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bstract

hree-step sintering has been applied to constrained yttria (3 mol%) stabilised zirconia (YSZ) layers. The sintering schedules use a coarsening
tage (step one) prior to reaching the peak temperature (step two). Once the peak temperature has been reached the temperature is lowered and
n isothermal dwell takes place (step three). As the YSZ layers form part of a solid oxide fuel cell, and thus need to prevent the fuel and air from
ixing, gas flow across the layers was measured and gas permeance values calculated. Several of the three-step sintering schedules produced layers

ith lower gas permeance values compared with a conventional sintering schedule that is used currently. Further, a three-step schedule produced
ne of the lowest gas flow rates and minimised the maximum temperature exposure thus offering several potential benefits in terms of processing
ptions.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

In the majority of solid oxide fuel cells (SOFCs), yttria sta-
ilised zirconia (YSZ) is the ionically conducting electrolyte. As
ell as providing the conduction path, the electrolyte must keep

he gas streams on either side of the fuel cell from mixing.1,2 In
he integrated planar design (IP-SOFC) the YSZ electrolyte is
thin layer, deposited via methods such as screen-printing, and
nce sintered it can be ≤10 �m in thickness.3 In SOFCs there
s a need to reduce the sintering temperature of the electrolyte
o reduce the cost of fabrication and also limit the possibility of
nteractions between the electrolyte and the electrode materials.4

he drive to reduce sintering temperature while maintaining a

as tight electrolyte is a challenge. The electrolyte needs to den-
ify sufficiently so as to maintain the separation of the fuel and
ir gas streams but ideally the temperature should be lower than,
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r at the low end of, the range 1300–1550 ◦C, which is usually
ssociated with the unconstrained sintering of YSZ.5,6 In the
P-SOFC, the layer is constrained so the freedom of movement
s restricted for the in-plane direction and therefore the ceramic
ody is only free to move normal to the substrate. This con-
traint has been shown to retard the sintering process and change
he densification rate of YSZ,7 thus increasing the processing
hallenges that need to be overcome.

When assessing relative density of the layer, it is important
o also consider grain size. Although an increase in grain size
or dense electrolytes operating at 800–1000 ◦C was shown to
ave no obvious effect on the conductivity of the layer,8 there are
ther implications. Earlier work has shown that there is a need
o keep the YSZ grain size to a fraction of the layer thickness.9

f the ratio of the grain size to the layer thickness is denoted as z
hen 0.1 < z < 0.3 has been found to correspond with the lowest
alues of gas permeance. Thus, for a layer thinner than 10 �m,
he grain size must be kept around 1 �m.

Previous studies of this system have considered

onventional9 and two-step sintering.10 In conventional
intering, the sample is heated to an elevated temperature,
eld at that temperature for several hours, then cooled. In the
wo-step sintering method, originally proposed by Chen and
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Fig. 1. Schematic illustration of a three-step sintering profile. The heating
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ang, the sample is heated to an elevated temperature (T1) and
hen immediately cooled to a lower temperature (T2) and held
here for longer times than in conventional sintering.11 Studies
n free bodies made from nanoscale powders have shown that
t is possible to achieve densification without significant grain
rowth using two-step sintering.12–14 Conventional sintering of
onstrained YSZ layers (1 h dwell at 1450 ◦C) has been shown
o produce a layer with a relative density of 0.91 (corresponding
o a thickness of 9 ± 0.8 �m) with a grain size of 1.3 ± 0.8 �m.9

n two-step sintering, with a T1 of 1600 ◦C and a 10-h dwell
t a T2 of 1100 ◦C a relative density of 0.97 (corresponding to
thickness of 7.4 ± 0.4 �m) and a grain size of 9.6 ± 1.6 �m
as achieved. This shows that almost full density could be

chieved but that it was accompanied by a substantial increase
n grain size. However, separating the two-step sintering cycle
nto its component parts also showed that heating the sample to
emperature T1 gave a high relative density (0.98) with a grain
ize of 8.8 ± 1.5 �m. Therefore, as achieving a high density was
he goal of sintering, the second part of the two-step sintering
ycle would appear to be redundant in this case.

However, while the grain size at T1 was smaller than that
easured at T2, 8.8 �m compared with 9.6 �m, the pore struc-

ure changed during the second part of the two-step sintering
ycle. Pore size decreased from 2.4 ± 1.4 �m to 1.4 ± 0.6 �m
nd the pore size range (smallest to largest) also reduced from
.5–6.0 �m to 0.5–3.9 �m. These changes in the pore size sug-
est that the microstructure is continuing to evolve in the second
art of the sintering cycle. Although the application of two-step
intering to a constrained YSZ layer was shown to have benefits,
t was not possible to reach the gas permeance targets associ-
ted with commercial fuel cells.10 Hence, there is still a need to
ptimise the sintering of the YSZ electrolyte.

In this study the first aim is to investigate the potential for
chieving full density using a novel three-step sintering proce-
ure, which includes a coarsening section at the beginning of the
intering cycle.15–17 The second aim is to evaluate the influence
f three-step sintering on the z value and to test the hypothesis
hat a value between 0.1 and 0.3 gives the lowest gas permeance.

. Experimental procedure

.1. Sample preparation

YSZ is a typical material used for the electrolyte in SOFCs
nd in most cases 8 mol% YSZ is used. However, in the
P-SOFC, 3 mol% YSZ powder is used and a commercially
vailable powder (MEL Chemicals, Manchester, UK) was cho-
en for this study. YSZ powder was mixed with a terpineol based
inder, 63/2 Medium (Johnson Matthey, Stoke-on-Trent, UK) to
roduce an ink that could be screen-printed. Ink was applied to
∼30-�m thick, pre-fired priming layer on a porous magnesia

ich magnesium aluminate spinel substrate (Advanced Ceram-
cs Limited, Stafford, UK) using a SMTECH Benchmark 90

creen-printer. The quantity of ink deposited on the surface of
he substrate is defined by the screen mesh size. A mesh thick-
ess of 110 ± 3 �m relates to a mesh size of 165 apertures/in.
API) and an area of 2500 mm2 was covered with the YSZ ink.

2

p

egime is shown as having three discrete sections: the coarsening (section c/step
ne), heating to T1 (section a/step two) and isothermal hold at T2 (section b/step
hree).

hree screen-printed layers were applied to the substrate with
ach layer being dried at 80 ◦C for 30 min in air prior to the next
rint application. Five samples were printed for each sintering
ycle that was investigated.

The three-step sintering process is shown schematically in
ig. 1. A heating rate of 10 ◦C min−1 was applied through-
ut. The dwell before the maximum temperature is termed the
oarsening stage (step one); the isothermal dwell was for 2 h at
100 ◦C. Then the sample was heated to the maximum tempera-
ure, T1 and held for 5 min; this corresponds to the first section, in
wo-step sintering (step two). Then the temperature was dropped
o T2 and held for 10 h (step three). Sintering cycles can be iden-
ified by the three temperatures associated with the isothermal
wells as shown in Table 1; other sintering cycles have been
ncluded for comparison.

.2. Microstructural characterisation

The microstructure of the sintered layers was observed using
scanning electron microscope (SEM, Cambridge Stereoscan

40, Cambridge Instruments, Cambridge, UK). Grain and pore
ize measurements were taken using the linear intercept method,
ritish Standard BS EN 623-3:2001. Relative density was cal-
ulated from the grain and pore size measurements to provide a
alue for the planar surface of the sintered layers. Samples were
maged in cross-section to measure the sintered layer thickness.
hree measurements/sample were taken; one at each edge and
ne in the middle of the layer.
.3. Gas permeance

The sintered YSZ electrolytes were tested using room tem-
erature gas leakage apparatus. Gas permeance values are
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Table 1
Details of samples processed using three-step sintering profiles (two-step values for comparison). The errors represent one standard deviation from the mean.

Sample no. Peak temperature,
T1 (◦C)

Temperature,
T2 (◦C)

Sintered layer
thickness (�m)

Relative
density

Mean grain
size (�m)

Mean pore
size (�m)

Pore size
range (�m)

1450-19 1450 – 9.0 ± 0.8 0.91 1.3 ± 0.1 0.8 ± 0.3 0.3–2.3
1400-120017 1400 1200 8.3 ± 0.6 0.90 1.4 ± 0.1 0.8 ± 0.2 0.2–2.4
1100-1400-1200 1400 1200 7.4 ± 0.4 0.82 0.9 ± 0.1 0.8 ± 0.3 0.1–3.3
1367-130019 1367 1300 6.9 ± 0.4 0.87 0.7 ± 0.1 0.7 ± 0.3 0.2–1.7
1100-1367-1300 1367 1300 7.3 ± 0.5 0.89 0.8 ± 0.2 0.6 ± 0.2 0.2–1.7
1500-130018 1500 1300 7.2 ± 0.8 0.92 2.8 ± 1.9 0.8 ± 0.4 0.2–2.9
1 0.6
1 0.4
1 0.3
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100-1500-1300 1500 1300 7.0 ±
600-115017 1600 1150 7.4 ±
100-1600-1150 1600 1150 8.2 ±

alculated from the gas flow rate and differential pressure across
he sintered layer.9

. Results and discussion

.1. Microstructural characterisation

In all cases samples attained a density of ∼0.9 theoreti-
al density and above, corresponding to thicknesses between
7 �m and 9 �m. Cross-sections through the layers are shown

n Fig. 2, while the relative densities, mean grain sizes, mean

ore sizes and pore size ranges are shown in Table 1. In the
ajority of cases, the addition of the coarsening step offers no

dvantage e.g. 1100-1400-1200 has a significantly lower den-
ity than 1400-1200 and 1100-1500-1300 has a larger grain

o
a
i
a

ig. 2. Scanning electron micrographs of cross-sections of sintered layers sintered usi
300 and (d) 1100-1600-1150.
0.94 5.1 ± 1.2 1.0 ± 0.2 0.4–2.4
0.97 9.6 ± 1.6 1.4 ± 0.6 0.5–3.9
0.98 8.6 ± 1.5 1.3 ± 0.9 0.5–2.5

ize than 1500-1300,18 whereas 1100-1367-1300 is comparable
ith 1367-1300.19 However, 1100-1600-1150 does offer advan-

ages over 1600-1150 in that the densities are comparable (0.98
nd 0.97) and although there was no significant change in the
ean pore size, there was a reduction in the distribution from

.5–3.9 �m to 0.5–2.5 �m, indicating that the coarsening section
nfluences the pore structure.

.2. Microstructural evolution during the coarsening stage

In order to understand the microstructural changes that were

ccurring during the coarsening section, samples were sintered
t 1050 ◦C, 1100 ◦C and 1150 ◦C for 2 h. As the temperature
ncreased the grain size also increased and mean pore size shows
significant increase between 1100 ◦C and 1150 ◦C, as shown

ng three-step method (a) 1100-1400-1200, (b) 1100-1367-1300, (c) 1100-1500-
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Fig. 3. Grain and pore size as a function of temperature for samples heated to
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permeance becomes less sensitive to the z factor alone and that
other parameters become important when considering the flow
of gas across the thick film.
050 ◦C, 1100 ◦C and 1150 ◦C. Error bars represent one standard deviation from
he mean.

n Fig. 3. Further, at 1150 ◦C there is a significant increase in
he size of the error bars for both grain and pore size. Sinter-
ng at 1100 ◦C results in a narrower pore distribution than for
ither of the other two samples. This small reduction in the mean
ore diameter and a narrowing of the distribution suggests the
icrostructure is more homogeneous and the pore network has

edistributed, thereby increasing the likelihood of obtaining a
igher density YSZ body.20

.3. Gas permeance of the layers

The rate of gas flow across a sintered thick-film layer is depen-
ent on the microstructure. Gas flow across samples sintered
sing three-step sintering was measured and the gas perme-
nce values were calculated accordingly.9 These gas permeance
alues are shown in Fig. 4 where three-step samples are com-
ared with conventional (one-step) sintering. As the pressure
hanges there is a change in gas permeance for each sample
nd this variation increases slightly with increasing gas per-
eance. It is envisaged that a typical gas pressure across an

lectrolyte would be 30 mbar.9 The three-step schedules pro-
uced gas permeance values below that of conventional sintering
n all but one case (1100-1400-1200). The highest gas perme-
nce was measured for sample 1100-1400-1200 (1.7 × 10−4 ±
.0 × 10−5 mbar l s−1 cm−2 at 30 mbar) while the lowest gas
ermeance values were for samples 1100-500-1300 (6.8 ×
0−5 ± 7.3 × 10−6 mbar l s−1 cm−2 at 30 mbar) and 1100-1367-

300 (7.0 × 10−5 ± 3.4 × 10−6 mbar l s−1 cm−2). The two-step
quivalent of samples 1500-1300 and 1367-1300 showed
lightly higher mean gas permeance (7.7 × 10−5 ± 5.3 ×10−6

bar l s−1 cm−2 and 8.2 × 10−5 ± 2.0 × 10−5 mbar l s−1 cm−2

t 30 mbar, respectively).
F
s

ig. 4. Gas permeance as a function of pressure through thick-film layers sin-
ered using three-step and conventional sintering profiles.

.4. Relationship between microstructural parameters and
as permeance

Earlier work showed that a minimum gas permeance was
ssociated with a z factor (ratio of grain size to layer thick-
ess) of between 0.1 and 0.3 for conventionally sintered samples.
sing two-step sintering the z factor range increases to 0.4 and
ecomes less sensitive to gas permeance. The three-step sin-
ering schedules do not produce samples with z values within
his range. The two lowest gas permeance values were mea-
ured for samples with z factors of 0.1 (1100-1367-1300) and
.7 (1100-1500-1300), as shown in Fig. 5. It would appear that
s the number of steps in the sintering process increases the gas
ig. 5. Gas permeance at a pressure of 30 mbar as a function of the ratio of grain
ize to sintered layer thickness, z.
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ing schedules where the temperature did not exceed 1367 ◦C,
ig. 6. Scanning electron surface micrographs of the three-step sintering sample
150.

Three-step sintering produces a range of surface microstruc-
ures, as shown in Fig. 6. Where there are samples with similar
as permeance values, 1100-1500-1300 has achieved a higher
ensity (0.94 compared with 0.89) and has a significantly larger
ean grain size (5.1 �m compared with 0.8 �m) than 1100-

367-1300. However, it should be noted that other samples have
chieve a higher density (e.g. 1100-1600-1150) and thus gas
ermeance is not a simple function of density. For the two sam-
les with low gas permeance values, the coarsening and dwell
emperatures (T2) are the same. The only difference in the sinter-
ng of these samples is the peak temperature (T1), 1500 ◦C and
367 ◦C. It would appear that the relatively short time spent at
500 was significant in terms of densification and grain growth.
learly, further work is needed to clarify the optimum density
nd grain size to achieve a gas permeance value that is accept-
ble for constrained YSZ thick-films intended for application as
fuel cell electrolyte.10 However, since the three-step sintering

chedules do produce samples that have lower gas permeance
alues than the sample sintered conventionally, and lower than
he two-step equivalent in most cases, they merit further inves-
igation.

An additional, indirect benefit from this type of sintering

ycle comes from other limitations within the application. Given
hat the YSZ layer is constrained by adjacent layers that contain

etallic components, sintering cycles which reduce the peak

g
a
s

100-1400-1200, (b) 1100-1367-1300, (c) 1100-1500-1300 and (d) 1100-1600-

intering temperature lead to a greater choice of metals and
he avoidance of unwanted chemical reactions. Thus, from this
erspective 1100-1367-1300 has advantages over both 1100-
500-1300 and the conventional sintering at 1450 ◦C.

. Conclusions

The three-step sintering technique has been applied to con-
trained YSZ and compared with conventional (one-step) and
wo-step sintering. Three-step sintering introduces a coarsening
ection to the sintering profile prior to reaching the peak sin-
ering temperature. It has been proposed that the inclusion of
his initial step causes the microstructure to re-organise such
hat a treatment at 1100 ◦C creates a narrower pore size range.
intering of constrained YSZ using this approach achieved rel-
tive densities of 0.89 and greater, but significant grain growth
as observed. Whilst a high relative density could be achieved

0.98), this sample did not result in the lowest gas flow rate
cross the sintered layers. Although the density is an important
arameter, other factors, such as the grain size, are important
n minimising the gas permeance. One of the three-step sinter-
ives significant benefit both in terms of lower gas permeance
nd lower temperature processing compared with conventional
intering at 1450 ◦C.
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