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Abstract This study describes the experimental results of

thermal diffusivity, specific heat at constant pressure, and

thermal conductivity of porous 8 mol% yttria-stabilized

zirconia (YSZ) ceramics in a temperature range from room

temperature to 1,400 �C. It is a follow-up study of the

earlier report titled by ‘‘Porous YSZ ceramics with ultra-

low thermal conductivity’’, which focused on the room-

temperature thermal conductivity. The thermal diffusivity

of porous YSZ ceramics decreased with the increase of the

measurement temperature up to 600–1,000 �C, followed by

an increasing trend with increasing temperature. The spe-

cific heat did not exhibit any significant dependence on

sintering temperature and agreed with literature data. The

thermal conductivity of the porous YSZ ceramics showed

an insensitive tendency of change with measurement tem-

perature. The thermal conductivity fell in groups by the

sintering temperature level. This investigation also dis-

cussed an appropriate sintering temperature of porous YSZ

ceramics, which had both low thermal conductivity and

high strength required by the practical service.

Introduction

Many studies have focused on zirconia thermal barrier

coatings (TBCs), which generally consist of yttria-stabi-

lized zirconia with high thermal expansion coefficient, low

thermal conductivity, and chemical inertness in combustion

atmosphere [1–4], for applications in thermal insulations.

These zirconia-based TBCs are widely used in gas turbine

engines to protect the underlying metal from the high

operating temperature and improve the durability of the

components and engine efficiency [5–8]. The engineering

performance of zirconia ceramics may be strongly affected

by their responses to transient or steady-state heat transfer,

each of which is governed by thermal diffusivity and

thermal conductivity. For example, thermal conductivity is

a critical design parameter of TBCs for aeronautic, astro-

nautic, and land-based gas turbines. Therefore, to optimize

their properties, it is important to have a reliable database

and a satisfactory understanding of the physical process

that is involved in heat transfer with the zirconia ceramics.

Some investigations have already been reported

regarding the relationship between the thermal conductiv-

ity and the microstructure of zirconia-based TBCs [9–11].

The influence of the temperature and microstructure of

single-layer coatings and multi-layer coatings on thermo-

physical properties at the same YSZ composition has also

been reported [12]. Although TBCs offer advantage in

thermal insulating, they provided little potential in load-

bearing. TBCs cannot meet the strength requirement of

thermal protections which require not only low thermal

conductivity but also high strength. Therefore, it is

important to study zirconia-based ceramics as bulk mate-

rials which meet both thermal and mechanical require-

ments. Furthermore, due to the high operating temperature,

the temperature dependence of microstructure and
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thermophysical properties of porous, bulk, zirconia

ceramics is also an important consideration for thermal

protections. This present study, for this reason, is focused

on this point.

The earlier part of this study discussed the relationship

between microstructure and room-temperature thermal

conductivity of porous, bulk, 8 mol% yttria-stabilized zir-

conia (YSZ) ceramics. As a follow-up work, the present

study involves measurements of the thermal diffusivity,

specific heat at constant pressure of porous YSZ ceramics in

a temperature range from room temperature to 1,400 �C, and

thus calculations of the corresponding thermal conductivity.

This study allows comparison of YSZ ceramics in a large

range of yttria amount and porosity. To accomplish this, a

series of porous YSZ ceramics with the same solid loading of

10 vol% were fabricated by varying the sintering tempera-

ture. A secondary ongoing objective of this investigation is to

find an appropriate sintering temperature of porous YSZ

ceramics, which have both low thermal conductivity and

high strength required by the practical service.

Experimental procedure

Materials

Commercially available 8 mol% yttria-stabilized zirconia

(YSZ) powder (AR grade, Shanghai Chemical Regent Co.,

China) was used as the starting material. This YSZ powder

has an average particle size of 1.26 lm and a specific surface

area of 6.49 m2/g. Tert-butyl alcohol (TBA, chemical purity,

Beijing Yili Chemical Co., Beijing, China) was used as

shaping solvent and pore forming agent in gel-casting pro-

cess. A premix solution of monomers and cross linker was

prepared in TBA with a concentration of 14.5 wt% of

acrylamide (AM, C2H3CONH2) and 0.5 wt% N,N0-methyl-

enebisacrylamide (MBAM, (C2H3CONH)2CH2). Initiator

and catalyst for gelation reaction are ammonium persulfate

(APS) and N,N,N,N-tetramethylethylenediamine (TEMED),

respectively. All chemicals used in this study are analytical

grade.

Sample preparation

The TBA-based gel-casting technique typically consists of

preparing a liquid suspension (slurry), molding, drying,

binder removal, and sintering. Slurries with 10% solid

loading, including YSZ powders, TBA, acrylamide (AM)

were prepared by ball milling for 5 h. In order to adjust the

suspension to a proper flowability during casting, selected

alkali solution was added into the slurries. After ball

milling, initiator and catalyst were mixed into the slurries.

These slurries were poured into molds and dried at 52 �C in

nitrogen atmosphere. During the drying procedure, the

polymerization of AM occurred and TBA gradually vola-

tilized. Green bodies were then produced. Subsequently,

they were sintered at different temperatures of 1400, 1450,

1500, and 1550 �C for 2 h.

Characterization

Thermal conductivity (k) can be calculated from the ther-

mal diffusivity (k), density (q), and specific heat at constant

pressure (Cp):

k ¼ k � q � Cp ð1Þ

The thermal diffusivity (k) was measured at both

ambient and elevated temperatures up to 1,400 �C using

laser flash technique which was developed by Parker [13].

The detailed measurement technique was described

elsewhere [14] and was briefly described here. This

technique was employed on freestanding samples using a

laser flash analyzer (LFA-427, Netzsch Instruments Inc.,

Germany). The freestanding samples were machined into

10 mm disks with height of 1 mm. Because of the

translucency of the samples to the laser, the samples

were sputter-coated a graphite layer (Aerodag G, Acheson

Colloids Company, Port Huron, MI) in order to ensure

complete and uniform absorption of the laser pulse prior to

the thermal diffusivity measurement. The laser flash

method involves heating one side of the sample with a

laser pulse (duration: 0.6 ms; laser voltage: 410 V) and

measuring the temperature rise on the rear surface with an

infrared detector. The thermal diffusivity is determined

from the time required to reach one-half of the peak

temperature in the resulting temperature rise curve for the

rear surface. All high temperature thermal diffusivity

measurements were conducted in an argon atmosphere.

Each value of thermal diffusivity represented the average

value of three measurements. Some measurements were

also performed during cooling to compare the difference

between the respective heating and cooling values.

In order to determine the thermal diffusivity, the fol-

lowing temperature response on the rear surface of the

sample is obtained:

DT ¼ DTm 1þ 2
X1

i¼1

�1ð Þnexp
�n2p2

H2
kt

� �" #
ð2Þ

where k and H are the thermal diffusivity and the thickness

of the sample, respectively, DT is the temperature rise of

the sample, DTm its maximum value, and t the time after

pulse heating. The thermal diffusivity is described by the

following equation:

k ¼ 1:38H2

p2t1=2

ð3Þ
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where t1/2 is the time period corresponding to a temperature

rise to half of the maximum temperature on the rear surface

of the sample.

The specific heat at constant pressure (Cp) was also

measured in the same temperature range during heating

using a differential scanning calorimeter (Netzsch STA

449F1) with reference materials of single-crystal alumina

under air.

In polycrystalline isotropic materials, the density

depends on temperature following the equation:

qðTÞ ¼ q300

1þ 3aDT
ð4Þ

where q(T) is the density at temperature T and q300 the

density at 300 K, DT = T - 300, and a the linear thermal

expansion coefficient defined as:

a ¼ 1

L

dL

dT

� �

p

ð5Þ

where L is a characteristic length of the sample and T its

temperature. The linear thermal expansion coefficient was

measured using a DIL (402 PC, Netzsch Instruments Inc.,

Germany).

The porosity was calculated using mass and volume

measurements to determine the density of the porous

samples and then comparing this to the density of the fully

dense ceramic, which was taken as 6.0 g/cm3 for this YSZ

material. For the compressive strength measurements,

samples with a diameter of 20 mm and a height of 20 mm

were loaded with a crosshead speed of 0.05 mm/min

(CSS-2220 test machine). Three specimens with the same

sintering conditions were used to determine the average

porosity and compressive strength. The statistical uncer-

tainty (error bar) was determined by calculating the stan-

dard deviation of the experimental data of the three

specimens. Microstructure was observed using a scanning

electron microscope (SEM, JSM 6700F, JEOL, Tokyo,

Japan).

Results and discussions

Microstructure and porosity

Figure 1 shows the SEM micrographs of the porous YSZ

ceramics sintered at different sintering temperatures of

1400, 1450, 1500, and 1550 �C. After the sintering pro-

cesses, both TBA and PMA were successfully removed and

porous YSZ bodies were obtained. The interconnected

pores were homogeneously dispersed in the zirconia

matrix. Adjacent grains interconnected to form a strong

skeleton. It could be observed from Fig. 1a–d that the

grains grew up and the porosity decreased as the sintering

temperature increased from 1,400 to 1,550 �C.

Table 1 shows the variations of porosity and compres-

sive strength of porous YSZ ceramics with sintering tem-

perature. As the sintering temperature increased from 1,400

to 1,550 �C, the porosity decreased from 74 to 65% due to

the process of sintering densification, while the compres-

sive strength increased from 8 to 25 MPa.

Fig. 1 SEM micrographs of

porous YSZ ceramics at

different sintering temperatures:

a 1400 �C, b 1450 �C,

c 1500 �C, and d 1550 �C
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Thermophysical properties

Figure 2 shows the thermal diffusivity of the present

samples with different sintering temperature and porosity

as a function of the measurement temperature. It was

observed that the thermal diffusivity of the samples

decreased with the increase in temperature from low range

of temperature up to 600–1,000 �C. As the temperature

exceeded 1,000 �C, however, the thermal diffusivity

increased slightly with increasing temperature. The

downturn in the experimental curves in the low tempera-

ture range could be attributed to the increasing phonon-

scattering with increasing temperature. In the higher tem-

perature range, however, the thermal radiation became

intense enough to influence significantly the thermal con-

duction. The reason for the slight increase of the thermal

diffusivity with the increasing temperature ([1,000 �C)

was the combination of thermal radiation and phonon

scattering. Moreover, the thermal diffusivity fell in groups

with the decrease of sintering temperature and with the

increase of porosity. For example, the thermal diffusivity

of the sample with sintering temperature of 1,550 �C and

porosity of 65% was in the range between 0.32 and 0.25

(910-6 m2/s), but the corresponding value of the sample

with sintering temperature of 1,400 �C and porosity of 74%

decreased to be 0.16–0.20 (910-6 m2/s). It was caused by

the increasing porosity of porous YSZ ceramics, resulting

in the enhancement of phonon scattering at pores. It was

speculated [15] that the thermal diffusivity of yttria-stabi-

lized zirconia of any density was not likely lower than 0.30

(910-6 m2/s), but the data for porous YSZ ceramics fab-

ricated in the present study reached 0.16 (910-6 m2/s).

Table 2 lists the values for the specific heat for the

porous YSZ ceramics with different sintering temperature,

from room temperature to 1,400 �C. At a given measure-

ment temperature, the variation of specific heat for samples

with different sintering temperature was considerable.

While the changing trends of the specific heat value with

increasing measurement temperature were similar for the

samples with different sintering temperature of 1400, 1450,

1500, and 1550 �C, respectively. The reasons for signifi-

cant deviation of the specific heat at a given measurement

temperature were not clear. The variation behavior of

specific heat of YSZ ceramics on measurement temperature

agreed with literature report [16].

The thermal conductivity of samples (open symbols) is

plotted as a function of the measurement temperature with

comparable data for bulk zirconia ceramics (closed sym-

bols) from literatures [17–20] in Fig. 3. The thermal con-

ductivity of the porous YSZ ceramics was insensitive to the

change of measurement temperature. It was also shown that

ZrO2 fully stabilized with 12 mol% Y2O3 had a roughly

constant thermal conductivity up to 1,200 �C [18]. How-

ever, the thermal conductivity of porous YSZ ceramics in

the present study was much lower than the reported values

of bulk YSZ ceramics with large range of yttria amounts

and porosity from literatures [17–20]. The porosity of the

porous YSZ ceramics was 65–74%, while the porosity of

the YSZ ceramics in the cited literatures was 0 [17–19] or

37% [20]. Moreover, the thermal conductivity fell in

groups by the sintering temperature level. For example, the

thermal conductivity of the sample with sintering temper-

ature of 1,550 �C was 0.29–0.34 W/m K, while the cor-

responding value of the sample with sintering temperature

of 1,400 �C decreased to be 0.12–0.19 W/m K.

In the earlier studies of the heat conduction behavior of

ZrO2, Kingery et al. [21] and Mirkovitch [22] found that

the thermal conductivity of polycrystalline ZrO2 above

room temperature was nearly independent of temperature.

This temperature independence is the result of the high

concentration of defects in the form of oxygen vacancies

which limit the phonon mean-free-path to approximately

the dimensions of the unit cell. This effect suppresses the

&1/T dependence of the thermal conductivity on temper-

ature which was claimed by Raghavan et al. [17] and

proposed independently by Klemens [23] from theoretical

considerations.

Table 1 Variations of porosity and compressive strength of porous

YSZ ceramics with sintering temperature

Sample Sintering

temperature (�C)

Porosity (%) Compressive

strength (MPa)

A 1,400 74.2 ± 1.4 7.9 ± 0.5

B 1,450 72.0 ± 0.6 8.9 ± 0.5

C 1,500 66.0 ± 1.1 13.2 ± 0.5

D 1,550 65.1 ± 0.5 24.9 ± 2.4

Fig. 2 Thermal diffusivity of porous YSZ ceramics with different

sintering temperature and porosity as a function of the measurement

temperature (ST sintering temperature, P porosity)
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The presence of defects, such as pores, vacancies, pore-

grain interfaces, and inclusions, contributes to the decrease

of the thermal conductivity of a solid. Pores and interfaces

primarily decrease the net section area through which heat

is transported by phonon and so the reduction in thermal

conductivity depends not only on the volume fraction but

also on the architecture of pores. For example, Nicholls and

his co-workers [24] reported that the porosity and/or

defects provide a major contribution to the reduction of the

thermal conductivity of plasma-sprayed coatings. It was

also reported in the earlier part of this study that the room-

temperature thermal conductivity for porous YSZ ceramics

decreased with increasing porosity [25].

The higher porosity and the porous microstructure was

believed to be the dominant factor for obtaining the lower

thermal conductivity of the porous YSZ ceramics in the

present study than that of bulk YSZ ceramics in previous

literatures. The large amounts of interconnected pores

made the ceramics grains not necessarily continuous or

dispersed, blocking the heat conducting pathways and

also contributing to the remarkably low level of thermal

conductivity. Moreover, the large number of pores and

micro-sized interfaces provided significant phonon and

photon scattering. In particular, the reason that the thermal

conductivity fell in groups by the sintering temperature

level was microstructural difference, such as higher poros-

ity and looser connections between grains in the sample

with lower sintering temperature than those of the sample

with higher sintering temperature, as shown in Fig. 1.

As shown in Table 1 and Fig. 3, the thermal conduc-

tivity and compressive strength of the sample with sinter-

ing temperature of 1,550 �C were 0.29–0.34 W/m K and

25 MPa, respectively. This indicated that the sintering

temperature of 1,550 �C was suitable for yielding porous

YSZ ceramics which had both low thermal conductivity

and high strength for applications in thermal insulators.

Conclusions

The thermal diffusivity of porous YSZ ceramics decreased

and then increased, in a little range, with the increase of the

measurement temperature. The specific heat did not show

any significant dependence on sintering temperature or

porosity and agreed with literature data. The thermal con-

ductivity fell in groups by the sintering temperature level

and was much lower than the reported values from litera-

tures. This study also pointed out that the sintering tem-

perature of 1,550 �C was suitable for yielding porous YSZ

ceramics which had both low thermal conductivity and

high strength for applications in thermal insulators.
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