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Abstract Elastic and fracture behavior of La2NiO4?d

have been assessed. Fracture stress and elastic modulus of

porous La2NiO4?d were evaluated from room temperature

(RT) up to 900 �C on the basis of 4-point bending tests.

Both parameters increase slightly from RT to 700 �C.

However, at higher temperatures the elastic modulus

decreases, whereas the fracture stress increases. In addi-

tion, elastic modulus and damping/internal friction of dense

specimens were measured by a resonance method. A strong

change of elastic modulus and internal friction between RT

and 100 �C appears to be related to an orthorhombic-

tetragonal phase transition. No indications of phase tran-

sition can be observed at higher temperatures. Although

thermogravimetric measurements suggest that oxygen was

continuously released from the lattice up to 1000 �C with

increasing temperature, the thermal expansion coefficient

showed a rather stable value from RT up to 1000 �C.

Introduction

Mixed ionic and electronic conductors are promising

materials for the application as cathodes of solid oxide fuel

cell and ceramic membranes for oxygen separation [1–9].

One material under consideration as membrane, La2NiO4?d

possesses a K2NiF4 crystal structure, which can be descri-

bed as alternating perovskite and rock salt layers along the

c-direction [3, 10] (Fig. 1). La2NiO4?d phases are oxygen-

hyperstoichiometric (d[ 0) below *1000 �C with an

oxygen non-stoichiometry close to 0.14 at RT when slowly

cooled in air [13–17]. The oxygen ion transport in

La2NiO4?d occurs via a complex mechanism combining

interstitial migration in the rock salt layers and vacancy

migration in the perovskite layers [11, 12].

The apparent advantages of La2NiO4?d oxygen transport

membranes include high chemical stability, stable thermal

expansion, and low chemical expansion compared to

perovskite type materials. The isothermal chemical expan-

sion caused by a change of oxygen partial pressure is less

than 0.05% [3, 18], which reduces thermo-mechanical sta-

bility problems during operation.

Mechanical integrity is an important issue for practical

membrane application. Typically stresses can be induced by

thermal and chemical gradients as well as differences in

thermal expansion compared to sealing and housing mate-

rials. In fact permeation can be increased by reducing the

membrane thickness, which leads to the necessity to deposit

the membrane on a porous substrate material. In order to

avoid stresses due to differences in thermal expansion

coefficient membrane material and substrate should be

identical. Hence the mechanical properties of the substrate

materials will be crucial for the mechanical reliability of the

entire assembly and are in addition necessary for the anal-

ysis and modeling of deformation and stress state of the

composite. Hence the mechanical properties of porous

La2NiO4?d have been characterized. Additional experi-

ments have been carried out to assess the elastic behavior of

dense material that appear to be representative for mem-

brane layers that can be deposited on the porous substrate.

Information on the thermo-mechanical properties of

La2NiO4?d is limited. In this study, elastic and fracture

properties of porous La2NiO4?d have been determined as a

function of temperature as obtained using 4-point bending

tests and for dense material using a non-destructive reso-

nance vibration based method. In general, porous material
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e-mail: j.malzbender@fz-juelich.de

123

J Mater Sci (2011) 46:4937–4941

DOI 10.1007/s10853-011-5406-y



has a strong vibrational damping. Hence the resonance

method could not be use for porous La2NiO4?d. The linear

thermal expansion was measured using a dilatometer.

Experiments

Samples prepared from spray pyrolysis powders were sin-

tered at 1400 �C in air with a cellulose-based pore former

to obtain a membrane material with a defined pore structure

(porosity * 52%) (Fig. 2). The specimens were extruded

and possessed a rectangular shape of 50 9 8.4 9 5.7 mm3,

which are the conditions in real application. In addi-

tion, dense bars (porosity * 6%) with a dimension

of 4 9 2.8 9 32 mm3 were prepared by the IEK-1

(Forschungszentrum Jülich GmbH) by sintering at 1400 �C

in air for 3 h.

The elastic modulus and fracture stress of the porous

samples were determined from 4-point bending tests [19]

with a universal mechanical testing machine (Instron

1362). The tests were carried out at selected temperatures

in the range RT to 900 �C. For tests at elevated tempera-

tures, a heating rate of 4 K/min was chosen with a sub-

sequent dwell time of 1 h before testing to reach thermal

equilibrium. In all tests, the load rate was 50 N/min and

five samples were tested for each temperature. The elastic

modulus was determined from the loading–displacement

curve.

Furthermore, the elastic modulus and internal friction

(Q-1) of the dense materials were determined from the

resonance frequency of the bar-shaped specimens in the

temperature range RT–950 �C in air. An impulse excitation

method (Grindosonic, Lemmens KG, Belgium) was used

with a heating rate of 1 K/min. The resonant behavior of

the unconstrained specimens was analyzed with an in-

house data acquisition program, which permitted an addi-

tional assessment of the decay of the resonance frequency

(damping behavior). The elastic modulus was determined

as outlined in ASTM E1876-09. The internal friction Q-1

is defined as [20]:

Q�1 ¼ ð1=nÞ ln(A0=AnÞ ð1Þ

where n is the number of the vibration cycles, while its

amplitude attenuates from A0 to An.

The linear thermal expansion coefficient (TEC) was

measured by using a differential dilatometer (Misura,

Expert System Solutions S.r.l. Italia) in the temperature

range from RT up to 1000 �C. The heating rate in these

measurements was 1 K/min. The effective technical ther-

mal expansion coefficient a was calculated using

a ¼ 1

L0

L� L0

T � T0
ð2Þ

where L is the specimen length measured at a given tem-

perature T, while L0 corresponds to the initial length of the

specimen at RT (T0). Differential thermal analysis (DTA)

and thermogravimetry (TG) (STA 449C Jupiter Netzsch)

were carried out in air with a heating rate of 3 K/min.

Results and discussion

The temperature dependence of the average elastic modu-

lus of the porous La2NiO4?d as obtained from 4-point

bending test data is given in Fig. 3. The values appear to

increase slightly from RT to 800 �C. However, considering

the scatter of the data, it can be stated that the elasticFig. 2 Porous structure of La2NiO4?d specimens

Fig. 1 Atomic structure of La2NiO4?d
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modulus of the porous material is independent of the

temperature within the limits of uncertainty. Note that the

values appear to be slightly higher under vacuum (10-8

bar) than in air at 800 �C. The results correlate with the

reported higher oxygen deficiency under vacuum at a

particular temperature [21, 22].

An assessment of the elastic properties with the reso-

nance method was not possible for porous samples. Hence,

dense bars of La2NiO4?d were sintered for the dynamic

measurement of elasticity. Corresponding results for elastic

modulus and the internal friction are shown in Fig. 4.

In particular, the internal friction has been proved to be a

sensitive and nondestructive methodology to assess phase

transitions in solids [23–25]. The modulus decreases from

RT to 100 �C by *10%, and further decreases slightly

with increasing temperature up to 950 �C similar as

reported for most ceramic materials [26]. The internal

friction exhibits higher values between RT and 100 �C, and

then remains relatively stable up to 950 �C. As expected,

the elastic moduli obtained for the porous material are

significantly lower than the values for the dense specimens.

Note that the small temperature dependency observed for

the dense bars could not be obtained for the porous material

due to the rather large uncertainty in the mechanical tests.

The maximum in the internal friction data at *90 �C

agrees very well with the orthorhombic-tetragonal transi-

tion reported by Brill et al. [27]. Also Skinner [28] stated

that an orthorhombic-tetragonal transition occurs between

RT and 150 �C, and that the tetragonal structure is main-

tained from 150 to 800 �C. The strong change of elastic

modulus measured in the same temperature range appears

to reflect this phase transition. Above this temperature, no

indication for further phase transitions could be observed in

the internal friction curve.

The average fracture stresses of the porous material

obtained in 4-point bending increase slightly from RT to

700 �C, but again this effect is within the limits of experi-

mental uncertainty. However, a strong increase is observed

from 700 to 900 �C (Fig. 5). Since the measurements were

carried out with as-received samples, internal stresses in the

sample may be generated by fast cooling and limitations in

oxygen diffusion. Thus, the increase of fracture stress with

temperature might be associated with a relaxation of

residual stresses. To exclude the influence of such effects,

samples were also annealed at 800 �C for 2 h with a heating

rate of 4 K/min and a cooling rate of 0.1 K/min. In fact the

fracture stress of the annealed samples is *25% higher than

that of as-received samples, and is equal to the fracture

stress of samples tested at 600 and 700 �C. Therefore, the

increase of fracture stress from RT to 700 �C can be
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Fig. 3 Elastic modulus of the porous specimens as a function of

temperature and atmosphere
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Fig. 4 Elastic modulus and internal friction of dense La2NiO4?d as a

function of temperature
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Fig. 5 Fracture stress of the porous La2NiO4?d as a function of

temperature and atmosphere
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attributed to the elimination of residual stresses. Since no

phase transition was observed between 700 and 900 �C, the

increase of the fracture stress might be related to creep in

the highly stressed areas.

In order to investigate the assumed creep effects, the

stiffness of a porous sample was measured at 900 �C

applying loading rates between 120 and 20 N/min (Fig. 6).

Without creep no influence of the loading rate should be

observed, otherwise a decrease with decreasing loading

rate can be expected. However, an opposite result was

obtained from the experiments. The elastic modulus

increased with decreasing loading rate. Since the sample

was measured in a sequence from high to low loading rate,

it proves that the creep is initially very high (primary

creep), but slows down quickly with increasing strain.

Therefore, although the steady state creep could be very

low between 800 and 900 �C, the primary creep could have

contributed to the stress relaxation.

The stoichiometry of oxygen was measured with TG,

assuming that only oxygen is released during heating. The

initial oxygen stoichiometry is supposed to be 4.14 [13, 14,

16, 17]. The stoichiometry and DTA curves are shown in

Fig. 7. The sample starts to lose oxygen from *400 �C,

and the d decreases continuously from this temperature up

to 1000 �C. No effect can be observed in the DTA curve.

The thermal expansion coefficient keeps stable up to

1000 �C (Fig. 8). The value of TEC is in good agreement

with earlier reports [3, 28]. No obvious indications of

chemical expansion could be observed. Normally, the ther-

mal expansion is due to the anharmonic vibration of the

lattice, which increases slightly with temperature [29], as

observed for Al2O3 and stainless steel. For comparison, the

TEC values of Al2O3, stainless steel and Ba0.5Sr0.5Co0.8

Fe0.2O3-d (BSCF) are also given. BSCF is another candidate

material for oxygen transport membranes. The high TEC

values of BSCF at low temperature are due to spin transition

of Co3? [30], and at high temperature the influence of

chemical expansion causes the rise. The high TEC values of

La2NiO4?d at low temperatures might be related with the

orthorhombic structure. La2NiO4?d phases are oxygen-

hyperstoichiometric (d[ 0), and the oxygen stoichiometry

is about 4.08 at 1000 �C (Fig. 7). Hence, interstitial oxygen

is lost only partly during heating. Unlike lattice oxygen,

interstitial oxygen should not lead to significant chemical

expansion.

Conclusion

A strong change of elastic modulus and internal friction

observed for dense specimens between RT and 100 �C
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Fig. 6 Dependence of the stiffness of porous La2NiO4?d on loading

rate at 900 �C
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might be attributed to an orthorhombic-tetragonal tran-

sition. No indication of phase transition could be observed

from 150 �C up to 950 �C. The fracture properties of

porous La2NiO4?d samples were measured with 4-point

bending tests. The increase of fracture stress from 700 to

900 �C is attributed to the primary creep. Oxygen was

continuously released from *400 �C up to 1000 �C with

increasing temperature. The thermal expansion coefficient

keeps almost a stable value from RT up to 1000 �C.
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