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The microstructure of porous LaNi0.6Fe0.4O3 (LNF) layers has a significant influence on the degree of the
Cr-poisoning impact. The increase in the in-plane resistance and Cr accumulation in poisoned LNF-layers
has been correlated with microstructural features. The Cr-poisoning impact is more severe in the case of
a microstructure characterized by finer particles, higher porosity and larger particle surface area.
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1. Introduction

The perovskite LaNi0.6Fe0.4O3 (LNF) is being considered as a possible
cathode and interconnect coatingmaterial for intermediate temperature
SOFC (IT-SOFC) systems where relatively cheap interconnect materials,
such as chromia-forming ferritic stainless steels, are used. High electronic
conductivity, thermal expansion coefficient matching that of zirconia [1]
and claimed high Cr-resistance [2–4] are the properties of LNF that
enable its use as cathode current collecting layers, interconnect protective
coatings and/or electrochemically active cathode layers. Furthermore,
using the LNF material as a cathode is recommended for metal-
supported SOFCs [5], due to the claimed high Cr-tolerance and good elec-
trochemical performance obtained for LNF sintered at low temperatures
[6].

However, an actual Cr-tolerance of the LNF material is debatable
and controversial in the view of recent findings. Previous studies
[7,8] have demonstrated the occurrence of solid-state reactivity of LNF
with chromia at 800 °C. It has been found that LNF is chemically unstable
at 800 °C when it is in direct contact with Cr2O3 as Cr-cations enter the
perovskite phase replacing Ni- and Fe-cations. Other studies [9,10]
showed a significant impact of Cr on the electronic conductivity of an
LNF porous cathode layer at 800 °C. Vapor transport of Cr-species, origi-
nating from a porous metallic foam, and subsequent reaction with LNF
resulted in a decrease of the electronic conductivity of the LNF layer.
+31 224 568489.
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Cr-attack at the LNF grain surface resulted in a replacement of Ni by
Cr in the perovskite lattice. Formation of a Cr-substituted LNF phase,
with a significantly lower electronic conductivity, has led to a serious
deterioration of the in-plane conductivity of the porous LNF layer.

In the later study it has also been anticipated that the particle size
distribution would have a considerable influence on the rate and
magnitude of the electronic conductivity loss. Therefore, the role of
the microstructure on the conductivity deterioration is a subject of the
present work and will be discussed as a follow-up study of ref. [10]. To
create a wide range of samples with different micro-structural parame-
ters (porosity, internal surface area, etc.) two sets of the LNF powder
with different morphology were sintered at different temperatures.

To analyze and compare different LNF microstructures a proper
quantitative micro-structural analysis method has to be chosen. In
the present study a 2D SEM approach has been used. The investigated
samples were represented by a simple binary system: LNF particles
(black) and pores (white). The 2D SEMmicrographs provided sufficient
quantitative microstructural information allowing the relative compari-
son of different LNF layers. The degree of Cr-poisoning and the in-plane
resistance increase of the LNF layer has been directly correlatedwith the
quantitative microstructural features.

2. Experimental

2.1. Sample preparation

LNF layers were prepared using LaNi0.6Fe0.4O3 powder (Praxair,
99.9% purity). The mechanical support used during the conductivity
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Table 1
Summary of the characteristics of different LNF-i microstructures (i=A–D).

Layer preparation
Powder treatment calcined as received
Paste milled and

mixed
unmilled, only
mixed

LNF-paste-I LNF-paste-II
Sintering temperature (°C) 1250 1150 1250 1150
LNF-i layer type LNF-A LNF-B LNF-C LNF-D

Microstructural features
Geometrical porosity (%) 31 39 45 53
Layer thickness T (μm) 16 21 18 22
Microstructural porosity (%) 22 25 29 34
Cr-content (300 h exposure at 800 °C) (at%) 0.8 3.8 3.1 4.3
f%bulki Cr aff

300h(125 nm Cr-intrusion) (%) 33 58 42 70
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measurements was composed of a tape cast 3 mol% yttria stabilized
zirconia (3YSZ) layer. The 3YSZ layer was sintered at 1500 °C for 1 h
resulting in an electrolyte disc of 25 mm diameter and 90 μm thick-
ness. The sintered 3YSZ layer was subsequently covered with a 2 μm
thick Gd0.4Ce0.6O1.8 (40GDC) barrier layer by means of screen printing
followed by sintering at 1300 °C for 1 h. To obtain LNF layers with dif-
ferent microstructures the following variations were introduced:
(i) the as received LNF powder was pretreated by a calcination step
at 800 °C for 1 h in air, (ii) the particle size and the degree of LNF pow-
der dispersion in the screen print paste (powder dispersed in an
alcohol-binder solution) was varied by introducing a milling step
using a Dispermat (VMA-Getzmann GmbH) milling system, (iii) the
obtained LNF pastes (LNF-paste-I and LNF-paste-II) were screen printed
on top of the 40GDC barrier layer and sintered in air either at 1150 or
1250 °C for 1 h. Based on these variations (i)–(iii) four microstructures
were selected and referred to as: LNF‐A (calcined, milled, 1250 °C), LNF‐
B (calcined, milled, 1150 °C), LNF‐C (as received, unmilled, 1250 °C),
LNF‐D (as received, unmilled, 1150 °C). Resulting LNF perovskite layers
formed a 10 mmwide strip with a thickness in a range of 15–25 μm. To
allow measurements of the LNF layer resistance gold contacts were at-
tached as described elsewhere [9,11].

2.2. Resistance measurements

The resistance measurements procedure has been presented in the
previous publication [10]. For Cr-poisoning experiments (exposure in
dry air at 800 °C for 300 h) an ITM-14 ferritic FeCr-based alloy in the
form of a porous foam (Plansee AG, Reutte, Austria [12]) was used as
a Cr source. For each of the Cr-poisoning experiments a freshly cut
and pre-oxidized ITM-14 foamwas used. Details of the ITM-14 samples
treatment were described in ref. [10].

2.3. Microstructural and compositional characterization

To characterize the porosity of LNF-layers two different ap-
proaches were used. The macroscopic geometrical porosity was
obtained from the density of the LNF layer which was calculated
from geometrical dimensions, measured weight and the theoretical
density of LaNi0.6Fe0.4O3. On a microscopic level the microstructural
porosity was determined by the 2D image analysis (ImageJ software
[13]) of SEM micrographs (JEOL JSM 6330F FEG-SEM) of the LNF
layers' surface.

The elemental composition of the LNF-layers exposed to Cr volatile
species was obtained by scraping off the LNF-layer and analyzing
the elemental composition of the resulting powder by means of in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES),
using a Varian Vista AX PRO CCD.

3. Results and discussion

3.1. Microstructure characterization

Table 1 presents values of the geometrical porosity and the micro-
structural porosity for different LNF layers. LNF layers manufactured
with a calcined and milled LNF powder (LNF-paste-I) were less porous
compared to LNF layers prepared out of as received and unmilled LNF
powder (LNF-paste-II) for each of the sintering temperature (1150
and 1250 °C). The calcination improved milling efficiency of the LNF
powder which led to an increase in the sintering activity, manifested
by obtaining lower porosities and thinner layers.

As shown in Fig. 1, higher sintering temperature of 1250 °C for both
LNF-pastes (samples LNF-A and LNF-C) resulted in a more intensive
grain growth. Thus broader necks and larger grains were formed. In
case of layers sintered at the lower temperature of 1150 °C necks and
grains were small and abundant (samples LNF-B and LNF-D). Further-
more, samples LNF-A and LNF‐B prepared using LNF-paste-I possessed
a homogenous and continuous microstructure. However, in case of sam-
ples LNF-C and LNF-Dmanufactured using LNF-paste-II, for which the as
received powder was agglomerated, the sintering between LNF crystal-
lites within the agglomerates occurred at lower temperatures than the
sintering between the agglomerates. The sintering of the crystallites in-
side the agglomerates formed large and separate particles, which led to
an inhomogenous microstructure with large cavities, as observed in
Fig. 1 for samples LNF-C and LNF-D.

3.2. Correlation of Cr-content with microstructure of the LNF-layer

The Cr-content, after 300 h exposure to volatile Cr-species, was
obtained for four different LNF-layers by means of an ICP-OES method
(Table 1). In order to correlate the observed Cr-content with the dif-
ferent micro-structural features of the LNF-layers a simple approach
was taken. In this approach the main important assumption is that
the surface of the LNF-bulk of four different LNF-layers was identical
in its chemical behavior towards Cr-incorporation. Therefore, the
Cr-intrusion into the LNF-particles, after a certain exposure period, was
assumed to be the same for all microstructures. An exposure time of
300 h results in a Cr-affected volume of the LNF-particles corresponding
to an intrusion depth of circa 125 nm [10]. Consequently, the available
Cr-exposed LNF surface area in the four different LNF-microstructures
determines the overall extent of the Cr-affected volume of the LNF
bulk. In order to determine the impact of the microstructure on the
amount of incorporated Cr, it is important to obtain a quantitative
description of the Cr-affected volume of the LNF-bulk. The quantifica-
tion of the Cr-affected volume was obtained using SEM micrographs
(Fig. 1), which were digitally processed with the ImageJ software. The
steps in the image processing sequence (Fig. 2) and the quantification
of the Cr-affected volume of the LNF-bulk were:

• Step 1) SEMmicrographs were binarized by automatic thresholding
(isodata algorithm [13]) assigning a black area to the LNF bulk and a
white area to the pore. Then the microstructural porosity was de-
termined as a (pore area)/(total area) ratio.

• Step 2) The threshold data were analyzed as follows: In the 2D-image
pores were regarded as “particles” because they were occupying less
than 50% of the analyzed frame area and were separated by the inter-
connected LNF bulk area. For each of the pores larger than 4 pixels an
individual object number and an outline was automatically assigned.
Each pore's outline represents the LNF-surface, which can react with
volatile Cr-species during the Cr-exposure.

• Step 3) Each pore's outline, as obtained in step 2, was enlarged (or-
ange area) by the given value of the Cr-intrusion depth, giving a
representation in the 2D plot of the Cr-affected volume of the
LNF-bulk.

• Step 4) The obtained orange areawas overlaid on the black area of the
bulk (determined in step 1) representing ipso facto the Cr-affected
volume of the LNF-bulk. The fraction of the LNF-bulk affected by Cr



LNF-A (calcined, milled, 1250 oC) LNF-B (calcined, milled, 1150 oC) 

LNF-C (as received, unmilled, 1250 oC) LNF-D (as received, unmilled, 1150 oC) 

Fig. 1. SEM micrographs of the four different microstructures of LNF layers.
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(f%bulk Cr-aff), being the ratio between the Cr-affected LNF bulk
(Abulk Cr-aff) and the initial unaffected LNF bulk (Abulk), should correlate
with the amount of incorporated Cr according to the following relation:

f %bulk Cr�aff ¼
Abulk Cr�aff

Abulk
¼ orange area

black area
∝Cr content: ð1Þ

As observed in Fig. 3, the amount (in at%) of the incorporated Cr into
the bulk of LNF after 300 h exposure (Table 1) correlates well with the
calculated fraction of the Cr-affected LNF bulk area (f%bulki Cr-aff

300h)
(Table 1), validating the proposed approach and the relationship (1).
Step 1 S53px

Fig. 2. Steps involved in the image pr
3.3. Correlation of in-plane resistance with microstructure of the LNF-layer

In order to correlate the layer resistance, in the Cr-free case (time
0 h) and in the Cr-intrusion case (time 300 h), with the layer micro-
structure the following considerations have to be taken into account:

Firstly, the resistance of a dense LNF-layer (Rd) is expressed as:

Rd ¼ ϱ
L
A
¼ ϱ

L
T⋅W ; ð2Þ

where ϱ denotes resistivity of the LNF-bulk, L is the length between
contacts, and A represents the cross-sectional area of the dense bulk
(A equals to the width W times the thickness T).
tep 2 Step 3 Step 4

ocessing of the SEM micrograph.



Fig. 3. Correlation of the amount of incorporated Cr into the bulk of LNF after 300 h
with the calculated fraction of the Cr-affected area of the LNF bulk.

0.00 0.01 0.02 0.03

1.40

1.50

1.60

1.70

1.80

1.90

2.00

2.10

2.20

0h

LNF-D

LNF-C

LNF-B

R2=0.998

1/
(1

- ε
)

m
ic

ro
st

ru
ct

ur
al

 p
or

os
ity

1/
(1

-ε
)

ge
om

et
ric

al
 p

or
os

ity
 

R2=0.995

LNF-A

ASR
p,i

 (Ωcm2)

1.25

1.30

1.35

1.40

1.45

1.50

1.55

Fig. 4. Correlation of the resistance of different porous LNF-i layers obtained at time 0 h
(Cr-free case) as a function of variable microstructure parameters.
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Secondly, the resistance of the porous LNF-layer with a fractional
porosity ε, which has not been affected by Cr, is expressed as:

R0h
p ¼ ϱ

L

A0h
bulk

¼ ϱ
L

W⋅Tð Þ⋅ 1−εð Þ ; ð3Þ

where Abulk
0h is defined as the cross-sectional area corrected for the po-

rosity. This is a first order approximation of the influence of the porosity
on the in-plane electrical resistance, though some more complex for-
mulations have been also reported in the literature [14,15].

For the four different LNF-i layers (i {A, B, C,D}) ϱ, L,W are constant,
but T and ε varies due to differences in themicrostructure. Therefore, by
introducing the cross-sectional area specific resistance ASRp, i

0h , which
equals Rp, i0h ⋅W⋅Ti, Eq. (3) can be conveniently expressed as:

ASR0h
p;i ¼ ϱL⋅ 1

1−εi
: ð4Þ

Thirdly, the resistance of a porous LNF-layer after 300 h of
Cr-exposure can be expressed using modified Eq. (3) as:

R300h
p;i ¼ ϱL⋅ 1

1−εi
: ð5Þ

The Cr-affected area (Abulk Cr-aff
300h ) is assumed here as non-conductive,

because ϱLNF-Cr≫ϱLNF (0.02 Ωcm >>0.0017 Ωcm) [10], resulting
effectively in a decrease of the cross-sectional area of the highly conduc-
tive LNF phase.

Assigning again f%bulk Cr-aff
300h =Abulk Cr-aff

300h /Abulk
0h (similarly as in Eq. (1)),

one can rewrite Eq. (5) as:

R300h
p;i ¼ ϱ

L
A0h
bulk⋅ 1−f %300h

bulkCr�aff

� � ; ð6Þ

which can be further simplified, by replacing ϱwith Eq. (3),which results
for the different LNF-i layers in the final expression:

R300h
p;i ¼ R0h

p;i

1−f %300h
bulki Cr�aff

� � : ð7Þ

Eq. (7) allows the estimation of the resistance at time300 h based on
the input data of themeasured resistance at time 0 h and the fraction of
the Cr-affected bulk at time 300 h as obtained from the image analysis
in Table 1. This allows comparison between the measured and the
calculated resistance at time 300 h.
3.3.1. Resistance as a function of microstructure at time 0 h (Cr-free case)
Fig. 4 presents the correlation of the resistance for different porous

LNF-i layers obtained at time 0 h as a function of variable microstruc-
ture parameters according to Eq. (4). This correlation holds very well
for both geometrical porosity values as well the microstructural porosity
values (Table 1). Such a good agreement validates the use of the 2D
image analysis approach.

3.3.2. Resistance evolution in Cr-containing atmosphere for different
microstructures

Fig. 5 shows the resistance evolution in time for different porous
LNF-i layers exposed at 800 °C in dry air to an ITM-14 Cr-source. All
LNF-i layers exhibited a significant increase of the in-plane resistance
within the first 50 h. Subsequently, a semi-linear resistance increase
occurred in the time period of 100–300 h. The LNF-i layers were exposed
only for 300 h as the previous study [10] reported a change in the evap-
oration behavior of the porous ITM-14 foam above 320 h.

The simulatedvaluesof the resistanceat time300 h(Rp, i300h), calculated
according to Eq. (7), showed a relatively good agreement with the
measured resistance values at time 300 h (Fig. 5). The proposed ap-
proach (Section 3.3) helps to understand the observed differences
in the resistance increase for different LNF-i layers. The extent of
the resistance increase depended on the fraction of the Cr-affected
LNF bulk area, which related with the microstructure. Therefore,
the parameter f%bulkiCr-aff

300h reflected a susceptibility of the given
microstructure to the Cr incorporation.

However, in case of sample LNF-C the simulated resistance increase
is underestimated. This might be due to the fact that in the current
approach the tortuosity and the grains' connectivity was not taken
into account. Compared to other samples, the microstructure of the
LNF-C sample (Fig. 1) is inhomogeneous with large cavities, poor
grain connectivity and fewer percolation pathways, which contributes
probably much more to the total resistance increase.

4. Conclusions

The proposed 2D image analysis approach, to correlate the impact
of Cr-poisoning on different LNF microstructures, turned out to be
successful. Especially, the calculated fraction of the Cr-affected area
correlateswellwith themeasured Cr-content and also gives satisfactorily
explanation for the observed differences in the resistance increase for
different LNF-i layers. The fraction of the Cr-affected LNF bulk area
characterizes well different microstructures from the view point of
the Cr-poisoning susceptibility. This parameter f%bulk Cr-aff reflects
the microstructural porosity, particle size and the length of the outline
of the LNF bulk, which corresponds with the exposed particle surface
area. Therefore, this approach proved, explained and justified that the
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Cr-poisoning impact, in terms of the resistance increase and the
Cr-accumulation, is more severe in case of microstructure characterized
by finer particles, higher porosity and larger particle surface area.

The observed different Cr impact on different LNF microstructures
could suggest that amicrostructurewith coarse particles and low surface
area would be most Cr-tolerant. However, this study only considers the
Cr impact on the in-plane resistance increase and the Cr-accumulation.
In the electrochemically operated LNF cathode, the actual Cr-poisoning
impact in terms of the overall cell performance degradation could be
different, as shown in a recent paper [16].
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