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Abstract

Various amounts of Al2O3 (0.25, 0.5 and 1.0 mol%) were added to tetragonal polycrystalline material (3Y-
TZP), prepared using the hydrothermal crystallization method. The effects of the added amount as well as the
sintering temperature on the microstructure and electrical properties of the 3Y-TZP/Al2O3 composites were
investigated. The alumina addition was found to affect the microstructure of the 3Y-TZP samples obtained
after sintering at 1400 or 1500 °C only to a slight extent. The lowest values of the blocking factor, which
represents the contribution of grain boundary resistivity to the total resistivity of a polycrystal, were observed
for the 3Y-TZP with Al2O3 additions of 0.25 or 0.5 mol% at measurement temperatures of 550 and 600 °C. The
study proves that the 3Y-TZP/Al2O3 should be taken into consideration as solid electrolyte in the intermediate-
temperature solid oxide fuel cells.
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I. Introduction

Many types of fuel cells that differ in terms of their

construction and operating conditions have been de-

signed in recent years [1]. Among them, planar solid ox-

ide fuel cells (SOFCs) seem to have the best prospects

for future commercialization, since they do not require

the use of noble metals, especially platinum, as elec-

trode materials and catalysts [1].

The solid electrolyte is one of the key components of

a solid oxide fuel cell. The role of the electrolyte is to

transport oxygen ions generated at the cathode towards

the anode while the electrons flowing through the exter-

nal circuit generate electricity. The electrolyte also sep-

arates the fuel from the oxidant. The electrolyte material

must therefore exhibit chemical stability in both oxidiz-

ing and reducing atmospheres, non-permeable to gases,

and to be characterized by the highest possible ionic

conductivity and the lowest possible electronic conduc-

tivity over a wide range of oxygen partial pressures. Last

but not least, it has to be thermochemically compati-
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ble with the remaining components of a fuel cell stack,

i.e. the cathode, the anode, and the interconnect, both at

room temperature and over the temperature range of the

cell’s operation.

Fully stabilized zirconia (FSZ) is commonly applied

as a solid oxide electrolyte owing to its suitably high

ionic conductivity and considerable chemical stability

when in contact with cathode and anode materials in

an oxidizing-reducing atmosphere. The commercial ap-

plication of SOFCs with an FSZ electrolyte is nev-

ertheless limited due to its low mechanical strength,

poor resistance to thermal shocks, and overly high tem-

peratures at which fuel cells operate, i.e. 700–800 °C

for anode-supported SOFCs with a thin 8-YSZ (FSY)

electrolyte, and above 850 °C for 8-YSZ-electrolyte-

supported cells [1].

The development of intermediate-temperature solid

oxide fuel cells (IT-SOFCs), which are capable of high-

output operation at temperatures ranging from 600 to

800 °C is the strategic objective of many institutions

which specialize in hydrogen energy. Prospective solu-

tions include the application of tetragonal zirconia poly-

crystals partially stabilized with 3 mol% of yttria (3Y-

TZP) as a substitute for FSZ. The reasons for the appli-
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cation of 3Y-TZP as an IT-SOFC electrolyte include not

only its significantly higher mechanical strength and re-

sistance to thermal shocks [2], but also its lower activa-

tion energy of electrical conduction and its subsequently

higher electrical conductivity at temperatures below

700 °C [3]. The research conducted thus far shows that

in such conditions the electrical conductivity of grains

is higher in 3Y-TZP than in FSZ [3]. Regardless of this,

the total electrical conductivity of the 3Y-TZP poly-

crystalline material is lower due to the high electrical

resistance at grain boundaries [4–6]. The literature on

the subject refers to this phenomenon using the term

“blocking effect” [4–6]. As a result of impurities that

segregate in this area, most notably silica, a thin insulat-

ing layer forms; this layer inhibits the migration of oxy-

gen ions across grain boundaries [7]. It was found that

when Al2O3 is added in an amount exceeding its solu-

bility limit in the 3Y-TZP material, it acts as a “scav-

enger” of silicon compounds [8–11]. One such material

is the 3Y-TZP composite containing 0.5 mol% of Al2O3,

which was prepared using a 3-YSZ powder obtained via

co-precipitation and sintering at 1500 °C; the high elec-

trical conductivity of grain boundaries allows this mate-

rial to exhibit a low blocking factor [12].

The removal of silica from grain boundaries occurs

when it binds with alumina and forms mullite, as ex-

pressed by the following equation proposed by Butler

and Drennan [8]:

3 Al2O3 + 2 SiO2
−−−⇀↽−−− Al6Si2O13 (1)

A consequence of this reaction is an increase in the elec-

trical conductivity across grain boundaries [10]. On the

other hand, when alumina is added in an amount lower

than the solubility limit, it has a slightly negative effect

on the electrical conductivity of grains, and a consid-

erable, likewise negative effect on the grain boundary

electrical conductivity in the 3Y-TZP material [7,13].

This is explained by the drop in the concentration of

oxygen vacancies in the space charge layer, associated

with an increased Schottky barrier, which effectively in-

creases the activation energy of conduction in the space

charge zone [7].

The results of the research published on the influ-

ence of Al2O3 addition on the electrical conductivity of

3Y-TZP are often contradictory. Some authors report in-

creased electrical conductivity [14], while others report

the opposite [15]. According to Guo et al. [16], the alu-

minium ions originating from Al2O3 form defect com-

plexes with oxygen vacancies in 3Y-TZP structure, thus

modifying the Schottky barriers at grain boundaries.

According to current knowledge, the effect of alumina

addition on electrical conductivity seems to depend not

only on its concentration, but also the way in which the

tetragonal form of zirconia in the 3Y-TZP/Al2O3 is ob-

tained and, subsequently, in which its microstructure is

modified.

Another potential method for improving the conduct-

ing properties of 3Y-TZP is to manufacture this ma-

terial from nanopowder instead of the commonly ap-

plied material with micron-sized grains. Nanomaterials

can transport mass in different ways owing to their in-

creased grain boundary surface and a defect thermody-

namics that is different than what is observed for the

micron-sized counterparts. Some papers [17–19] argue

that the concentration of oxygen vacancies on the sur-

face of nanocrystalline particles is higher than in the

grain interior. This leads to the conclusion that the elec-

trical conductivity of grain boundaries may be twice as

high for materials with nano-sized grains as for those

with micron-sized grains. In summary, the influence of

alumina on the electrical properties of tetragonal zirco-

nia has not been fully understood.

The aim of the present work was to determine how

the addition of Al2O3, which is an insulator itself, affects

the ionic conductivity of the 3Y-TZP material. Since the

electrical properties of the tetragonal form of zirconia

are a function of its microstructure, two variables were

considered especially significant from the perspective of

obtaining a 3Y-TZP electrolyte with the most desirable

physicochemical parameters: i) the amount of alumina

added to the 3-YSZ powder prepared via hydrothermal

crystallization, and ii) the temperature at which the sam-

ples were sintered. Since previous investigations had

confirmed the advantageous effect of adding 0.5 mol%

of alumina to the 3Y-TZP material obtained using a

3-YSZ powder prepared via co-precipitation on the

electrical conductivity of grain boundaries and grains

[12], the amounts selected for the present study were

0.25, 0.5 and 1.0 mol%.

II. Experimental

2.1. Preparation of 3Y-TZP/Al2O3 samples

Y2O3-ZrO2 solid solution powder containing 3 mol%

of Y2O3 (3-YSZ) was obtained from analytical-grade

zirconium oxychloride (ZrOCl2) and analytical-grade

yttria (Y2O3), while an analytical-grade aqueous solu-

tion of ammonia served as the precipitating agent; all

reagents used for this reaction were supplied by POCH-

Gliwice.

The powder was synthesized in the exact same way in

which the preparation of the 8-YSZ powder, described

in Ref. [20], had been performed. The obtained co-

precipitation product underwent hydrothermal crystal-

lization in an experimental stand consisting of an auto-

clave and a heater [21]. The autoclave had the shape of

a cylinder made from stainless steel, and it was sealed

using a stainless steel plug. The gel was inserted into the

autoclave in a special teflon container to protect it from

impurities and crystallization was carried out at 240 °C

for 2 h. This temperature corresponds to an autogenous

water vapour pressure of ca. 4 MPa.

The obtained 3-YSZ powder was placed in a Büch-

ner funnel and rinsed with an isopropyl alcohol solu-

tion to prevent the formation of agglomerates, and then

milled in an attrition mill for 2 h. The grinding process
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was carried out in an acetone medium, with zirconia

milling balls.

The obtained 3-YSZ powder was impregnated using

an alcohol solution of aluminium nitrate with the appro-

priate concentration established by means of ICP-OES

(OPTIMA 7300 DV, Perkin Elmer). During this process,

the powder was placed in a glass container filled with an

Al(NO3)3 solution and vigorously mixed at room tem-

perature for 24 h using a magnetic stirrer. These suspen-

sions were subsequently evaporated until dry powders

remained. The powders were then calcined at 750 °C

for 2 h in order to decompose the aluminium nitrate into

Al2O3. As a result, three types of 3-YSZ mixtures con-

taining 0.25, 0.5 and 1.0 mol% of Al2O3 were obtained.

These mixtures were then heated up to 800 °C in air, at

a rate of 10 °C/min, for 1 h. In order to eliminate the

impact of microstructural changes related solely to the

performed thermal treatment, the initial 3-YSZ powder

was heated under the same conditions and treated as the

reference sample.

The powder was then uniaxially pressed under a pres-

sure of 100 MPa to form green bodies. In the subsequent

stage, the green bodies underwent cold isostatic press-

ing (CIP) under a pressure of 250 MPa and were sintered

freely. The thermal treatment process involved heating

the samples in air, at a rate of 5 °C/min, and then 2 h

of sintering at either 1400 or 1500 °C. This procedure

yielded two series of samples with the following compo-

sitions: 3Y-TZP/0.25 mol% of Al2O3 (referred to as 3Y-

TZP/0.25Al2O3), 3Y-TZP/0.5 mol% of Al2O3 (referred

to as 3Y-TZP/0.5Al2O3), 3Y-TZP/1.0 mol% of Al2O3

(referred to as 3Y-TZP/1.0Al2O3) and 3Y-TZP as the

reference samples. The obtained samples had the form

of pellets with a diameter of 7.84–7.92 mm and a thick-

ness of 1.61–1.67 mm, and they were stored in a desic-

cator.

2.2. Characterization methods

The phase composition and the lattice parameters of

the samples were evaluated using X-ray diffraction per-

formed by means of the PANalytical X’Pert Pro diffrac-

tometer, with the use of CuKα monochromatic radia-

tion. The qualitative phase composition of the prepared

materials was established by comparing the obtained

diffraction patterns with the data included in the ICSD

database. The amount of each phase and its lattice pa-

rameter were determined using the Rietveld method and

the HighScore Plus application. All samples examined

during the XRD analysis were specimens, which had

undergone 1 h of thermal treatment at a temperature

100 °C lower than the sintering temperature in order to

remove deformations sustained as a result of grinding

and polishing.

Crystallite size in the powder was calculated using

the Scherrer equation [22]:

DXRD =
K · λ

β cos θ
(2)

where DXRD is crystallite diameter, λ is wavelength

of incident X-rays (CuKα1; λ = 0.15406 nm), θ is

diffraction angle, K is constant (0.9) and β is corrected

full width at half maximum (FWHM) of the diffrac-

tion peak. Crystallite size was established based on the

broadening of diffraction peak 101 of the tetragonal

form of ZrO2.

The particle size distribution of the powder was deter-

mined using a Mastersizer laser particle size analyser,

while their specific surface area was established using

the BET procedure based on the physical sorption of N2

at liquid nitrogen temperature performed by means of

Nova 1200e apparatus manufactured by Quantachrome

Instruments. The specific surface area values were used

to calculate the equivalent mean BET particle size dBET

(assuming their uniform spherical shape) from the fol-

lowing dependence:

dBET =
6

ρXRD · S
(3)

where S is specific surface area of the sample and ρXRD

is X-ray density of the sample.

Morphological observations of the powder and the

fracture cross-sections of the samples combined with

chemical composition analyses of selected micro-areas

were performed by a FEI Nova NanoSEM 200 scanning

electron microscope coupled with an energy-dispersive

X-ray spectroscopic (EDAX) analyser. The polished

cross-sections were thermally etched at 800 °C for 1 h.

The obtained SEM micrographs underwent computer

binarization and analytical processing with the use of

the ImageJ 3.14 application in order to determine the

grain diameter and circularity. The grain diameter was

defined as the diameter of a disc with a surface area

equal to the measured surface area of the grain.

The relative density of the examined samples was

calculated by dividing the apparent density (ρ) experi-

mentally determined via the hydrostatic weighing of the

samples in distilled water by their theoretical density

(ρteor). The theoretical densities for the sintered samples

with alumina additions of 0.5 or 1.0 mol% were calcu-

lated using the rule of mixtures. For dual-phase 3YSZ-

Al2O3 materials, i.e. when the used amount of Al2O3

was higher than what was required to remove all the sil-

ica according to Eq. 1, the theoretical density (ρ) can be

calculated from the following equation:

ρ = f3 YSZ · ρ3 YSZ + (1 − f3 YSZ) · ρAl2O3
(4)

where f3 YSZ is volume fraction of 3-YSZ in the sample.

For the 3-YSZ that contains x mol% of the unreacted

Al2O3, f3 YSZ can be expressed using the following de-

pendence:

f3 YSZ =
(100 − x) · M3 YSZ · ρAl2O3

(100 − x) · M3 YSZ · ρAl2O3
+ x · MAl2O3

· ρ3 YSZ

(5)

where M corresponds to molar mass and theoreti-
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cal density values for 3-YSZ and Al2O3 are ρ3 YSZ =

6.0502 g/cm3 and ρAl2O3
= 3.987 g/cm3.

The silica content in the obtained 3-YSZ powder

was determined using atomic absorption spectroscopy

(AAS) performed by a Pye Unicum SP90P spectrome-

ter.

The electrical properties of the two series of sam-

ples were determined via electrochemical impedance

spectroscopy (EIS). The Solartron 1260 frequency re-

sponse analyser and the Solartron 1294 dielectric inter-

face were used to measure the impedance. The measure-

ments were carried out over the frequency range from

0.1 Hz to 1 MHz, with amplitude of 10 mV and at tem-

peratures of 550, 600, 650, 700 and 750 °C. The equiv-

alent circuit was analysed and the values corresponding

to its individual elements were established by the ZView

application which came bundled with the measurement

equipment. Using this software, the Kramer-Kronig (K-

K) test was run for all equivalent circuits presented in

the paper. Based on the obtained electrical resistance

values and the geometric dimensions of the samples, the

electrical conductivity values of grains (σb) and grain

boundaries (σgb) were determined from the following

dependence:

σg,gb =
L

S · R
(6)

where Rg,gb is electrical resistance, S is surface area

of the platinum electrode and L is sample thickness.

Prior to the measurements, the surface of the samples

was ground with a SiC abrasive paper with a grit size

of 1000, and degreased using propanol. Platinum elec-

trodes were then deposited on each side of the sample

by screen-printing platinum paste, and fired for 2 h at

800 °C.

III. Results

3.1. Structure of 3-YSZ powder

The physicochemical analyses of the 3-YSZ powder

obtained via hydrothermal crystallization are shown in

Fig. 1, including X-ray diffraction pattern (Fig. 1a), par-

ticle size distribution (Fig. 1b) and morphological ob-

servation (inset in Fig. 1b).

The XRD analysis showed that the 3-YSZ powder is

composed of nano-sized (D101 = 6 nm) crystallites with

dominant tetragonal structure. The diffraction pattern

presented in Fig. 1a indicates that, aside from the tetrag-

onal phase with lattice parameters a = 0.36152 nm

and c = 0.51609 nm, a small amount (4.2%) of mon-

oclinic phase was also found. The atomic absorption

spectroscopy (AAS) revealed that the concentration of

silicon did not exceed 0.03 wt.%. One possible cause

of the slight drop in the silicon concentration observed

for the 3-YSZ powder compared to the initial zirco-

nium oxychloride reagent (0.04124 wt.%) is the rela-

tively high solubility of silica in alkaline solutions under

hydrothermal conditions.

SEM micrograph of the 3-YSZ powder, presented in

inset of Fig. 1b, indicates the presence of numerous

porous agglomerates with a size ranging from around

0.1 to around 1.2 mm. BET specific surface area of this

powder is 123.2 m2/g, while the BET mean equivalent

particle size calculated from Eq. 3 is equal to 8 nm,

which is consistent with the crystallite size determined

Figure 1. Diffraction pattern (a) and particle size distribution (b) of 3-YSZ powder (SEM micrograph is shown in inset)

Table 1. Lattice constants a and c and unit cell volumes V of tetragonal ZrO2 phase in the studied samples depending on
alumina content and sintering temperature

Sample
Sintering temperature: 1400 °C Sintering temperature: 1500 °C

a [nm] c [nm] V [nm3] a [nm] c [nm] V [nm3]

3Y-TZP 0.36055(7) 0.51768(6) 0.06729(6) 0.36043(6) 0.51774(6) 0.06725(9)

3Y-TZP/0.25Al2O3 0.36052(3) 0.51770(8) 0.06728(8) 0.36038(4) 0.51775(5) 0.06724(2)

3Y-TZP/0.5Al2O3 0.36058(9) 0.51778(1) 0.06732(1) 0.36036(6) 0.51772(1) 0.06723(1)

3Y-TZP/1.0Al2O3 0.36048(9) 0.51765(8) 0.06726(6) 0.36035(7) 0.51772(5) 0.06722(7)

22



K. Obal et al. / Processing and Application of Ceramics 15 [1] (2021) 19–31

via XRD. The particle size distribution of the investi-

gated 3-YSZ powder (Fig. 1b) indicates a multimodal

distribution of agglomerates, of which a certain small

number formed a population of so-called “hard” ag-

glomerates. The mode value at the level of 1 µm is

within the agglomerate size range estimated from the

SEM micrograph (Fig. 1b).

3.2. Structure of 3Y-TZP and 3Y-TZP/Al2O3 samples

Phase composition

Investigations of the phase composition of the sam-

ples sintered in air at 1400 or 1500 °C for 2 h, revealed

the sole presence of the tetragonal form of zirconia. Ta-

ble 1 shows the lattice constants and unit cell volumes

of the tetragonal phase observed for the studied sam-

ples. The presented data lead to the conclusion that the

observed changes in lattice constants and unit cell vol-

umes of the tetragonal phase are small in the case of all

studied samples, and they do not exceed the measure-

ment error. This indicates that the investigated polymor-

phic form of zirconia exhibits an approximately con-

stant chemical composition, regardless of the amount of

added alumina and sintering temperature.

If zirconia is actually doped with alumina, a notice-

able change in the lattice constants and unit cell vol-

umes of the tetragonal phase of zirconia should have

been observed due to the substitution of zirconium ions

(rZr4+ = 98 pm) with much smaller aluminium ions

(rAl3+ = 67.5 pm) in the octahedral position. It there-

fore stands to reason that the Al2O3 addition underwent

almost complete segregation at the grain boundaries of

the 3Y-TZP.

Microstructure

In order to evaluate the influence of alumina addition

on the microstructure of the sintered 3Y-TZP tetrago-

nal zirconia obtained from the hydrothermally prepared

3-YSZ, all specimens were examined via SEM (Figs.

2 and 3). The grain size distributions are shown in the

insets of these figures and the mean grain size and circu-

larity values for two series of the investigated samples

are given in Table 2.

All investigated samples were homogeneous and con-

sisted of isometric grains, which is evident from both the

grain size distribution values determined via a numeri-

cal analysis of SEM images (Figs. 2 and 3) and circular-

ity values (Table 2). Some areas of the samples feature

small pores formed due to the presence of “hard” ag-

glomerates, which favours the growth of pores between

agglomerates during the sintering of green bodies.

The grain size distributions of the samples sintered

at 1400 °C are unimodal and relatively narrow (Fig. 2).

They are furthermore asymmetrical, with a tendency to-

wards grain with a larger size. It is worth noting that

higher alumina content in the 3Y-TZP sample is asso-

Figure 2. SEM micrographs of specimens sintered in air at 1400 °C for 2 h: a) 3Y-TZP, b) 3Y-TZP/0.25Al2O3,
c) 3Y-TZP/0.5Al2O3 and d) 3Y-TZP/1.0Al2O3 (inset: grain size distribution)

23



K. Obal et al. / Processing and Application of Ceramics 15 [1] (2021) 19–31

Figure 3. SEM micrographs of specimens sintered in air at 1500 °C for 2 h: a) 3Y-TZP, b) 3Y-TZP/0.25Al2O3,
c) 3Y-TZP/0.5Al2O3 and d) 3Y-TZP/1.0Al2O3 (inset: grain size distribution)

Table 2. Mean grain size D and circularity of 3Y-TZP and 3Y-TZP/Al2O3 samples depending on the alumina content and
sintering temperature

Sample
Sintering temperature: 1400 °C Sintering temperature: 1500 °C

D [µm] Circularity D [µm] Circularity

3Y-TZP 0.40 ± 0.11 0.83 ± 0.06 0.49 ± 0.17 0.85 ± 0.05

3Y-TZP/0.25Al2O3 0.35 ± 0.15 0.78 ± 0.08 0.49 ± 0.15 0.87 ± 0.06

3Y-TZP/0.5Al2O3 0.36 ± 0.15 0.79 ± 0.10 0.48 ± 0.16 0.82 ± 0.11

3Y-TZP/1.0Al2O3 0.41 ± 0.13 0.84 ± 0.07 0.61 ± 0.24 0.64 ± 0.18

ciated with a more narrow grain size distribution. On

the other hand, thermal treatment at 1500 °C resulted

in larger grains both in the case of the samples modi-

fied with alumina (3Y-TZP/Al2O3) and the unmodified

3Y-TZP sample. In addition, the size of these grains

varied to a higher extent than in the case of the sam-

ples sintered at 1400 °C (Figs 2 and 3). In the case of

the 3Y-TZP and 3Y-TZP/0.25Al2O3 samples sintered

at 1500 °C, a unimodal, fairly wide grain size distri-

bution was observed. For the 3Y-TZP/Al2O3 with 0.5

and 1 mol% Al2O3 the distribution is bimodal, with an

asymmetry towards large-sized grains (Fig. 3).

Figure 4 shows the dependence of grain size distribu-

tion on the alumina content in the 3Y-TZP samples for

both sintering temperatures. It is evident that the differ-

ences in mean grain size values observed for the sam-

ples sintered at 1400 °C are not pronounced. The small-

est mean grain size of 0.35 mm was observed for the

3Y-TZP/0.25Al2O3 sample, whereas the largest one was

Figure 4. Mean grain size as a function of the alumina
content for 3Y-TZP samples sintered at 1400 and

1500 °C for 2 h
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Table 3. Apparent density ρ of 3Y-TZP and 3Y-TZP/Al2O3 samples and the corresponding relative density ρr

Sample
Sintering temperature: 1400 °C Sintering temperature: 1500 °C

ρ [g/cm3] ρr [%] ρ [g/cm3] ρr [%]

3Y-TZP 5.86 ± 0.28 96.83 5.96 ± 0.46 98.52

3Y-TZP/0.25Al2O3 5.88 ± 0.62 97.15 5.99 ± 0.15 99.12

3Y-TZP/0.5Al2O3 5.79 ± 0.59 95.73 5.91 ± 0.28 97.86

Figure 5. Impedance spectra recorded at different temperatures for the samples sintered at 1400 °C: a) 3Y-TZP and
b) 3Y-TZP/1.0Al2O3

found in the case of the sample with 1.0 mol% of Al2O3,

which was furthermore characterized by the highest cir-

cularity (Table 2). Mean grain size values for the second

series of samples, sintered at 1500 °C, were higher. For

these samples, a noticeable increase in the mean grain

size (up to 0.61µm) was observed for the samples with

the highest alumina content (3Y-TZP/1.0Al2O3). As op-

posed to its counterpart sintered at 1400 °C, this partic-

ular sample exhibited the highest circularity (Table 2).

Al2O3 addition generally results in the presence of

alumina inclusions, which suppress the mobility of

grain boundaries and the growth of the grains of the 3Y-

TZP matrix [23]. This is because grain growth is an es-

sential condition for the change in pore geometry caused

by the disintegration of neighbouring grains (the model

proposed by Kellet and Lange [24,25]). In such cases,

the curvature of a pore becomes convex, and the pore

may undergo spontaneous elimination. In the case of the

investigated samples which contained 1 mol% of alu-

mina, the grain size increase observed in Fig. 4 may be

associated with the presence of a certain concentration

of inclusions in the interior of zirconia grains. This can

happened because anchored inclusions “leap” over the

migrating grain boundary [26]. Pawłowski and Bućko

[27] demonstrated that the driving force of grain bound-

ary migration strongly depends on the degree of curva-

ture of grain boundaries, which in turn is highly depen-

dent on the circularity. Consequently, the grain bound-

ary structure in zirconia-based materials should be con-

sidered dynamic.

3Y-TZP is a candidate for application as an elec-

trolyte in oxygen sensors and fuel cells because of its ex-

cellent thermo-mechanical properties [28] and its ionic

conductivity, which is comparable or better than that

of 8-YSZ [29]. It is well-known that coarse-crystalline,

tetragonal Y2O3-ZrO2 solid solutions are susceptible to

tetragonal-to-monoclinic phase transition in the range

of low temperatures (200–300 °C), which is associated

with considerable changes in molar volumes [30]. This

is a major disadvantage, as it leads to the deterioration

of both the mechanical properties of the material and its

electrical conductivity [31]. This is observed when the

size of 3Y-TZP grains exceeds a certain critical value,

namely ca. 0.3 µm [32]. To counteract this adverse phe-

nomenon, Tosoh manufactures powders with a small ad-

dition of Al2O3 (TZ-3YS-E) [33].

In the case of the investigated samples, the shape

of grains was mostly circular. Thus, seven out of eight

analysed samples had a circularity ranging from 0.78

to 1 and the only exception was the sample with alu-

mina addition of 1.0 mol% sintered at 1500 °C (Table 2).

Figure 6. Impedance spectra recorded at 650 °C for the
samples sintered at 1400 °C
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Figure 7. Impedance spectra recorded at different temperatures for the samples sintered at 1500 °C: a) 3Y-TZP and
b) 3Y-TZP/1.0Al2O3

Based on the determined data, the 3Y-TZP/0.25Al2O3

sample sintered at 1400 °C should be considered as the

most stable one.

The density of the samples (Table 3) was determined

based on their relative density and total porosity. All ex-

amined samples were characterized by the relative den-

sity of over 95%. Thus the entire remaining porosity in

the samples takes the form of closed porosity, and all

samples should be gas-tight and thereby suitable for ap-

plication as electrolyte materials for IT-SOFCs.

Electrical conductivity

To obtain information on the electrical properties of

the prepared samples, namely the total electrical con-

ductivity and its constituents (the electrical conductiv-

ity of grains and grain boundaries), electrical resistance

was measured by means of EIS. Figure 5 shows a num-

ber of impedance spectra for pellets with the two most

starkly different chemical compositions, after sintering

at 1400 °C: 3Y-TZP (Fig. 5a) and 3Y-TZP/1.0Al2O3

(Fig. 5b). These measurements were performed for five

temperatures ranging from 550 to 750 °C. Figure 6, on

the other hand, shows the Cole-Cole plots recorded at

650 °C for the samples with different alumina content.

The temperature of 650 °C was selected for two rea-

sons: i) it is the temperature at which the impedance of

the samples undergoes changes, and moreover, ii) it is

the target operating temperature of a low-temperature

solid oxide fuel cell (LT-SOFC). Figure 7 shows ex-

amples of the Cole-Cole plots of EIS data obtained for

the 3Y-TZP and 3Y-TZP/1.0Al2O3 samples sintered at

1500 °C, while Fig. 8 presents the corresponding plots

for the samples with all investigated compositions. The

measurement temperatures were identical to those used

for the first series of samples.

In the case of both series, the temperature increase

is accompanied by changes in impedance spectra, since

the material exhibits a thermally activated conduction

mechanism. In the range of low temperatures up to

650 °C, the EIS spectrum is composed of two semicir-

cles, whereas above this temperature only a single semi-

circle is observed. According to the accepted interpreta-

tion for zirconia-based ceramics, the first of these semi-

circles, which is recorded at the lowest frequencies, is

associated with the transport properties of grain bound-

aries (σgb), whereas the second semicircle registered at

the highest frequencies originates from the properties of

grains (σb) [34,35].

In the paper by Zhang et al. [36], the transport prop-

erties of grain boundaries were attributed to high fre-

quencies (ca. 1 MHz) and represented by an RC compo-

nent in the equivalent circuit. According to that study,

the grain and grain boundary conductivities can be dis-

tinguished in the Cole-Cole diagrams for 3Y-TZP. The

transport properties related to grain boundaries diminish

when the temperature increases. In the present paper the

impedance of the experimental setup, including the de-

vice and the leads, was attributed to the lowest frequen-

cies, as in the cited study [36]. The equivalent circuit

shown in Fig. 9a was applied for all samples sintered

at 1400 and 1500 °C, with the exception of the 3Y-TZP

sample sintered at 1400 °C, for which the other equiva-

lent circuit (Fig. 9b) was used.

For all samples, the imaginary part of impedance (Z′′)

assumes positive values in the range of high frequen-

cies. This suggests a contribution of an inductive ele-

ment. The presence of the inductive element can be at-

tributed to the application of Pt electrodes. It is observed

for frequencies above 106 Hz [36]. The constant phase

element (CPE) is commonly observed instead of De-

bye’s capacitor in the case of polycrystalline samples

due to the materials’ inhomogeneity, porosity, electrode

roughness and ionic transport deviation from Fick’s law

[37].

The analysis of the impedance spectra recorded over

the temperature range of 550–750 °C (Figs. 5-8) made

Figure 8. Impedance spectra recorded at 650 °C for the
samples sintered at 1500 °C
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Figure 9. Equivalent circuits for: a) samples sintered at 1400 and 1500 °C, and b) the 3Y-TZP sample sintered at 1400 °C

Figure 10. Electrical resistance of grains (Rg) and grain boundaries (Rgb) vs. measurement temperature for the samples
sintered at 1400 °C (a,c) and 1500 °C (b,d)

it possible to determine the temperature dependence of

electrical resistance of grains (Rg) and grain boundaries

(Rgb) for all eight types of samples (Fig. 10). The data

presented in Figs. 10a and 10b indicate that the ef-

fect of an alumina addition on the electrical resistance

of the interior of zirconia grains depends on the mi-

crostructure of the sintered samples. In the case of the

samples sintered at 1400 °C, electrical properties were

worse when the measurement temperature was 550 °C;

for the remaining temperatures (600–750 °C), the in-

fluence of the alumina addition on the electrical resis-

tance of the 3Y-TZP grains was practically negligible

because of the slight changes in the size of grains, which

was in the range of 0.35–0.41µm (Fig. 10a). On the

other hand, in the case of the second series of sam-

ples sintered at 1500 °C (Fig. 10b), the alumina addi-

tion affected the resistance of grains to a considerable

degree, since the changes in grain size (0.48–0.61µm)

were more pronounced. The electrical resistance mea-

sured for the samples modified with alumina was about

two orders of magnitude lower than for the unmodified

3Y-TZP and all modified samples exhibited comparable

electrical resistance regardless of sintering temperature.

In the case of the electrical resistance of grain bound-

aries, the tendencies were similar to those observed

for the grains. For the samples sintered at 1400 °C,

significant differences in electrical resistance were ob-

served only for the lowest measurement temperature,

i.e. 550 °C, while above 600 °C these differences were

less pronounced (Fig. 10c). Yet again, the addition of

alumina led to the significant improvements in elec-

trical resistance in the case of the samples sintered at

1500 °C (Fig. 10d), with the exact amount added not

significantly affecting the outcome.
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Figure 11. Arrhenius plots showing the dependence of grain and grain boundary electrical conductivity on temperature for the
sample 3Y-TZP and 3Y-TZP/0.5Al2O3 sintered at 1400 °C (a,b) and 1500 °C (c,d)

Figure 11 shows examples of the temperature depen-

dence of the electrical conductivity of grains (σg) and

grain boundaries (σgb) in the form of the Arrhenius plots

for the 3Y-TZP samples without any alumina addition

and those with a 0.5 mol% addition, obtained after sin-

tering at 1400 °C (Figs. 11a and 11b) and 1500 °C (Figs.

11c and 11d). The linear course of the plots leads to

the conclusion that in the case of both the grains and

grain boundaries electrical conduction was thermally

activated. For all samples with the exception of the 3Y-

TZP and 3Y-TZP/1.0Al2O3 obtained after sintering at

1500 °C, the electrical conductivity of grains (σg) was

lower than that of grain boundaries (σgb) over the en-

tire range of measurement temperatures (550–750 °C).

The degree to which the electrical conductivity of the

two constituents changed depended on the amount of

added alumina and the sintering temperature. For the

3Y-TZP sample sintered at 1500 °C, these changes were

slight (Fig. 11c), while the most noticeable difference

was observed in the case of the 3Y-TZP/0.5Al2O3 sam-

ple sintered at 1400 °C (Fig. 11b). It is worth noting that

the differences between the constituents of conduction

tended to become smaller with measurement tempera-

ture. The only exception was the 3Y-TZP sample sin-

tered at 1500 °C, for which the electrical conductivity

of grains was higher than the grain boundary one at the

highest temperature (Fig. 11c).

The linear character of the ln(σ · T ) = f (1/T ) depen-

dence made it possible to calculate the values of the ac-

tivation energy of total electrical conduction and that of

both constituents, according to the following formula:

σ =
σ0

T
exp

(

−

Ea

k · T

)

(7)

where σ is electrical conductivity of sample, σ0 is pre-

exponential factor, Ea is activation energy, k is Boltz-

mann constant and T absolute temperature. The results

are presented in Table 4. The error of these calcula-

tions did not exceed 0.01 eV. The material which ex-

hibited the lowest activation energy of grain boundary

conduction was the 3Y-TZP sample without any alu-

mina addition, regardless of the sintering temperature,

whereas the highest values of this parameter were ob-

served for the 3Y-TZP/0.5Al2O3. As far as grain con-

duction is concerned, the 3Y-TZP sample without any

alumina addition exhibited the lowest activation energy,

while the highest value was observed for the sample 3Y-

TZP/1.0Al2O3.
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Table 4. Activation energies of: total Ea(t), grain Ea(g) and grain boundary conductivity Ea(gb) for 3Y-TZP and
3Y-TZP/Al2O3 samples

Sample
Sintering temperature: 1400 °C Sintering temperature: 1500 °C

Ea(t) [eV] Ea(g) [eV] Ea(gb) [eV] Ea(t) [eV] Ea(g) [eV] Ea(gb) [eV]

3Y-TZP 0.87 1.24 1.08 0.91 1.03 0.84

3Y-TZP/0.25Al2O3 1.04 1.51 1.01 0.92 1.51 0.90

3Y-TZP/0.5Al2O3 1.09 1.43 1.08 0.92 1.41 1.14

3Y-TZP/1.0Al2O3 0.90 1.52 1.08 1.15 1.79 1.04

Table 5. Total σ, grain σg and grain boundary conductivity
σgb measured at 650 °C for 3Y-TZP and 3Y-TZP/0.5Al2O3

sintered at 1500 °C and the commercially available 8-YSZ
material produced by Tosoh as a reference [10]

Sample σ [S/cm] σg [S/cm] σgb [S/cm]

3Y-TZP 1.7 × 10−3 1.2 × 10−3 7.1 × 10−4

3Y-TZP/0.5Al2O3 1.3 × 10−1 2.7 × 10−1 2.4 × 10−2

8-YSZ (Tosoh) 1.3 × 10−5 3.2 × 10−8 1.3 × 10−5

Table 5 presents the values of electrical conductivity

determined for the grains and grain boundaries as well

as total electrical conductivity measured at 650 °C for

the 3Y-TZP and 3Y-TZP/0.5Al2O3 samples sintered at

1500 °C. For comparison, data for a commercially avail-

able cubic zirconia electrolyte material (8-YSZ) sup-

plied by Tosoh, which had been obtained after thermal

treatment at 1500 °C were also added [10]. The com-

parison shows that the 3Y-TZP-based materials exhibit

properties that are superior to those of the commer-

cially available 8-YSZ material in terms of both con-

stituent and total electrical conductivity. Synthesis via

hydrothermal crystallization combined with the addi-

tion of alumina yields desirable properties.

Blocking factor

An attempt was made to determine the optimal

amount of added alumina, which would allow it to effec-

tively scavenge silica from grain boundaries and at the

same time improve transport properties in these areas.

The criterion selected for this purpose was the blocking

factor ( fR), which represents the contribution of grain

boundary resistivity to the total resistivity of a polycrys-

tal, as expressed by the following equation [38]:

fR =
Rgb

Rg + Rgb

(8)

where Rg and Rgb are bulk and grain boundary resistivi-

ties, respectively. Figure 12 shows the dependence of the

blocking factor on the alumina content for the samples

sintered at 1400 °C (Fig. 12a) and 1500 °C (Fig. 12b).

In the case of the samples sintered at 1400 °C, the ad-

dition of alumina to the 3Y-TZP material significantly

affected the blocking factor for a number of measure-

ment temperatures. At 550 and 600 °C the blocking

factor systematically decreased with Al2O3 content up

to 0.5 mol%. Further increases of alumina content to

1 mol% did not cause pronounced changes in the fR
value. This leads to the conclusion that the addition of

0.5 mol% is optimal with regard to the transport proper-

ties of grain boundaries. At temperatures above 600 °C,

fR values are higher, which may indicate the increased

contribution of grain boundary electrical conductivity to

the total electrical conductivity of the samples from this

series. It should be mentioned that above 650 °C it be-

came impossible to determine the influence of the alu-

mina addition due to the fact that only a single semicir-

cle was formed by the impedance spectra (Figs 5 and 6).

In the case of the samples sintered at 1500 °C, in-

creased values of fR with the increase in temperature

were observed, which suggests a drop in the contri-

bution of grain boundary electrical conductivity to the

transport of electric charge. In this case, the optimal

Figure 12. Blocking factor ( f R) vs. Al2O3 content for the samples sintered at: a) 1400 °C and b) 1500 °C (inset: dependence of
the blocking factor on the EIS measurement temperature)
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amount of alumina added to the 3Y-TZP material shifted

towards lower values for a number of measurement tem-

peratures. The unmodified sample exhibited the high-

est blocking factor at all measurement temperatures

and, furthermore, the fR value for this sample increased

slightly with temperature. In the case of the modified

samples, the observed fR values did not vary signifi-

cantly with alumina content at 550 and 600 °C. How-

ever, above 600 °C this factor increased independently

of the amount of added alumina. It is worth stressing

that the observed changes in fR values are similar for the

samples from two series, and they are consistent with

the conclusions of the microstructural examination of

the 3Y-TZP/Al2O3 composites (Figs. 2, 3 and 4, Tables

2 and 3).

When both series of the samples are taken into ac-

count, the most desirable grain boundary transport prop-

erties at 550 and 600 °C were observed for the 3Y-

TZP/0.5Al2O3 sintered at 1400 °C and the 3Y-TZP

modified with 0.25 or 0.5 mol% Al2O3 sintered at

1500 °C. Consequently, these samples may be consid-

ered suitable for the role of electrolyte materials in new-

generation of IT-SOFCs.

IV. Conclusions

1. Tetragonal zirconia (3-YSZ) powder with nano-

sized crystallites, obtained via hydrothermal crystal-

lization, is a suitable for the preparation of dense

3Y-TZP/Al2O3 composites containing 0.25, 0.5 and

1.0 mol% of Al2O3 by impregnation technique and sin-

tering at 1400 and 1500 °C.

2. There is no significant effect of alumina addi-

tion on the crystal structure and microstructure of 3Y-

TZP/Al2O3 samples sintered at either 1400 or 1500 °C.

However, higher densities were observed when the ther-

mal treatment was performed at 1500 °C.

3. Alumina addition was found to affect the electrical

conductivity of grains and grain boundaries in the in-

vestigated samples sintered at 1400 °C. Noticeable dif-

ferences in the electrical conductivity of the two con-

stituents can be observed for measurement temperatures

of 550 and 600 °C. At these temperatures the lowest val-

ues of the blocking factor were observed for the 3Y-

TZP/0.5Al2O3 composite.

4. When the thermal treatment had been performed

at 1500 °C, the composite samples generally exhibited

higher electrical conductivity of grain boundaries than

the 3Y-TZP sample. The best grain boundary transport

properties at 550 and 600 °C were determined for the

3Y-TZP samples modified with 0.25 and 0.5 mol% of

Al2O3.

5. The samples which exhibited the lowest blocking

factor can be considered as suitable electrolyte materials

for application in IT-SOFCs.
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