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Summary 
 
With the operating temperature reduction of the cells to an intermediate 
temperature (600°C to 800°C), alloys such as ferritic stainless steel AISI 430 
are being used, however for this metal to be used, protective ceramic coatings 
have been proposed. In this context, in order to protect against oxidation at high 
temperatures of ferritic stainless steel AISI 430 for application as interconnects 
in ITSOFC, the present work aimed to at the combination of bilayer coatings 
obtained by deposition of oxide perovskite (La0.6Sr0. 4CoO3) on the coating of 
oxide spinel (NiFe2O4). The results showed that the combination of oxide 
coatings combined with the spinel type oxide of the perovskite tends to prevent 
degradation of the perovskite, which is usually caused by the migration of the 
chromium coating creating unwanted phases. 
  

1 Introduction 
Fuel cells are appliances that convert chemical energy into electrical energy 
without combustion, with greater efficiency and fewer pollutants than the 
currently available equipment [1]. However, for practical applications, it is 
necessary to increase the strength of these appliances so multiple cells are 
connected in series to form a stack. This connection from one cell to another is 
made by means of an interconnection that connects the anode of one cell with 
the cathode of the adjacent cell [2]. In these operating conditions, the 
interconnectors are conventionally manufactured of ceramic materials [3], for 
example, lanthanum chromite (LaCrO3) [4]. However, the replacement of 
ceramic materials for metallic materials provides a reduction of manufacturing 
cost [5], improved mechanical strength and coefficient of thermal expansion 
compatible with other elements, higher electrical and thermal conductivity, and 
ease of manufacturing to complex geometries [6]. In this context, Intermediate 
Temperature Solid Oxide Fuel Cells (ITSOFC), which operate at temperatures 
ranging from 600°C to 800°C allow the use of ferritic stainless steels such as 
AISI 430 interconnectors. However, they encounter some problems, such as the 
forming of a layer of chromium (Cr2O3), the increase in electrical resistance and 
volatilization of chromium oxide, and the impairing of the functioning of the 
appliance [7]. Therefore, in order to make the use of such material possible in 
the manufacturing of interconnectors, it is necessary to change the composition 



of the alloy or the application of surface coatings [8] for protection against 
oxidation. In this context, perovskite type ceramic coatings have been used for 
protection against oxidation of ferritic stainless steels at high temperatures. 
However, as reported in the literature, such coatings at high temperatures 
undergo degradation due to the diffusion of the element chromium stainless 
steel substrate into the coating, which can form other oxides, for example, 
SrCrO4, with low electrical conductivity [9,10]. However, the perovskite type 
oxides are effective barriers against the diffusion of oxygen into the substrate 
[11]. Other authors [1,12,13] proposed jackets spinel type oxides, such as 
NiFe2O4, which improved electrical performance and form a barrier to 
volatilization of chromium, but otherwise do not prevent the diffusion of oxygen 
toward the middle the substrate [2,14]. The main techniques used for obtaining 
the NiFe and coatings based on La, Sr and Co are: chemical vapour deposition 
[15], pulsed laser deposition [16], plasma spraying, screen printing and slurry 
coating, sputtering, spray pyrolysis [6,17,18] and electrodeposited [19,20,21]. 
Among the deposition techniques presented, the spray pyrolysis has 
advantages such as the possibility of obtaining coatings with different 
thicknesses, its low cost and its versatility [18]. In this context, the objective is to 
get a double-layer coating comprising a first layer of NiFe-based coating 
obtained by the electrodeposition technique, and a second layer to the base of 
La, Sr and Co, obtained by the technique of spray pyrolysis. The desired 
phases of spinel type (NiFe2O4) oxide and the perovskite type (La0.6Sr0.4CoO3) 
oxide were obtained after conducting intercalated thermal treatment or at the 
end of the two depositions. The coatings obtained were characterized for 
morphology by scanning electron microscopy (SEM), and chemical composition 
(EDS) and on the structure by diffraction (XRD) X-rays. 

2  Materials and methods 

2.1 Obtaining the coatings  

The ferritic stainless steel AISI 430 was used as the metal substrate, its 
chemical composition is shown in Table 1 (newsletter of the supplier). The 
samples were cut in dimensions 20x20x1 mm and sanded until # 1200, and 
subsequently cleaned for 10 minutes in an acetone ultrasound bath. 

Table 1. Chemical composition of the ferritic stell substrate (wt.%). 

Cr C Si Mn Mo Ni Co Al Nb Fe 
16.03 0.05 0.32 0.4 0.01 0.26 0.018 0.001 0.02 Bal. 

 

In order to obtain a two-layer coating, firstly a NiFe coating was deposited by 
the electrodeposition technique. The composition of the used electrolyte for 
electrodeposition and the used parameters in the process are shown in Table 2. 
Nickel sheets were used as the anode. 
 

Table 2. Solution composition and used electrodeposition parameters for obtaining the NiFe coating. 

Solution Concentration / (g.L-1) Deposition parameters by electrodeposition 



NiSO4. 
6H2O 

NiCl2. 
6H2O H3BO3 

FeSO4. 
7H2O pH Temperature 

°C 

Current 
density 
mA.cm-2 

Time 
(hours) 

40 5 10 20 2,5 60 5.5 1 
 

The second coating layer was obtained by the spray pyrolysis technique from 
the precursor solution with nitrates molar ratios of La, Sr and Co (0.6:0.4:1.0) 
using water as the solvent and propylene glycol (4:5). In Table 3, the 
operational parameters for the spray pyrolysis technique are presented. 
 

Table 3. Parameters used in the spray pyrolysis process to obtain the La, Sr and Co based coating. 

Deposition parameters 
Temperature 

°C 
Substrate 

distance / cm 
Pressure 

KPa 
Deposition 
Time ∕ min 

550 20 294.2 30 
 

For creating the desired phases, spinel (NiFe2O4) in the first layer and 
perovskite (La0.6Sr0.4CoO3) in the second layer, heat treatment was performed 
at a temperature of 800 °C for 2 hours with a heating rate of 5 °C min-1. Three 
systems were prepared with different combinations of heat treatment, system 1 
has not undergone heat treatment, while system 2 has undergone one period of 
heat treatment after the deposition of the two layers. System 3 received 
intermediate thermal treatment between the applications of the two layers. 

2.4 Characterization of coatings 

The surface morphology and evaluation of the cross-sections of the coatings 
were analyzed by a scanning electron microscopy (SEM) on a Jeol JSM 
6510LV microscope, using a voltage of 20 kV. To measure thickness "Image J" 
software was used and the average values were obtained by measuring 10 
points over the cross-sectional images of each of the coating samples. The 
mapping of the chemical composition of the coatings was performed by energy 
dispersive spectroscopy (EDS) on a Jeol JSM 6510LV microscope. The 
structural characterization of the double layer coating was analyzed by X-ray 
diffraction (XRD) (Philips Analytical X-Ray System Equipment X'Pert-MPD), 
using the Ka radiation in copper tube under the conditions of 40kV and 25mA 
using a 0.05 ° step in a 20-70 ° range. This characterization was also performed 
on the substrate of AISI 430 uncoated stainless steel. 

3 Results and discussion  

The obtained coating system 1 (Figure 1a), showed a uniform, dense and 
adherent surface on the substrate of ferritic stainless steel AISI 430, indicating 
that after the deposition, without thermal treatment, the coatings have good 
compatibility with each other. However, for system 2 (Figure 1b), which 
corresponds to the system that has undergone heat treatment in a single period 
after the deposition of the two coatings, it is possible to observe a cracked 



coating. Probably due to the contraction of the first layer (spinel), which tensed 
the second layer (coating of perovskite), causing cracks in the coating. As 
observed in Table 4, after the heat treatment process to system 2, both coatings 
had a reduction on the layer thickness ranging from 32% to 50%, for the 
electrodeposited coating and for the coating deposited by spray pyrolysis, 
respectively, which may have contributed to the formation of cracks observed in 
the coating obtained by the system 2 (Figure 1b). The coating obtained by the 
system 3 (Figure 1c) presented a uniform, adherent and dense surface. As can 
be seen in Table 4, the coating undergoes a significant NiFe shrinkage after 
heat treatment in the range of 70 % to form the spinel type oxide (NiFe2O4), 
while the base coating La, Sr and Co, hardly suffers contraction for the 
formation of the perovskite oxide (La0.6Sr0.4CoO3), thus the intermediate heat 
treatment prevented the formation of cracks in the coating. The presence of 
particles observed on the surface of all systems may be due to the temperature 
deposition technique used in the spray pyrolysis. The high temperature of the 
substrate during the deposition process may result in a dense morphology with 
incorporation of particles [20].  
  

   
Figure 1. SEM top: a) system1 – without heat treatment, b) system2 – heat treated once after deposition e 

 c) system3 – heat treated after each deposition. 

 
In the diffractogram pattern obtained for the substrate (Figure 2d), as expected, 
only peaks of FeCr are observed (PDF Number 00-034-0396), belonging to the 
own ferritic stainless steel substrate. For system 1  (Figure 2c), it is possible to 
observe the characteristic peaks of NiFe (PDF Number 00-003-1185), 
corresponding to the coating as deposited, i.e. before the formation of spinel 
oxide as obtained by the electrodeposition technique (Figure 2c). The second 
layer to the base of La, Sr and Co obtained by spray pyrolysis does not appear 
before the heat treatment in the amorphous diffractogram (Figure 2c). System 2 
(Figure 2b) revealed the presence of the expected spinel (NiFe2O4) (PDF 
Number 00-003-0875) and perovskite (La0.6Sr0.4CoO3) (PDF Number 01-089-
5719) oxides. However, it is possible to detect the most intense signal of the 
phase of the perovskite oxide (La0.6Sr0.4CoO3) in relation to the phase of 
NiFe2O4 spinel type oxide. This was possibly due to the effect of the coating 
thickness of perovskite (who was in the order of 3.79 µm), hindering the 
detection of the phase spinel (NiFe2O4). System 3 (Figure 2a), in which the 
heat treatment was performed after each deposition, evidenced the formation of 
the spinel type (NiFe2O4) oxide. Even if the signal has become less intense in 
comparison to the signal of the perovskite type (La0. 6Sr0.4CoO3). This possibly 
occurred again due to the thickness of the perovskite layer (7.92 µm), that is 

c) b) a) 



over the layer of spinel (NiFe2O4), making it difficult to detect (XRD). The 
presence of iron oxides is also observed (Fe2O3, PDF Number 01-084-0311) 
and (Fe3O4, PDF Number 00-028-0491). According to some authors, the ferric 
oxide with the spinel acts as a barrier to volatilization of chromium and improves 
electrical conductivity [1,22]. 
 

 
Figure 2. X-ray diffraction, a) system 3, b) system 2, c) system 1 and d) substrate.  

The layer thicknesses obtained by the analysis of the images shown in Figure 3, 
Figure 4 and Figure 5 are presented in Table 4. The thickness of the coatings 
obtained both after deposition and without heat treatment of system 1 can be 
observed (Table 4) (NiFe-based and La, Sr and Co). For system 2 (Table 4), 
the thickness of the electrodeposited coating contracted 32 %, while for the 
coating obtained by spray pyrolysis contracted 50 %, as mentioned above. 
However, for system 3, which was subjected to heat treatment after each 
deposition, only the contraction of the electrodeposited coating NiFe (70 %) for 
the formation of the spinel type (NiFe2O4) oxide was noted, since the formation 
of the spinel oxide was performed prior to spray pyrolysis deposition of the 
second layer to the base of La, Sr and Co. 
 

Table 4. Layer thicknesses for the obtained system. 

System Coatings Medium Thickness 
of the Coating (µm) 

Standard  
Deviation (σ) 

System1 

Coating 1 
(electrodeposition) 3.76 ±0.23 

Coating 2 
(spray pyrolysis) 7.55 ±0.52 

System 2 

Coating 1 
(electrodeposition) 2.55 ±0.15 

Coating 2 
(spray pyrolysis) 3.79 ±0.43 



System 3 

Coating 1 
(electrodeposition) 1.11 ±0.20 

Coating 2 
(spray pyrolysis) 7.92 ±0.56 

 
In Figure 3 the linear mapping by EDS for system 1 can be observed, this 
characterization is essential to identify the deposition of the second layer to the 
base of La, Sr and Co (7 to 13.5 µm), which appears amorphous (Figure 2c) 
[23]. It is noted that the chromium component appears only in the metal 
substrate region (0 to 2.95 µm), as expected, because the coatings do not have 
Cr in their composition, while the metallic substrate (ferritic stainless steel) has 
this element on its composition. Still in Figure 3 (0-7.4 µm), it is possible to 
observe the presence of iron in both the substrate, which is an alloy based on 
iron, and on the first deposition layer (NiFe alloy), which also shows the 
presence of nickel (2.95-6.6 µm), which is found exclusively in this layer. 
Moreover, as it can be observed, the Co signal is of medium intensity in the 
substrate area, a fact that may be associated with the proximity of Ka energy  of 
the cobalt and iron, the base element of the ferritic stainless steel substrate (Fe 
Ka = 6,403 keV, Co Ka = 6,930 keV [24]. 
 

  

Figure 3. EDS mapping of the cross sectional line scan system 1. 

On the linear mapping of system 2 (Figure 4), on the substrate/coating interface 
it is possible to verify the presence of a chromium-rich region (~ 7 µm), possibly 
forming a thin layer of chromium (scale) oxide, which is not detected by the X-
ray diffraction analysis (Figure 2b), probably due to the thickness of the oxide 
spinel (2.55 µm) and perovskite (3.79 µm), shown in Table 4 layer. A formation 
of chromium oxide can be associated with the simultaneous formation process 
of the spinel and the perovskite oxide because the heat treatment is performed 
only once after deposition of both coatings. Since the coating to the base of La, 
Sr and Co is the only barrier to oxygen after crystallization for the 
La0.6Sr0.4CoO3 phase, and this process occurs at temperatures above 400 °C 
[23]. However, it is noted that the chrome signal decreases, while on the second 
layer (perovskite coating), the presence of the element chromium is no longer 
observed. This shows the characteristic barrier of spinel type (NiFe2O4) chrome 
oxide diffusion of the substrate into the coating [2] thus decreasing the 
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possibility of degradation of perovskite coating by chromium contamination. As 
it has been reported in the literature, when perovskite oxide coatings are 
applied directly on a stainless steel substrate and exposed to high 
temperatures, these coatings suffer degradation due to diffusion of the element 
chromium of the stainless steel substrate toward the coating, with the possibility 
of forming other oxides, as, for example, SrCrO4, which has low electrical 
conductivity [9,10]. The presence of La, Sr and Co on the outermost layer of the 
coating indicates the formation of the perovskite phase, detected by X-ray 
diffraction (Figure 2b).  
 

  

Figure 4. EDS mapping of the cross sectional line scan system 2. 

 
The region of the first deposited layer there are intense signs for the Fe and Ni 
(8 - 10 µm) elements. This may be related to the formation of the spinel type 
(NiFe2O4) oxide, observed by X-ray diffraction (Figure 2). The intense signal of 
the element nickel in the region of the interface substrate/coating (3 – 6 µm) in 
Figure 4, is possibly related to the diffusion of nickel from the electroplated NiFe 
layer toward the substrate. The concentration of nickel in this region may be 
due to the associated diffusion of same electrodeposited Ni-Fe coating, 
however, the low diffusion coefficient of nickel in iron [23] prevented the nickel 
to diffuse faster from the coating to the inside of the substrate, which caused the 
increase in concentration at the interface between the stainless steel substrate 
with the coating. On Figure 5, the linear mapping of composition demonstrates 
the formation of the chromium oxide layer (scale) at the interface between the 
coating of the spinel type oxide (NiFe2O4) and the substrate, due to the intense 
signal in the region of the element chromium. Figure 5, associated with the 
result of X-ray diffraction (Figure 2a), indicates the presence of the coating of 
the spinel type (NiFe2O4) and that this coating, as well as the system 2, 
possibly prevented the diffusion of chromium into the coating of the perovskite 
oxide, preventing their degradation by the volatilization of chromium of the 
stainless steel substrate at elevated temperatures. Moreover, the nickel 
diffusion is observed once again towards the substrate, as is was already 
mentioned in the system 2. 
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Figure 5. EDS mapping of the cross sectional line scan system 3. 

4-CONCLUSIONS 

It was possible to get a double layer coating composed of NiFe and La, Sr and 
Co, deposited on ferritic stainless steel AISI 430, combining, respectively, the 
techniques of electrodeposition and spray pyrolysis. Moreover, after a heat 
treatment, it was possible to obtain the oxides of the spinel type (NiFe2O4) and 
perovskite (La0.6Sr0.4CoO3). 
For the system with thermal treatment performed in one single period after the 
deposition of NiFe coatings followed by the deposition of the coating to the base 
of La, Sr and Co, the presence of cracks was observed, possibly due to the 
contraction of the spinel coating that tensed the coating layer of the perovskite 
type oxide even during the process of crystallization, since the formation of the 
phases of the two coatings occur simultaneously. While for system 3, wherein 
the heat treatment was performed after each deposition, even with the 
observation of a contraction of the electroplated NiFe layer, there was no 
cracking of the coating of the perovskite type oxide, because the formation of 
phases occurred separately, or only after the formation of the spinel phase was 
deposited on the base layer of La, Sr and Co, followed again by heat treatment. 
For the samples after heat treatments, it was evident that the spinel can prevent 
diffusion of the element chromium for the coating, making it suitable for 
application as a protective barrier against oxidation of ferritic stainless steel, 
possibly avoiding the degradation of the coating of perovskite and preventing 
formation of undesired phases for longer periods of exposure in an oxidising 
atmosphere. The results indicate that system 3, compared to system 2 studied 
in this work, is the most suitable for protection as a barrier to ferritic stainless 
steel used in interconnectors for fuel cells of the solid oxide type of intermediate 
temperature (ITSOFC). 
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