

. 3 B
s =902 (52 ) o) PP 2 oy

Following Du and Cocks [9], the o in Eq. 28 can be
expressed as g9 = /Lo, the densification rate can then be
expressed by

3
pmacro = 9pé0b (IV;O) (@) f(p) |:20'sp(1 _fv) + 30’st;,:|

L

I\ 201-7)
(29)

In present work, the programming language Java was
used to perform the modelling. A simple Euler scheme was
adopted to calculate the relative density after a time step,
At,

Pirar = P+ PAL (30)

During the modelling, the grain size, diameter of the
macropores and volume fraction of the large pores were
converted to the function of the relative density in order to
avoid added complication. The strain rate constant &gy,
cannot be chosen directly, but will be obtained from the
modelling process.

The densification behaviours of the microporous and
macroporous 8YSZ sintered at 1350 °C were calculated
using Eq. 21 (f, = 0 for microporous 8YSZ system), and
the results were shown in Fig. 5. The porous model
without sintering potential of macropores (o,z) Was also
applied to predict the densification of 8YSZ/20% mac-
roporous system using the same modelling parameter. For
a better comparison, the experimental data were also
plotted in the figure. It was found that the models
developed in present work can provide a good agreement
between theoretical prediction and experiments. However,

@ Springer



580 J Mater Sci (2010) 45:575-581
(a) 1.0 () 70
] 4
| | | |
0.9
L] 65
0.8 o o € 1
> o 2 60}
% 0.7 1 o @
@ = ]
3 )
-c —
o 0.6 o 55F
= o
= ® 1
< 05 1u o .
o S 50} O o
0.4 4 ]
5 ® Microporous 8YSZ 45 .
0.3 0 8YSZ/20% large pores-overall i
Il 1 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (mins) Time (mins)
(b) 20 (d) 0.20
[ |
1.8 O
o 018
1.6 4 ™ o
g
1.4 o 0.16
L] =y m]
T 1.2 5 o
= = o 5 0141 o i
g 1.0 4 O 5
2 0.8 4 = *g 0.12
S o E
G 06 g o0}
o}
0.4 E
02 4 B Microporous 8YSZ 0.08 -
i O 8YSZ/20% large pores
OO T T T T T T T 006 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (mins) Time (mins)

Fig. 4 a Relative density of samples sintered at 1350 °C. b Grain
growth of samples sintered at 1350 °C. ¢ Macropore diameter (pm)
variation of macroporous 8YSZ sintered at 1350 °C. d Volume

1.0 7
JE e
m u
09F o7
0.8—”/ oo
/ LH -
2
B 8YSZ/20% macropores: calculated by porous
g model without considering sintering potential
© associated with macropores
R
T 04}
[0}
[an 03F .
<r Model Microporous 8YSZ
02l Model 8YSZ/20% macropores
’ m  Experiment Microporous 8YSZ
0.1 | O Experiment 8YSZ/20% macropores
00 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Time (mins)
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fraction of large pores (fv) development of macroporous 8YSZ during
sintering at 1350 °C (solid symbol microporous 8YSZ, open symbol
8YSZ/20% large pores)

the model without o,; underestimated the densification
behaviours of the 8YSZ/20% macroporous system. The
reason is that during the sintering, both micro and mac-
ropores will shrink. The shrinkage of the macropores
provides an additional driving force for the densification
of porous body. The introducing of sintering potential
associated with the macropores can give a more appro-
priate description of internal stress state of porous mate-
rials. The strain rate constant, &y determined as
1.38 x 107* s from the modelling process.

The theoretical prediction of the variation of relative
density with time for the microporous matrix of 8YSZ/20%
macropores was also calculated using Eq. 21 (when
fv = 0). And the result is shown in Fig. 6. It can be seen
that the theoretical results agreed well with the experi-
mental data. And this result was basically identical to that
of the microporous 8YSZ. It showed that in a macroporous
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Fig. 6 Modelling results of densification process of microporous
matrix of sintering at 1350 °C

material, the microporous matrix still behaved as a
homogeneous microporous material.

Conclusions

Models for determining grain-boundary diffusion con-
trolled sintering characteristics of a macroporous body
were studied. The expression for the sintering potential
associated with macropores was verified, and was intro-
duced separated from the sintering potential of fine
micropores. The theoretical prediction of macroporous
material densification gave good and more reasonable
agreement to experimental results comparing to the
microporous model.

Our model is one of the very few models that separate
macropores from micropores, and the results indicated that
by introducing the sintering potential associated with the
macropores, the constitutive model gave a more accurate
prediction of densification of porous materials that consists
of both micro- and macropores.

Appendix. Volume fraction of large pores
in a macroporous system

The density of the overall macroporous body, p, can be
obtained by measuring the volume and mass of the sam-
ples, and can be written as

ViV + Va

) (31)
where V, is the volume of the dense part, V;, is the volume
of the large pores and Vg, is the volume of the small
micropores.

The density of the microporous matrix in the macro-
porous system, p,,, can be expressed as

Va

e 32
Vsp + Vd ( )

Pm =
P can be obtained from the SEM micrographs of the cross
section of the specimens.

The volume fraction, f,, of the large macropores can be
expressed as

va
fo

= b (33)
Vsp + Vd + pr

From Egs. 31 and 32, Eq. 33 can be expressed in terms
of p and p,, as

1_
fv=1—(1+—p'")p
Pm
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