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Effect of sintering temperature and holding time
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Sintering behavior of supported and unsupported microfiltration membranes prepared
from 3 mol% yttria doped zirconia powder was investigated as a function of temperature
and holding time in non-isothermal and isothermal densification. Shrinkage that started at
1000◦C showed the highest rate between 1200◦C and 1300◦C although the rate decreased
above 1300◦C. The activation energy of sintering was calculated at 735 kJ/mol, assuming
the grain boundary diffusion mechanism for mass transport. Mean pore size decreased in
unsupported membranes and increased in supported ones as the sintering temperature
increased up to 1200◦C. Dimensional shrinkage of unsupported membrane slabs showed
an increase in shrinkage first in the lateral dimension and then in the thickness as the
sintering temperature increased. Pore growth and lower hardness in supported
membranes, can be explained due to the restricted lateral shrinkage in the supported
membranes. Removal of porosity was pronounced above 1100◦C and the density increased
linearly as a function of holding time. Microhardness of membranes sintered above 1100◦C
increased as a function of sintering temperature and was higher in unsupported
membranes. Samples sintered above 975◦C had a100% tetragonal phase structure.
Permeability of supported membranes increased as a function of sintering
temperature due to pore growth despite a decrease in porosity.
C© 2001 Kluwer Academic Publishers

1. Introduction
Ceramic membranes offer many potential advan-
tages over commercial organic membranes for sep-
aration processes due to high strength, the capabil-
ity to be used at high temperatures and in harsh
chemical environments [1]. Especially ceramic ox-
ide membranes based on alumina, zirconia and tita-
nia have attracted attention in recent years [2, 3]. An
oxide membrane, employed in separation processes
with a pressure gradient, consists of a thin separa-
tion layer and a porous carrier, which serves as a
support.

Zirconia membranes exhibit superior chemical re-
sistance in harsh chemical environment especially in
highly basic media [4]. Dense yttria-doped zirconia
polycrystals (Y-TZP) with tetragonal structure exhibit
high strength and toughness as compared to other ce-
ramics [5]. It is interesting to know whether porous
Y-TZP benefits from the same exceptional proper-
ties of the dense counterpart, such as high toughness
due to phase transformation toughening mechanism.
However, the instability of tetragonal phase in humid
atmosphere at low temperatures (65–500◦C), is the
disadvantage of yttria-doped zirconia ceramics. This
phenomenon has been discussed in dense ceramics

extensively [6–9]. Zirconia microfiltration membranes
with mean pore size of 0.1–0.2 µm which was produced
in this work are currently used in fruit juice filtration,
waste water treatment, dairy industry and have poten-
tial applications in mineral processing and many other
industries [10].

Sintering of Y-ZrO2 ceramics has been discussed
regarding the microstructural development, changes
in density, pore and grain growth and mechanism of
sintering in many papers [11–21]. However, there are
few studies on the preparation and characterization of
Y-ZrO2 membranes which concern mostly ultrafiltra-
tion applications [22–27] and a study on the sintering
behavior and properties of 3Y-ZrO2 microfiltration
membrane prepared from well-characterized powder
is lacking.

Expanding the application of zirconia membranes
depends on the capability to tailor the properties to
meet the demands of service conditions and it relies on
the knowledge of processing of the green membrane
as well as the evolution of properties during sintering.
In this work, the influence of densification on the main
properties of 3Y-ZrO2 microfiltration membrane such
as porosity, pore size distribution, hardness and perme-
ability is studied.
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2. Experimental procedure
2.1. Membrane material
Yttria doped zirconia 3Y-ZrO2 powder HSY3, sup-
plied by Zirconia Sales (UK), was used to produce
membranes. Particle size and particle size distribution
of powder were measured by laser diffraction method
(Helos, Sympatec GmbH) in a diluted dispersion of
powder after addition of dispersant, milling and soni-
cation to insure the optimum disintegration of agglom-
erates. Specific surface area was measured by nitrogen
adsorption using the BET method (DeSorb/FlowSorb
II 2300A, Micromeritics). The chemical analysis of
powder was measured by X-ray fluorescence XRF
(PW 1400, Philips). Microstructure of powder and sin-
tered samples was studied by scanning electron mi-
croscopy SEM (XL 30, Philips). Phase composition
was measured at room temperature by X-ray diffraction
technique using CuKα radiation (D500 Diffractometer,
Siemens) and the amount of phases was calculated from
tetragonal and monoclinic (111) peaks in X-ray diffrac-
tion spectra using Nickolson-Garvie equation [28].

2.2. Preparation of membranes
Supported membrane consisted of three layers. The
support and intermediate layers were alumina and
the top and selective layer was zirconia (3Y-ZrO2).
The supported membranes had an asymmetric struc-
ture, which is the most frequently used configuration
in composite membranes. In asymmetric membrane,
the pore size and the thickness of layers decrease from
support to the top layer for each successive layer. To
reduce the pressure drop across the selective layer it is
important to have as thin as possible top layer. Since the
thin selective layer is brittle and can not stand the ser-
vice condition, a thick porous substrate with large pores
provides the required strength (the support layer). The
pressure drop in the support layer with large pores is
low. Particles of the top layer should not get inside the
support pores in processing since it drops the perme-
ability of the asymmetric membrane. For this reason
intermediate layer is added between the support and
top layer.

To prepare zirconia asymmetric membrane, the alu-
mina support was prepared by uniaxial pressing. The
support layer had pores of 35 µm in diameter (mean
size) and a thickness of 3 mm after sintering at 1350 ◦C.
In the intermediate alumina layer, pore size was cen-
tered at 1 µm and the layer thickness was around
200 µm after sintering at 1300◦C. The top or selec-
tive zirconia layer had the target median pore size of
0.1–0.3 µm and a thickness of around 60–80 µm. The
interface between the top layer and the intermediate
layer was sharp and had a good adherence.

Slip casting was used to produce supported and
unsupported zirconia membranes. Making a well-
dispersed and agglomerate free slip is a crucial step in
membrane processing. Aqueous colloidal suspension
was prepared by adding ammonium polyelectrolyte
PMAA (Darvan C) as dispersant and PVA (polyvinyl
alcohol) and glycerol were added as binder and plac-
ticizer to increase the green strength and to confer the

flexibility of green body. Details of the slip processing
and preparation of supported membranes are reported
elsewhere [29, 30]. The aqueous zirconia slip was ap-
plied by spraying technique on the sintered alumina
intermediate layer. The sprayed layer was formed on
the intermediate layer by consolidation of the particles
after removal of water by capillary action of the layer.
Important parameters in slip casting process are the
pore size of the support, the solid concentration of slip,
the rheology of the slip, and the spraying parameters.

Unsupported samples were cast on a porous mold of
plaster as slabs of planar shape in a mold with 10 mm
height, 20.5 mm width and 75 mm length.

2.3. Sintering experiments
Thermogravimetric analysis was accomplished us-
ing 10◦C/min heating rate (DTA/TG, Netzsch STA
409). Sintering kinetics was studied by using con-
stant rate heating dilatometry (Adamel DI-24, Adamel
Lhomargy) at a heating rate of 10◦C/min. The result of
this experiment was corrected for the difference in the
thermal expansion of alumina holder and push rod with
zirconia. Samples were isothermally sintered in air at
1000◦C to 1400◦C for holding times of up to 10 h. Heat-
ing up and cooling down rates in isothermal sintering
were 5◦ C/min.

2.4. Porous structure analysis
The density of unsupported membranes was mea-
sured by Archimedes’ method using water immersion
technique. Mercury porosimetry (Poresizer 9320, Mi-
cromeritics) was used to measure the porosity and pore
size distributions in unsupported membranes. The pore
size distribution in supported membranes was mea-
sured by permporometry method, using a wet-dry flow
porometer. In this method, pores filled with alcohol
are emptied as the incremental air pressure reaches the
pressure needed to push the fluid out of pores of cer-
tain size (rp = 2σ cos θ/�P). Pore size reported in this
study is pore diameter. Deionized water has been used
at room temperature for measuring the permeability
of supported membranes. Microstructural development
was studies by SEM. Microhardness was measured by
Vickers indentation method (Shimadzu microhardness
tester, Type-M) with 300 g load and 15 s hold at the
maximum load. The reported values are averages of
10 measurements.

3. Results and discussions
3.1. Powder characteristics
Micrograph of the as-received powder shows spheri-
cal shape of particles (Fig. 1). Packed agglomerates
and clusters of particles can be seen in the micrograph.
Finer particles seem to stick to the bigger ones making
aggregates of up to 2 µm. The particle size distribution
of dispersed powder shows a monomodal distribution
centered at 0.79 µm (Fig. 2). In this size distribution,
the primary particle size and also a fraction of hard
agglomerates that resisted the dispersing treatment are
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Figure 1 SEM micrograph of HSY3 powder.

Figure 2 Particle size distribution of HSY3 powder.

present. The ratio of X90/X10, which is an index to eval-
uate the extent of size distribution, is around 6 in this
powder. As shown in Table I, the level of impurities is
not high in this powder compared to the other powders
of the same composition and the powder has a dual
phase structure. The crystallite size of particles is not
very fine to suggest grain growth during the early stages
of sintering.

T ABL E I Some of the most important powder characteristics

HSY3

Particle size, µm (X10, X50, X90) 0.33, 0.79, 2
Specific surface area, m2/g 6.9
ZrO2, wt%∗ 92.6
Y2O3 4.5
Al2O3 0.3
SiO2 0.1
Fe2O3 0.03
Na2O 0.03
Cl 0.04
Phase composition (vol.%) 74% t + 26% m�

Crystallite size1, nm 100

∗The balance in chemical composition is mainly hafnia and some minor
impurities.
�t and m refer to tetragonal and monoclinic phases.
1Data from supplier.

3.2. Constant-rate heating (non-isothermal)
Thermogravimetry (TG) curve in Fig. 3a shows less
than 3 wt% total weight loss during heating up to
1200◦C which is in agreement with the sum of addi-
tives used to prepare this sample. When the sample is
heated up water and organic components are removed
in the first step. About 2% mass reduction was due to
the removal of organic components between 220◦C and
500◦C. The ammonium base polyelectrolyte (PMAA)
that was used as dispersant burns out completely up to
550◦C in air atmosphere [31]. The heating rate used in
this experiment (10◦C/min) was too fast for the binder
burnout step and it is possible that part of PVA has

Figure 3 Thermogravimetry (a) and dilatometry results (b) of 3Y-ZrO2

green membrane during sintering in air atmosphere.
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burned at higher temperatures. The small weight loss
at about 1000◦C, can be partly attributed to the loss of
residual chlorine that often exists in the zirconia pow-
ders made by the chlorine process [32]. Also part of
weight loss at this temperature is possibly from the
residual carbon in the form of carbonate or oxycarbon-
ate groups remained from binder burnout that burns at
temperatures above 900◦C [33].

The continuous shrinkage record of unsupported
membrane as a function of temperature is shown in
Fig. 3b. Shrinkage of unsupported membrane started
at 1000◦C. The densification rate increased at about
1100◦C and showed a maximum around 1300◦C. The
highest shrinkage rate was found between 1200◦C and
1300◦C. Above 1300◦C, the shrinkage rate decreased,
that can be attributed to the contribution of a grain
growth mechanism. The shrinkage curve was uniform
and did not show steps as a function of temperature
above 1000◦C. The presence of one peak in the shrink-
age rate indicated a uniform removal of pores and the
development of a monomodal pore size distribution in
the sample which was also verified later in measured
pore size distribution. Different ranges of pore sizes
e.g. in bimodal pore size distribution, results in steps
in the shrinkage curve [20]. Shrinkage in porous body
first starts in agglomerates since the driving force is
higher due to the high pore coordination number inside
agglomerates [17, 25]. At higher temperatures, inter ag-
glomerate densification will follow.

Sintering of ceramics can be divided into three stages;
initial, intermediate and final stage [34]. In sintering
of porous membranes, usually sample is heated up to
a temperature in which necks between particles pro-
vide sufficient strength to the porous body to withstand
certain service conditions, with the minimum of pore
growth and removal of porosity. In the initial stage,
necks are formed by diffusion between adjacent, touch-
ing particles [35–36]. The neck formation increases the
mechanical strength of the compact but leads to lit-
tle actual densification [37]. In this stage of sintering,
the shrinkage is usually only few percent and the neck
length is less than 20% of the particle radius [38]. Pore
smoothening also occurs in the initial and intermedi-
ate stage of sintering. The initial stage of sintering is
essentially insensitive to pore structure but in the inter-
mediate and final stage the shrinkage is dependent on
pore structure [24]. Rhodes [39] suggested that, grain
boundary or surface diffusion may dominate the initial
stage of sintering of yttria stabilized zirconia.

The initial stage of sintering of 3Y-TZP membrane
was evaluated on the basis of the shrinkage in non-
isothermal sintering. According to Young and Cutler
[40], the initial stage of sintering with constant-rate
heating can be described by the expression:

ln[(�l/ l0)/T ] = −nQ/RT + C (1)

where �l/ l0 is the fractional shrinkage of the compact
at temperature T , Q is the activation energy, C and n
are constants related to the powder geometry and the
sintering mechanism, respectively. Plotting the exper-
imental data for ln(�l/ l0)/T vs. 1/T , the Arrhenius

Figure 4 Arrhenius plot for densification in unsupported membrane sin-
tered non-isothermally in dilatometer.

plot, exhibits a single slope line in a range of temper-
ature. The activation energy can be calculated, assum-
ing n according to the dominant mechanism of den-
sification. A change in slope of the curve is caused
by a change in mass transport mechanism or by a
change in the relative importance of competing mech-
anisms as well as change in particle size distribution
[40]. Stages of sintering can be distinguished from this
plot as the slope of the line changes when the particle
size distribution is constant. To calculate the activa-
tion energy of sintering, in polycrystalline 3Y-ZrO2,
grain boundary diffusion was assumed as the dom-
inant mechanism of material transport at 1000◦C to
1300◦C, for which n is 1/3. However, in this range
of temperature other mechanisms such as surface and
volume diffusion are also active. In the formation and
growth of neck between particles grain boundary diffu-
sion requires also the cooperation of surface diffusion
mechanism.

The data calculated from dilatometry results is pre-
sented in Fig. 4. The slope of line changed at 1000◦C,
below which the surface diffusion mechanism in the
initial stage of sintering was dominant. Above 1300◦C
the change of slope indicated a change in the im-
portance of material transfer mechanisms. The activa-
tion energy of sintering calculated for grain bound-
ary diffusion mechanism, between 1000 to 1300◦C,
was 735 kJ/mol. This value was higher than what
other researchers obtained for the densely packed Y-
TZP. Using the same equation Wang and Raj [41]
found Q equal to 615 ± 80 kJ/mol for 2.8Y-TZP.
Young et al. [40] assuming the grain boundary diffu-
sion, found an activation energy of about 377 kJ/mol
for yttria stabilized zirconia. Sakka [42] measured
the activation energy for grain boundary diffusion
in 0.16Y2O3 − 0.8Zr1−x Hfx O2 at about 309 KJ/mol.
Duran et al. [43] found an activation energy of
300 kJ/mol for nanocrystalline Y-TZP powders in the
intermediate densification step and correlated it with
the grain boundary diffusion mechanism. Theunissen
et al. [44] reported the values of Q = 275 kJ/mol for a
commercial Y-TZP in the high shrinkage rate range of
temperature.

Higher activation energy obtained in 3Y-ZrO2 mem-
brane, can be explained by the type of pore re-
moval/shrinkage in membrane, the rearrangement of
particles and activated sintering due to higher sur-
face area in porous structure. In the membrane, due
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to the narrow and monomodal pore size distribution,
shrinkage of the pores around the median diameter re-
sults in a high shrinkage in small range of temperature,
that increases the slope of the line in Arrhenius curve
and gives a high activation energy. Particle rearrange-
ment is enhanced in membrane especially around large
pores because loosely packed particles are more mobile.
The formation and growth of neck between particles oc-
cur when there is mass transport from grain boundaries
to the neck and then from neck to the free surfaces. Ac-
tivation energy of sintering is higher for mass transport
from the grains in the neck to the free surfaces. The
mean diffusion distance is smaller when there are more
pores in a body [45]. Therefore shrinkage is enhanced
in porous body and yields higher activation energy.

3.3. Microstructure and phase composition
Microstructure of the unsupported membranes sin-
tered at 1100◦C to 1400◦C is shown in Fig. 5. Neck
growth is evident at 1100◦C in Fig. 5a. Smoothening
of the pore surfaces can be seen in the microstruc-
tures above 1100◦C. Micrograph of sample sintered at
1200◦C shows further growth of neck between particles
(Fig. 5b). Higher densification in the agglomerates can
be seen in Fig. 5. At 1300◦C, pore coordination num-
ber; i.e. the number of touching particles surrounding
a pore, increased and the pore walls were consisted of
many particles (Fig. 5c). Pore growth was noticed at
1300◦C and 1400◦C. The tortuosity of the membrane
decreased as a result of smoother pore surfaces and pore
evolution as the sintering temperature increased. Grain
growth was evident in the micrographs of samples sin-
tered above 1300◦C as suggested by the lower shrink-
age rate above 1300◦C (Fig. 3b). The grain growth is
controlled and hindered by a solute drag mechanism
in 3Y-TZP, due to the segregation of yttria in the grain
boundaries [46]. Low grain growth indicates that the
mobility of pores was higher than that of grain bound-
aries. Also impurities through their effects on diffusion
rate and grain boundary mobility influence the grain
growth of Y-TZP [15].

Monoclinic phase that was present in the starting
powder transformed to tetragonal phase during heat-
ing of the green membrane. XRD spectra of the powder
and samples heated at different temperatures are shown
in Fig. 6. Monoclinic peaks of (111) at both sides of
30◦ 2θ , decreased in intensity at 950◦C and vanished
completely at 975◦C. The transformation temperature
of monoclinic to tetragonal in heating depends on the
amount of yttria as stabilizer, as well as the particle
size of powder and occurs in a narrow range of tempera-
ture [47]. Supported samples sintered above 975◦C after
cooling down to room temperature had a 100% tetra-
gonal phase structure. To obtain fully stabilized tetra-
gonal structure at room temperature the grain size must
be less than 0.8 µm for 3Y-ZrO2 [48]. It was reported
that some oxide impurities in Y-TZP powder such as
sodium, and ferric oxides (present about 0.03 %wt in
HSY3 powder) when appeared above 0.01 %wt have
some effects on the stability of tetragonal phase during
sintering [15].

3.4. Isothermal shrinkage in unsupported
membranes

Dimensional shrinkage of the slabs of unsupported
membranes is shown in Fig. 7a as a function of sintering
temperature and holding time at 1200◦C. Sample sin-
tered at 1100◦C had a low volume shrinkage (Fig. 7b)
that was similar in all dimensions (Fig. 7a). As the sin-
tering temperature increased to 1200◦C, shrinkage in-
creased in width and length but not in the thickness of
sample sintered for 1 h. Increase of the holding time at
1200◦C from 1 h to 3 h resulted in a significant increase
in shrinkage in thickness and dimensional shrinkage
reached to the same level after 10 h sintering in all di-
rections. Sample sintered at 1300◦C showed the highest
shrinkage in thickness.

A model for pore evolution in the powder compact
was drawn based on the results in shrinkage, as the
densification proceeded. In the compact of spherical
particles, before the neck formation starts, pores have
the shape of the space between the particles with the
sharp edges. After the formation of necks, the spheroid
pores with smooth corners are formed between the par-
ticles. In micro scale differential densification due to the
particle size distribution in the powder (finer particles
sinter first) and the presence of agglomerates, results
in inhomogeneous densification. In macro scale higher
shrinkage in lateral dimension at 1200◦C/1 h changes
the spheroid shape of pores to tubular (elongated), inter-
connected pores perpendicular to the mold. Tubular
pores shrink in the length, when the shrinkage increases
in thickness by further increase in sintering temperature
or holding time. Winnubst et al. [49] also reported that
after extensive inter-particle neck formation, an inter-
penetrating network of tubular pores open to the exter-
nal surface was developed in the porous sample. Coble
[50] stated that in the ideal case, these open tubular
pores shrink in radius, though not in length, thereby
leading to sample densification. This microstructure is
characteristic of the intermediate stage of sintering. Vol-
ume shrinkage of unsupported membranes showed a
linear increase as a function of sintering temperature
and holding time at 1200◦C (Fig. 7b).

3.5. Pore size and pore size distributions
Median pore size of the supported membranes in-
creased with increasing the sintering temperature. Un-
supported membranes showed no increase in the mean
pore size up to 1100◦C and further increase in sintering
temperature resulted in a decrease in pore size (Fig. 8).
A decrease in the mean pore size was expected as a
function of sintering temperature above 1000◦C where
shrinkage started. Pore shrinkage and growth depend on
the pore coordination number (R); i.e. the number of
particles around a pore [51]. For a given dihedral angle,
a critical coordination number Rc exists. Large coordi-
nation number (R > Rc), is in favor of pore growth e.g.
in inter agglomerate pores and small coordination num-
ber (R < Rc), e.g. in intra agglomerate pores results in
pore shrinkage. Pore coordination number is in favor
of pore shrinkage in porous body when the condition
R < Rc is dominant. In unsupported membrane since
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Figure 5 Microstructures of 3Y-TZP membranes sintered at a) 1100◦C, b) 1200◦C, c) 1300◦C and d) 1400◦C for 3 h.
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Figure 6 XRD spectra of HSY3 powder (marked by P) and supported
membranes sintered at different temperatures for 3 h.

Figure 7 Dimensional shrinkage (a) and volume shrinkage (b) of unsup-
ported membrane slabs sintered at 1100–1300◦C for 3 h and at 1200◦C
for 1, 3 and 10 h.

Figure 8 Pore sizes of supported (a) and unsupported (b) membranes as
a function of sintering temperature for 3 h holding time. Pore size of the
green sample is marked on Y axis.

the coordination number and pore size was not in fa-
vor of pore growth, pore size remained stable up to
1100◦C and overall shrinkage from 1100◦C to 1200◦C
resulted in lower pore size. Zheng et al. [52] introduced
a criterion for pore growth based on the ratio of pore
size to particle size in green sample that indicated pore
growth for the ratios above 0.5. In our case, the ratio
of mean pore size to the mean particle size in green
sample was 0.2, which should result in pore shrinkage
in the early stages of sintering. Pore coordination num-
ber and grain size distribution change during sintering

Figure 9 Pore size distribution of supported (a), and unsupported
(b) membranes sintered at 1000◦C, 1100◦C and 1200◦C for 3 h.

due to mass transport of material, pore evolution and
rearrangement processes [51].

In supported membrane, the shrinkage of top layer
during sintering is restricted in lateral dimensions due
to the engagement to the rigid support (pre-sintered in-
termediate layer). As sintering temperature increases,
since the support layer restricts the lateral shrinkage,
pore growth occurs to accommodate the overall shrink-
age in supported membrane (Fig. 8).

Pore size distribution of supported membranes
showed a shift to higher pore size as the sintering tem-
perature increased from 1000◦C to 1200◦C (Fig. 9a).
On the other hand, the unsupported membrane showed
a shift of pore size distribution to lower pore sizes
as the sintering temperature increased up to 1200◦C
(Fig. 9b). Pore size distribution in both supported and
unsupported membranes was monomodal.

3.6. Removal of porosity in isothermal
densification

The removal of porosity was low at 1000◦C, and in-
creased above 1100◦C as a function of sintering temper-
ature or holding time in unsupported samples (Fig. 10a).
The change in porosity occurs as a function of sinter-
ing temperature and indicates the pore removal and pore
coalescence. The effect of holding time to increase the
removal of porosity was not pronounced at 1000◦C–
1100◦C that the shrinkage or the shrinkage rate was low.
At the temperature that the shrinkage rate was high and
above 1150◦C, the increase in holding time resulted in
higher removal of porosity.

Relative density as a function of holding time showed
a linear increase for the holding times up to 10 h
(Fig. 10b). The slope of this line increased as the sin-
tering temperature increased from 1000◦C to 1300◦C,
indicating higher influence of holding time on densifi-
cation. The increase in density as a function of holding
time was low at the temperatures where shrinkage was
low.
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Figure 10 Effect of sintering temperature on porosity for 1 h, 3 h and
10 h holding time in unsupported membranes (a) and the density of
unsupported membranes vs. sintering time at 1000◦C–1300◦C (b).

Low densification at 1000◦C, that exhibited no
change as a function of sintering time, suggested the
initial stage of sintering, in which sintering is indepen-
dent of porosity [52]. Above 1100◦C, in the interme-
diate stage of sintering the shrinkage rate is high and
is influenced by the agglomerate size. In this range of
temperature, porosity and pore structure undergo vital
changes.

3.7. Microhardness
Supported and unsupported membranes sintered up to
1100◦C, at the temperatures that shrinkage and removal
of porosity were low, showed the same microhard-
ness. As the densification enhanced above 1100◦C, mi-
crohardness of supported and unsupported membranes
showed a difference. Increase in hardness of supported
membranes as the sintering temperature increased was
lower than that of unsupported membranes sintered
above 1100◦C (Fig. 11). Microhardness is sensitive to
the progress of densification. The increase in temper-
ature during sintering decreases the porosity, and in-

Figure 11 Microhardness (Vickers HV) of supported membranes sin-
tered for 3 h and unsupported membranes sintered for 3 h and 10 h as a
function of sintering temperature.

creases the hardness and mechanical strength due to
the growth of necks between particles and removal
of porosity. The increase in microhardness was pro-
nounced at the sintering temperatures above 1100◦C in
which shrinkage started to rise. Lower hardness of sup-
ported membranes is attributed to the restricted shrink-
age in lateral dimensions. The increase in hardness of
unsupported membranes as a result of an increase in
holding time from 3 h to 10 h, was also pronounced
above 1100◦C.

The hardness of unsupported sample sintered at
1200◦C for 10 h and that of sample sintered at 1300◦C
for 3 h, was the same. Although the porosity of sample
sintered at 1200◦C for 10 h was about 7% less than that
of sample sintered at 1300◦C for 3 h (Fig. 10a). It in-
dicated the advantage of sintering at lower temperature
(above the temperature that removal of porosity starts),
for longer period when enhanced hardness is required
in order to save some porosity. In the membranes, it is
desirable to have required hardness to stand the service
conditions and retain as high porosity as possible to
increase the permeability.

3.8. Permeability
The permeability of supported membranes as a function
of sintering temperature showed an increase (Fig. 12).
Typically, the liquid permeability (flux) is obtained
with water as permeate and is expressed in terms of
l/h.m2.bar. Permeability is a function of pore size and
pore size distribution, porosity, tortuosity, the chemical
nature of the membrane and the interaction between
membrane and the filtered liquid. It is directly corre-
lated to the squared pore size, porosity and differential
pressure across the selective layer and is inversely cor-
related to the viscosity of permeate and the thickness
of membrane. Permeability is often described by the
Kozeny-Carman model in which pores are assumed to
be capillaries with a common equivalent diameter that
is obtained from the surface area and total porosity [53].

Tortuosity is defined by pore shape, connectivity and
length of pore channels. It is obvious that tortuosity fac-
tor is changing as a function of sintering temperature
and holding time. Removal of fine pores, smoothening
of pore walls and pore growth in the initial and inter-
mediate stages of sintering resulted in a decrease of
tortuosity and enhanced the permeability. As the sin-
tering temperature increases in supported membrane,
porosity decreases that lowers the permeability but on
the other hand, mean pore size increases and tortuosity

Figure 12 Permeability of supported membrane as a function of sinter-
ing temperature (3 h holding time).
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decreases, to compensate the effect of porosity and re-
sults in an overall increase in permeability as a function
of sintering temperature (Fig. 12).

4. Conclusion
In non-isothermal sintering, shrinkage rate increased
from 1000◦C to 1300◦C and showed the highest rate at
1200◦C to 1300◦C although decreased above 1300◦C
due to the grain growth. The effect of holding time on
the removal of porosity, pore growth and the increase
in microhardness was also high in this range of temper-
ature. The activation energy of sintering obtained from
non-isothermal shrinkage data was higher than the ac-
tivation energy reported for dense 3Y-TZP. It was at-
tributed mainly to the removal/shrinkage of large num-
ber of pores in a short range of temperature in Y-TZP
membrane and the rearrangement of particles during
sintering.

Isothermal sintering of unsupported membranes
showed that shrinkage and removal of porosity was
low in samples sintered at 1100◦C and did not change
much with the increase in holding time up to 10 h.
Different shrinkage was found in lateral and thickness
in unsupported membranes as a function of sintering
temperature and holding time at 1200◦C. Densification
increased significantly at 1200◦C and higher tempera-
tures and showed higher increase as the holding time
increased. Pore shrinkage was found in unsupported
membranes sintered at 1200◦C, as well as a shift to
lower sizes in size distribution.

In supported membranes, pore growth occurred as
the densification increased from 1000◦C to 1200◦C and
pore size distribution shifted to higher values. Phase
transformation from monoclinic structure to tetragonal
structure completed at 975◦C and samples sintered at
higher temperatures retained a 100% tetragonal struc-
ture at room temperature. Hardness of the supported and
unsupported membranes was the same up to 1100◦C
and deviated further as the sintering temperature in-
creased up to 1300◦C. Hardness of unsupported mem-
branes sintered above 1100◦C was higher. Pore growth
and lower hardness in supported membranes were at-
tributed to the restricted shrinkage of supported mem-
branes due to the engagement in the pre-sintered, rigid
intermediate layer. Permeability increased in supported
membranes as the sintering temperature increased de-
spite the decrease in porosity, due to the pore growth
and lower tortuosity.
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