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Abstract
Porous YSZ ceramics with different pore structure were prepared by volume limiting foaming technology.
Accurate porosity could achieve by this technology[1], so all samples were adjusted to density of 1g/m3

(porosity of about 82.6%). For the same density, the in�uence of porosity change on the strength was
excluded. The effects of different pore structure on mechanical properties (compressive strength, strength-
deformation curve and Young's modulus) were studied. The results showed that for porous ceramics with
uniform pores the larger the pore size was, the smaller the Young's modulus and the lower the strength was.
In addition, for samples with mix pores (large pore and small pore), when the volume fraction of macropores
is large, the strength is the same as that of porous ceramics with uniform small pore size structure; when the
volume fraction of small pores is large, the strength is the same as that of porous ceramics with uniform
large pore size structure.

1. Introduction
Porous ceramics have high speci�c surface area, lightweight and low thermal conductivity for their unique
pore structure. They are widely used in thermal resistance materials, sound absorption materials, catalyst
support and other �elds[2–5]. To get lighter ceramics with larger speci�c surface area and lower thermal
conductivity, it is hoped that the porosity of porous ceramics can be further reduced. Many practicable
processes have been studied and developed, such as pore forming agents, controlled sintering, sacri�cial
template, gelcasting, direct foaming [6–15]. However, the porosity and strength of porous ceramics are
contradictory. Higher porosity is often accompanied by low strength for porous ceramics.

Many work has been done on the relationship between strength and structure[16–24]. Some empirical
formulas and fracture models have been proposed. However, it is di�cult to have corresponding
experiments to verify. When some conditions in the preparation process are changed, the pore structure and
porosity both changed. So the effect of porosity and pore structure on sample strength cannot be studied
separately. At present, it is considered that porous ceramics with uniform and smaller pores have higher
strength under the same porosity. However, the theoretical basis for the formation of this law is not clear.

Limited volume foaming process is a preparation technology of porous ceramics which can accurately
control the porosity of samples[1]. The foaming is limited in the ball milling tank, and the space in the ball
milling tank is �xed. Due to the determined total volume of the foam, foaming degree can be accurately
controlled. Through calculation, the certain porosity can be earned by changing the amount of the slurry.

In our early work [25], porous ceramics with different pore structure and porosity were prepared. In this paper,
porous YSZ ceramics with different pore structure (the size and number of pores) were prepared by different
speed of stirring and the doping amount of foaming agent. Through the volume limiting foaming
technology, their porosity can be adjusted to the same level. Thus, the mechanical properties of porous
ceramics with different pore structure under the same porosity can be compared to �nd out their regularity.
By comparing the change rule of pore structure and strength, the change law of pore structure and strength
of porous ceramics was obtained.
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2. Experimental Procedure
YSZ powder (mean particle size is about 0.1 m, AR., Jiangxi Size Materials Co., Ltd.) was used as raw
material. Isobam 104# (Kuraray Co., Ltd. Osaka, Japan) and Sodium dodecyl sulfate (SDS, Sinopharm
Chemical ReagentCo., Ltd) were used as dispersant and pore-foaming agent. Deionized water was used as
solvent.

90 ml slurry was prepared with 25 vol% YSZ powder, 4 wt% isobam 104 (IB) premix solution by ball milling
with a rotary speed of 450r/min for 2 hours. Subsequently, SDS solution (2.5wt% of slurry) of
different concentration (1.5-6 wt%) was added into the slurry to generate foams at room temperature. Rotary
speed was set to 350r/min for 10 minutes to mix slurry uniform and then 450-500r/min for 10 minutes to
generate bubbles. The foamed slurries were immediately cast into plastic molds (Cylinder with a diameter of
22 mm). In order to solidify the foamed slurry rapidly, the moulds were placed in a freeze dryer to freeze at
-50°C for 2 hours, and then the solvent contained in the sample was removed by sublimation at -50°C in
vacuum for 24 hours. After demoulding, the dried green bodies were calcined at 500°C for 2 hours to remove
the organics, and then sintered at 1500°C for 2 hours.

In order to obtain different pore structure, six processes were selected to prepare porous YSZ ceramics which
are shown in Table 1. Initial slurry dosage was 90ml. Then porosity and density were measured. If the
density of the sample was tested as ρ (g/m3), then the amount of slurry was adjusted to 90/ρ ml, repeated
the process of stirring, foaming, freeze-drying and sintering, and then porous YSZ ceramic material with
density of 1g/m3 could be obtained. In this way, six kinds of porous YSZ ceramic samples with the same
porosity and different pore structures were prepared.

Microstructure was observed using scanning electron microscope (SEM, JSM 6700F, JEOL, Tokyo, Japan).
Porosity was measured by calculating the differences between the theoretical density and the actual density.
Compressive strength was measured on cylinder samples (Ф20mm and height 20mm) and loaded with a
crosshead speed of 0.5 mm/min using CSS-2220 test machine. Four samples were used to determine the
average porosity and compressive strength.

Pore size information was obtained by image analysis of SEM images. In the low magni�cation scanning
image, the diameters of all pores in an area (840μm× 1200μm) were measured. Volume of all pores in each
aperture range were calculated and accumulated. Then the pore size distribution was obtained in this paper.

3. Results And Discussion
3.1 Density and porosity

Table 2 shows the density and porosity of the porous YSZ ceramic samples. As illustrated the density is
about 1g/m3, the porosity is the same. In this paper, the in�uence of porosity change on the strength is
excluded, the change of compressive strength and Young's modulus is only related to the pore structure.

3.2 Microstructure and pore size distribution



Page 4/13

The microstructure of the samples is shown in Fig. 1. The samples with different fabricate conditions have
different pore structures. Compared with Sample 1 and Sample 2, the pore diameter of Sample 3 decreased
obviously. The increase of stirring speed breaks the large bubbles, resulting in the decrease of pore diameter.
The pore diameter of Sample 4 is obviously larger than that of other samples, which may be due to the
decrease of the number of pores with less foaming agent.

The pore size distribution curves are shown in Fig.2. It can be seen that the pore size of Sample 3 is
obviously smaller and the pore size of Sample 4 is obviously larger than that of other samples. This is
consistent with the microscopic images of SEM.

Meanwhile the pore size distribution curves of Samples 1,3 and 4 are continuous. It can be considered that
Samples 1, 3 and 4 have continuous and uniform pore structure. And their pore sizes in descending order are
Sample 3 Sample 1 Sample 4. In addition, for the Samples 2,5 and 6, the distribution range of macropores
and small pores is separated, so it can be considered that Samples 2, 5 and 6 have mixed pore structure
with macropores and small pores. Sort from large to small according to the proportion of pores to volume,
the order is Sample 2 Sample 5 Sample 6.

Therefore, the samples can be divided into two groups for comparison: (1) Samples 1,3,4 with uniform pore;
and (2) Samples 2, 5 and 6 with mixed pores.

3.3 Mechanical properties of the samples with uniform pore size

The mechanical properties of Samples 1, 3 and 4 with continuous pore size distribution are compared in
Table 3, in which the highest peak in the pore size distribution was taken as the pore size, and the Young's
modulus was calculated from the slope of the stress-strain curves (Fig. 3). It can be seen the compressive
strength decrease with the increase of pore size. Therefore, for the porous ceramics with uniform pore
structure, the mechanical properties are susceptible to the pore size under the certain porosity. This result is
consistent with the present theory.

However, it can also be seen that the Young's modulus decreases greatly with the increase of pore size.
According to the traditional theory, the elastic modulus of porous ceramics is only related to the porosity of
samples. Obviously, the experimental results are not consistent with this theory.

3.4 Mechanical properties of the samples with mix pore size

The mechanical properties of samples with mix pore size are compared in Table 4, in which the pore size of
macropores and small pores, the volume ratio (the ratio of the peak value of macropores to small pores) are
recorded. It can be seen from Table 4 that the changes of compressive strength and Young's modulus have
no obvious regularity with the pore size of macropores or small pores. However, the strengths have obvious
laws with the volume ratio of macropores and small pores. With the decrease of the volume ratio, the
compressive strength decreases and the Young's modulus increases. Therefore, when the porosity is the
same, the more macropores, the higher the strength and the lower the Young's modulus.

3.5 Comparison of properties between samples with uniform pore and mix pore
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Compared with Sample 1 and 4, the strength of Sample 6 is roughly equivalent to that of the sample with
average pore size of 210 μm (the pore size of the macropores in Sample 6).

It is worth noting that compared with Sample 2, Sample 3 is better both in pore size and uniformity. From the
existing theoretical analysis, the strength of Sample 3 should be greater than that of Sample 2. However, in
fact, the strength of Sample 3 has not increased, but is slightly smaller than that of Sample 2.

 Further study shows the small pore size (120 μm) of Sample 2 is slightly smaller than pore size (130μm) of
Sample 3. It can be implied the strength of the samples with mixed pores is similar to that of porous
ceramics with uniform small-pore-size pores.

It can be seen that the Young's modulus of the sample with mixed pores(56.6MPa, 60.7MPa, 61.9MPa) is
close to that of the sample with uniform small pores(Sample 3, 130μm, 63.1MPa). Table 3 shows that the
elastic modulus of large pore structure is low, which leads to less elastic force when it is compressed and
deformed. Therefore, the load-bearing of mixed pore sample is mainly small pore structure. When the
sample continues to deform under pressure, the small pore structure will extrude the large pore structure.
When there are more atmospheric pores, the large pore structure has enough space to withstand the
extrusion of the small pore structure. Therefore, the small pore structure will be destroyed �rst. In this case,
the strength of the sample is related to the structure of small pores. However, when there are few
atmospheric pores, the space occupied by the macropores is limited, and the macropores are squeezed by a
large number of small pores, which leads to the destruction of the macropores prior to the small pores. At
this time, the macropore structure determines the strength of the sample.

From the above experimental results and analysis, it can be seen that for porous ceramics with uniform
pores, the larger the pore size, the lower the strength (as shown in Fig. 4). For the samples with mixed pore
structure of two sizes of pores, i.e. large pore (pore size R) and small pore (pore size r), the strength is
between that of the samples with uniform pore size R and that with uniform pore size r. The strength
decreases with the decrease of the volume fraction of macropores. When the volume fraction of macropores
is large, the strength is the same as that of porous ceramics with uniform pore structure with r pore size.
When the volume fraction of small pores is large, the strength is the same as that of porous ceramics with
uniform pore structure with R pore size.

In general, above conclusions are earned under the condition of few data. However, it is di�cult to obtain
porous ceramics with more different pore structure at the same porosity. At the same time, if the pore size
and compressive strength of Samples 1, 3 and 4, as well as the micropore size and compressive strength of
Sample 2, and macropore diameter and compressive strength of Sample 6, an ideal straight line will be
obtained, which indirectly proves the above conclusions(Fig. 5).

4. Conclusions
Porous YSZ ceramics with the same porosity but different pore structure were prepared by limited volume
foaming process, so that the in�uence of porosity could be ignored and the effect of pore structure on
mechanical properties was considered separately. By comparing the micro morphology, pore distribution,
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compressive strength-deformation curve, strength and Young's modulus of the porous YSZ ceramics, the
following conclusions can be drawn.

(1) For uniform pores, the strength of samples decreases with the increase of pore size. For samples with
mixed pores, the strength decreases with the decrease of the volume fraction of macropores.

(2) The Young's modulus of the samples with uniform pores is related to the size of the pores. The larger the
pore size is, the smaller the Young's modulus is. For samples with mixed pores, Young's modulus is close to
that of the sample with uniform small pores, and with the decrease of the volume fraction of large pores,
Young's modulus increases slightly.

(3) For samples with same porosity, the strength of ceramics with mix pore is between that of uniform pore
structure ceramics with large pore size and small pore size. When the volume fraction of macropores is
small, the strength is equal to the sample with uniform large pore size. When the macropore volume is large,
the strength is equal to that of the sample with the uniform small pore size.
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Tables
Table 1 Experiment parameters of six process.

No. 1 2 3 4 5 6

Mixing speed of

 ball milling (r/m)

450 500 550 500 500 500

Foaming agent concentration (wt%) 3 3 3 1.5 4.5 6

Table 2 Density and porosity of samples in six process.

No. 1 2 3 4 5 6

Density
g/m3

1.011±0.006 1.050±0.019 1.007±0.009 1.019±0.026 1.005±0.016 1.007±0.015

Porosity
%

82.71±0.10 82.06±0.33 82.79±0.15 82.59±0.44 82.82±0.27 82.78±0.25

Table 3 Property comparison of samples with continuous pore size.

No. 3 1 4

Pore Size μm 130 160 260

Compressive strength MPa 2.29±0.37 2.10±0.39 1.32±0.39

Young's modulus (MPa) 63.1 49.3 34.5

Table 4 Property comparison of samples with mix pore size.
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No. 2 5 6

Macro pore Size μm 200 210 210

Micro pore Size μm 120 170 170

Volume ratio of large and small pores 1.94 1.26 0.74

Compressive strength MPa 2.39±0.30 2.03±0.34 1.67±0.38

Young's modulus (MPa) 56.6 60.7 61.9

Figures

Figure 1

Section morphology of sintered samples with different fabricate process: (a) Sample 1, (b) Sample 2, (c)
Sample 3, (d) Sample 4, (e) Sample 5, (f) Sample 6
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Figure 2

Size distribution of Sample 1-6
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Figure 3

Compressive strength varies with deformation of Sample 1-6: (a) Sample 1, (b) Sample 2, (c) Sample 3, (d)
Sample 4, (e) Sample 5, (f) Sample 6
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Figure 4

Chat of relationship between compressive strength and pore size
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Figure 5

Relationship between compressive strength and pore size of Sample 1, 3, 4 and Sample 2(micropore)
Sample 6(macropore)


