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Abstract

Li,O-stabilized g”-alumina powder was synthesized in the double zeta process with Al,03, Na,COj; and Li,CO;
as the starting materials. The effect of nano CuO additive as the sintering aid on phase formation, microstructure,
mechanical and electrical properties of Li,O-stabilized B”-alumina ceramics was investigated by means of x-ray
diffraction (XRD), scanning electron microscope (SEM), biaxial flexure test (BFT) and ionic conductivity test. The
results indicated that the fracture strength of the samples improved with the addition of a low concentration of nano
CuO, which can be attributed to the higher density and more uniform microstructure. The optimal amount of nano
CuO was determined at about 1.5 mol%, with the addition of which the ionic conductivity was approximately twice
as high as that of the sintered samples without any nano CuO.

Keywords: §’-alumina ceramics, nano CuO, microstructure, mechanical properties, ionic conductivity

I. Introduction

Sodium beta alumina ceramics have been studied wide-
ly because of their application as solid electrolyte in sodi-
um-sulfur and ZEBRA batteries 1-2. Two main subgroups
of sodium beta alumina are B-Al,O3 (hexagonal) and B”-
Al,Oj3 (rhombohedral). The 3”-Al,O3 exhibits signifi-
cantly higher ionic conductivity than 8-Al,O5 1-3.

Conventional synthesis of sodium beta alumina is effect-
ed based on a solid state reaction of «-Al,O3 with sodium
compounds and a small amount of MgO and/or Li,O as
the stabilizer for the 8”-Al,O3 phase at high temperature,
usually between 1200-1700 °C 5. The loss of Na,O, the
formation of the two-phase mixture (3-and 3”-Al,03) and
the duplex microstructure of the resulting product ob-
tained with the solid state reaction at high temperature
are deleterious to the mechanical strength and ionic con-
ductivity of the material 1,3. The degree of homogeneity
of the starting materials is an important factor concern-
ing the rate of transformation and #”-alumina formation.
In the so-called double zeta process, the synthesized zeta-
lithium aluminate (Li,0-5A1,03) and zeta-sodium alu-
minate (Na,O-5A1,03) were used as precursors, which
could make the distribution of Li* and Na+ions more uni-
form in the mixture and increase the rate of conversion to
B”-Al,O3 phase 67.

The addition of oxides is demonstrated as an effective
way to improve the properties of conventional ceramics,
such as densification characteristics, mechanical, magnetic
and electrical properties 814, In other works, researchers
reported that some of the cations, such as Ni2+, Co2+,
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Cu?+, Mn2* and Ti**, can be located in the spinel block
to stabilize the B”-Al,O3 structure and increase the ion-
ic conductivity of the electrolyte 15-17. The effect of trace
concentrations of metal oxides, ZnO, MgO, Nb,O3 and
Ge,O3, on the resistivity of sodium beta alumina elec-
trolyte has also been investigated 4. Using sintering aids
with nano particle size can reduce the required amount of
sintering aids and improve the properties of the sintered
products 18,19, However, not only is no report available on
the effect of using nano oxide particles as sintering aids on
the densification characteristics and properties of 3”-alu-
mina ceramics, there have been no reports on the influ-
ence of CuO as a sintering aid on the mechanical proper-
ties and ionic conductivity of sodium beta alumina elec-
trolyte. But, the influence of CuO as a sintering aid on
the densification characteristics of different ceramics has
been confirmed in many reports. The CuO additive signif-
icantly improved the densification behavior of the ceram-
ics, which was attributed to the formation of aliquid phase
during sintering 20-23. In the present work, we study the
effect of nano CuO additive as a sintering aid on the densi-
fication and mechanical and electrical properties of B”-alu-
mina ceramic.

II. Material and Methods

(1) Synthesis method

Li,O-stabilized B”-alumina was synthesized in the dou-
ble zeta process’. In this method, two compounds of
Na,0-5.4A1,05 and Li,O-5A1,03, designated zeta-
sodium aluminate and zeta-lithium aluminate, respec-
tively, were synthesized based on a solid state reaction. In
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this step, Na,CO3 and Li,CO3 were used as starting ma-
terials and were mixed separately with analytically pure a-
Al,Oj3, in ethanol. After that, the two mixtures were cal-
cined at 1250 °Cfor 2 h. According to the chemical formula
Of Lizo—stabilized ﬁ”—alumina as N31‘67A110.67Li0'33017,
the required mixing ratio of Na,0-5.4A1,05 and Li,O-
5A1,0; was determined. The two precursors were then
mixed in appropriate ratio by means of ball milling in
ethanol for 15 h. After drying, the precursor powder was
calcined at 1300 °C for 2 h. High-purity nano CuO pow-
der (99.9 %, <80 nm, Advanced Materials US) was used
as a sintering aid. Required amounts of nano CuO (0.5,
1.5 and 2.5 mol%) were mixed with synthesized powder
by means of attrition milling using 5-mm zirconia balls in
the ethanol medium for 4 h with a fixed rotation speed of
480 rpm. After the slurries had been dried, the powders
were ground to < 60 mesh. To prepare the green disk sam-
ples in dimension of @12 mm x 2 mm, the powder was
pressed under the uniaxial stress of 250 MPa. To minimize
sodium loss and prevent excess grain growth, the green
samples were placed in an alumina crucible and then cov-
ered with the same composition of §”-alumina powder
and sintered at 1620 °C for 15 min with the heating rate
of 4 K/min. During the cooling process, the samples were
annealed at 1450 °C for 45 min in order to accelerate the
formation of B”-alumina !. For investigation of the effect
of annealing, some pure samples were not annealed.

(2) Characterization techniques

Phase identification of the calcined powders and the sin-
tering samples was performed by means of X-ray diffrac-
tion (XRD) using Cu-K, radiation (A = 1.5418A) over the
range of 5-75° (20) with a Bruker AXS D§ ADVANCE
diffractometer. The lattice constants were determined us-
ing the X-ray diffraction patterns and Full Prof program.
The relative phase fractions of 3-Al,O5 and 8”-Al,O4
were determined according to Pekarsky’s formula {(B) as
follows 24:

£(5”)% =100 — £(§)% = 100~ 1.141/(1.141 5, [) (1)

where I ;and 1 g» are the intensity of the characteristic peak
of gand p” phase at 44.50° and 45.90°, respectively.

The density of sintered samples was measured with an
Archimedean method in ethanol as immersion medium.
The microstructure of the sintered samples was investigat-
ed by means of scanning electron microscope (SEM, Le-
ica Cambridge S-360, Cambridge Co., Cambridge, UK).
For the SEM observations, the specimens were polished
to a mirror finish and then thermally etched at 1550 °C
for 15 min in air. In this study, the fracture strength of
the sintered samples was determined in the biaxial flex-
ure test (BFT). In biaxial flexure testing, the load is applied
by a loading ring to a disc specimen placed on a support
ring (termed “ring on ring testing”, ASTM C1499, 2003).
The ionic conductivity of the ceramics was obtained from
the AC 2-probe impedance plots examined on a frequency
response analyzer (Solartron 1260, Solartron Analytical)
over a frequency range of 1 Hz to 5 MHz with the sym-
metric platinum electrodes and in a temperature range of
200-500 °C.
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III. Results and Discussion

The successful formation of high-quality precursors of
Li,O-5A1,05 and Na,0-5.4A1,03 powders was con-
firmed in XRD patterns. The x-ray diffraction patterns
of the Li,O-stabilized 3”-alumina specimens after calci-
nation, sintering and annealing are shown in Fig. 1. Ac-
cording to the XRD patterns (Fig. 1) and by using Eq. (1),
the volume fraction of 3”-Al,05 phase of Li,O-stabilized
B”-alumina specimens after the calcination, sintering and
annealing processes was determined to be 85,92 and 96 %,
respectively. It has been reported that the rate of densifica-
tion is generally faster than the rate of phase conversion,
therefore by annealing the sintered specimen at a temper-
ature 50 to 200 °C lower than the sintering temperature,
conversion can be completed without resulting in any un-
desirable grain growth 1.
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Fig. 1: XRD patterns of Li,O-stabilized 3”-alumina specimens after
the calcination, sintering and annealing processes.

(003)

| S—
012)
(015)

Intensity (a.u.)
=
2
X

20 (degree)
Fig. 2: X-ray diffraction patterns of the samples containing different
amounts of nano CuO.

Fig. 2 shows the typical x-ray diffraction patterns of the
samples with different amounts of nano CuO. The XRD
patterns of all samples conformed to the pure crystalline

phase of Na 67A110 67110 33017. According to the XRD
patterns, no impurity phases can be detected, which is
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due to the low concentration of nano CuO additive. The
B”-Al,O3 phase content with various amounts of nano
CuO is summarized in Table 1. With the addition of nano
CuO up to 2.5mol%, the content of B”-Al,0O3 phase
reaches 99 %, which is about 3 % higher than that of the
pure sample. According to Boilot and Thery’s theory, be-
cause the ionic radius of the Cu2* cation (0.087 nm) is
smaller than 0.097 nm, Cu?+is able to occupy Al3* posi-
tions in the spinel block on the way to stabilizing the struc-
ture of the 3”-Al,O5 phase 15.

As can be seen in Fig.3, both the a and the c lattice
constants of samples decreased with increasing amount
of nano CuO used. Since Cu?2* is able to enter the spinel
block, the decrease in the lattice constant can be attributed
to the smaller ionic radius of Cu?* in respect of Al3* and
the electrostatic effects 1517,

Fig. 4 shows cross-section SEM micrographs of the sin-
tered samples without nano CuO and for the one con-
taining 1.5mol% nano CuO. The dense microstructure
with no pores or cracks through the ceramic was an in-
dication of the high density of the sintered samples. The
density of all samples was high (> 97 % of theoretical den-
sity) and it improved with the addition of nano CuO (Ta-
ble 1). The SEM images of the thermally etched samples
are shown in Fig. 5. These images reveal that the addition
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of nano CuO causes enormous changes in the microstruc-
ture. Fig. 5 shows that the addition of nano CuO result-
ed in a more uniform microstructure. With the addition
of nano CuO, the grain shape changed from needle-like
to spherical shape, which is probably due to the appear-
ance of liquid phase at or below the sintering temperature,

which may be formed in the grain boundary of the sam-
ples 14,19,
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Fig. 3: Calculated lattice constant of the specimens containing dif-
ferent amounts of nano CuO.

Table 1: Properties of Li;O Na-3"-alumina electrolyte containing various amounts of nano CuO.

Property Relative Content of Average Con- Activation energy
density (0.2 %) g”-Al,05 strength (MPa)  ductivity at 350 °C (£ 0.005 e.V)
(£0.5%) (£0.002 Q-cm)-!
Pure 97.3 96 150 £22 0.056 0.36
0.5mol% 98.5 98 162 £26 0.073 0.35
nano CuO
1.5 mol% 99.2 99 176 £29 0.121 0.33
nano CuO
2.5mol% 99.5 99 191 £25 0.112 0.34
nano CuO

Fig.4: Cross-section SEM micrographs of the Li,O-stabilized p”-alumina samples (a) pure and (b) containing 1.5 mol% nano CuO addi-

tive.
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¢) 1.5 and d) 2.5 mol%.

The biaxial flexure test was applied on 10 samples for each
composition. The average fracture strength of the samples
containing different amounts of nano CuO are present-
ed in Table 1. The average fracture strength of the speci-
mens was enhanced noticeably by increasing the amounts
of nano CuO. The fracture strength of the specimens with
2.5mol% nano CuO exceeded 190 MPa, while the frac-
ture strength of the pure sample was 150 MPa. The results
of other researchers confirm that a little increase in the
density of the sintered samples significantly increases its
strength 10,25, Consequently, the uniform microstructure
and higher density can cause the higher fracture strength
based on the addition of a small amount of nano CuO.

The ionic conductivity of samples containing different
amounts of nano CuO at different temperatures is shown
in Fig. 6. According to the results, the ionic conductivity
of the electrolyte improves dramatically in the presence of
nano CuO sintering aid. The Li,O-stabilized Na- g”-alu-
mina sample containing 1.5mol% nano CuO exhibited
more than twice the ionic conductivity of the pure sample.
The relationship of the ionic conductivity and the temper-
ature of sodium beta alumina electrolyte obeys the Arrhe-
nius law 1. Fig. 7 presents the Arrhenius plots of the mea-
sured ionic conductivity (o) for the samples without nano
CuO and with 1.5mol% nano CuO in the temperature
range from 200 to 500 °C. The degree of phase conversion
and grain size affect the resistivity and the activation ener-
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gy for Na+ diffusion of the Li,O-stabilized Na- ”-alumi-
na electrolyte 1417,
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Fig. 6: Ionic conductivity of the specimens containing different
amounts of nano CuO as a function of temperature.

Replacement of Al3* ions by cations with a lower va-
lence may be charge-compensated by additional Na*ions
in the conduction plane and by the elimination of intersti-
tial oxygen ions from the conduction plane which block
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Nat diffusion. Therefore, the CuO additive can enhance
conductivity by increasing the concentration of interstitial
Na+ ion and by removing the barriers to Na+ ion diffu-
sion 26,27 The conversion to B”-Al,O3 phase can have the
most pronounced effect in increasing the ionic conductiv-
ity (evenup to factors of 4 to 5) 28. So this higher ionic con-
ductivity in the presence of nano CuO sintering aid can be
attributed to the higher amount of ”-Al,O5 phase, high-
er density and more uniform microstructure. In this study,
the optimal amount of nano CuO sintering aid was deter-
mined at about 1.5 mol% so that the fracture strength and
the ionic conductivity were approximately 176 MPa and
0.121 (Q-cm)~1 at 350 °C, respectively.
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Fig. 7: Arrhenius plots of the conductivity versus temperature for
the pure sample and the sample containing 1.5 mol% nano CuO.

IV. Conclusions

In this study, the effect of nano CuO additive as a sinter-
ing aid on the properties and microstructure of 3”-alumina
ceramics, which had been synthesized in the double zeta
process, has been investigated. The obtained results indi-
cated that with the addition of alow concentration of nano
CuO, both the fracture strength and the ionic conductivity
of the samples were improved effectively. The higher frac-
ture strength can be attributed to the uniform microstruc-
ture and higher density. With addition of nano CuO, the
amount of B”-Al,O3 phase, and the uniformity of the mi-
crostructure of the sintered samples were increased. As a
result, the conductivity of the samples was improved.
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