
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

The effect of cooling rate-induced microstructural changes on CO2 corrosion of low
alloy steel

Gupta, Kapil K.; Haratian, Saber; Gupta, Shivangi; Mishin, Oleg V.; Ambat, Rajan

Published in:
Corrosion Science

Link to article, DOI:
10.1016/j.corsci.2022.110769

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Gupta, K. K., Haratian, S., Gupta, S., Mishin, O. V., & Ambat, R. (2022). The effect of cooling rate-induced
microstructural changes on CO

2
 corrosion of low alloy steel. Corrosion Science, 209, [110769].

https://doi.org/10.1016/j.corsci.2022.110769

https://doi.org/10.1016/j.corsci.2022.110769
https://orbit.dtu.dk/en/publications/2d64bb70-b96d-4089-9997-8cf1d5b752ae
https://doi.org/10.1016/j.corsci.2022.110769


Materials Characterization 194 (2022) 112413

Available online 21 October 2022
1044-5803/© 2022 Published by Elsevier Inc.

Effects of interdiffusion in nickel coated AISI 441 steel 

Louis Sadowski Cavichiolo a,b,*, Tobias Holt Nørby a, Karen Pantleon b, John Hald b 

a Topsoe A/S, Power-to-X – Technology Development, Nymøllevej 66, 2800 Kongens Lyngby/Denmark 
b Technical University of Denmark, Dept. of Civil and Mechanical Engineering, Produktionstorvet, 2800 Kongens Lyngby, Denmark   

A R T I C L E  I N F O   

Keywords: 
Microstructure 
Phase transformations 
Solid oxide cell interconnect 
High-temperature oxidation 
Stainless steel 

A B S T R A C T   

Ferritic steel AISI 441, electroplated with nickel, is explored for the use as interconnects in solid oxide cell stacks. 
High-temperature oxidation tests are performed in air, and samples are investigated using scanning electron 
microscopy, energy-dispersive x-ray spectroscopy, and electron backscatter diffraction. Results revealed in-depth 
diffusion of nickel that promotes austenite formation during typical solid oxide cell operating temperatures 
accompanied by chromium depletion, grain refinement, and an enhanced depletion of Laves phase in the surface- 
near region of the steel. Effects of a formed interdiffusion zone on the protective oxide scale are discussed, 
considering the role of diffusion along grain boundaries and across the scale/alloy interface. The interdiffusion 
zone alters the morphology and continuity of Si-rich oxide that forms in this steel, and an underlying mechanism 
is suggested. Associated implications on the expected performance of nickel coated AISI 441 as interconnects for 
solid oxide cell stacks are postulated: Although no corrosion or scale spallation is observed and a good contact to 
the simulated oxygen electrode is maintained, there are signs of limited oxidation resistance and scale adhesion, 
which potentially affect lifetime and robustness of solid oxide cell stacks during (cyclic) oxidation of longer 
exposure than tested here.   

1. Introduction 

Interconnects (ICs) used in solid oxide cell (SOC) stacks are based on 
ferritic stainless steels (FSS) mainly due to their competitive price, 
matching coefficient of thermal expansion (CTE) of ferrite with com-
ponents of the cell, and the formation of chromia (Cr2O3), which com-
bines high-temperature oxidation resistance with electrical conductivity 
[1–3]. ICs additionally make use of protective coatings to, for example, 
further limit oxidation [1,3] and ensure sufficiently high electrical 
contact towards SOC components [4]. Under fuel side exposure, effects 
on the IC performance have previously been related to interdiffusion 
between the FSS and nickel from a nickel mesh or the Ni/YSZ fuel 
support. Specifically, interdiffusion can lead to low electrical contact 
resistance associated with metallic pathways between ICs and the Ni/ 
YSZ fuel support [5,6], chromium depletion and internal oxidation in 
the associated interdiffusion zone [7] and promote sigma (σ) phase 
formation at the interface of the interdiffusion zone to the FSS [8–10]. 

In view of these effects and when protective coatings are based on 
nickel, interdiffusion must additionally be considered on the air side of 
the IC. However, effects of interdiffusion on microstructure have not yet 
been extensively studied in air, and its role for oxidation furthermore 

depends on the base alloy. Several authors [11–13] have reported 
promising results of commercially available ferritic AISI 441 alloy as an 
alternative IC material for SOC stacks to replace more expensive tailor- 
made steels (Crofer 22 APU, Hitachi ZMG 232). One major benefit of 
specific AISI 441 alloy composition is the partitioning of silicon to Laves 
phase (stabilized steel), which can lead to a beneficial (i.e., discontin-
uous) morphology of formed Si-rich oxide [14]. However, under the 
influence of nickel diffusion, the Laves phase has previously been 
observed to be dissolved in the surface-near interdiffusion zone [8,15]. 
The presence of nickel might consequently affect the continuity and 
morphology of Si-rich oxide in AISI 441. Furthermore, the formation of 
an interdiffusion zone near the surface is known to result in the for-
mation of fcc γ-phase (austenite) in the subscale region of the otherwise 
ferritic steel [16,17]. Apart from a change in the CTE and associated risk 
for increased thermal stresses, austenite is attributed to lower a chro-
mium solubility and reduced interdiffusion coefficients than bcc α-phase 
(ferrite), that together can impair the protective nature of chromia [18]. 
This effect might be paramount for AISI 441, which exhibits lower 
chromium contents than, e.g., Crofer 22 H, another stabilized steel often 
associated with the IC application. Additionally, austenite may further 
transform to C-lean α’ [15], which occurs during cooling in the absence 
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of σ phase formation [9,17]. However, the role of this transformation on 
the performance of ICs is not yet understood. 

The present study investigates the effects of nickel diffusion on the 
microstructure and composition of AISI 441 steel under typical SOC 
operating temperatures in air. In addition, effects on silicon and chro-
mium oxidation of AISI 441 steel are discussed, and implications on the 
IC performance are postulated. 

2. Materials and methods 

2.1. Sample preparation and oxidation tests 

Commercial AISI 441 was used. It was cold-rolled and bright 
annealed with a 2R surface finish. The chemical composition of the 
ferritic steel is listed in Table 1. Specimens of (30x20x0.3) mm3 were 
chemically milled using ferric chloride as an etchant to avoid burrs along 
edges that normally occur with other processes such as laser cutting. For 
oxidation tests, samples were electroplated with nickel from a Nickel 
Watts bath. Details on process parameters during pre-treatment and 
electroplating are summarized in Table 2. 

Air oxidation tests were performed in horizontal Carbolite CTF 12/ 
65/550 furnaces of one-end closed mullite (3Al2O3•2SiO2) tubes. One 
sample (termed: “441-Ni-FC”) was exposed to 900 ◦C and successively to 
typical SOC operating temperatures of 800 ◦C and 750 ◦C for a total of 
200 h and was subsequently furnace cooled; the applied time- 
temperature treatment is illustrated in Fig. 1 a. To simulate the inter-
face to the oxygen electrode of a single SOC, 441-Ni-FC was held in a 
double side contact with porous La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) discs by 
applying a pressure of about 3 MPa executed over rods made of platinum 
(Pt) due to its inert electrical behavior (Fig. 1 b). The compositional and 
microstructural stability of the interdiffusion zone was additionally 
elaborated in relation to early stages of oxidation at elevated tempera-
tures by exposing a nickel coated AISI 441 sample to 900 ◦C for a short 
period of 3 h, followed by water quenching (termed: “441-Ni-Q-900”, cf. 
Fig. 1 a). 

2.2. Materials characterization 

For materials characterization, samples were cross-sectional milled 
using a broad ion milling system (Hitachi IM4000). Following a rough 
milling step at 6 kV for 12 h, fine milling was performed for 23 h at an 
acceleration voltage of 3 kV. A discharge voltage of 1.5 kV and an argon 
flow of 0.08 cm3/min were used. 

The microstructure was investigated on cross-sections with scanning 
electron microscopy (SEM, Zeiss GeminiSEM 1 Sigma 300) operated at 
an acceleration voltage of 5 kV for good image resolution. At the same 
microscope, energy-dispersive x-ray spectroscopy (EDX) and electron 
backscatter diffraction (EBSD) analyses were both performed at an ac-
celeration voltage of 15 kV using an Ultim Max Oxford EDX detector and 
a CMOS EBSD detector by Oxford, respectively. To investigate inter-
diffusion after the oxidation treatments, EDX elemental quantification 
was applied at distinct areas on the cross sections, which allows to 
directly relate the chemical composition to the local microstructure. By 
selecting several areas within the cross section for EDX mapping, the 
chemical changes are followed in various depth regions below the sur-
face. Microstructure analysis combined with EDX was further supple-
mented by site-specific phase identification and grain orientation 
analysis using EBSD acquisition, which was done with a step size of 50 
nm. MTEX software [19] was used for post-processing. 

Finally, based on the site-specific chemical and phase analysis, the 

high-temperature phase stability was evaluated with the aid of Thermo- 
Calc Software package [20] version 2022a according to the CALPHAD 
(CALculation of PHAse Diagrams) approach. The Thermo-Calc Software 
TCFE12 Steels/Fe-alloys database was used. 

3. Results and discussion 

3.1. Characterization of the interdiffusion zone 

Microscopic investigations combined with chemical element analysis 
show that after 200 h of exposure (441-Ni-FC), a thin and protective 
oxide scale had formed on the steel (Figs. 2 and 3). The oxide consists of 
various layers: a CrMn-rich oxide as the innermost, a FeCr-rich oxide as 
an intermediate, and a Ni-rich oxide as the outermost layer in contact 
with the porous LSCF discs. 

Beneath the oxide scale, nickel has considerably diffused into the 
steel, and a nickel enriched interdiffusion zone formed that is depleted in 
chromium together with iron (Fig. 3). Grains inside the interdiffusion 
zone appear finer than in the ferritic bulk, as seen in Fig. 2 a. According 
to the observed differences in grain structure and chemical composition 
within the interdiffusion zone, two regions (R1 and R2, marked in Fig. 2 
b) can be distinguished. In the oxide adjacent region R1, nickel contents 
are highest (EDX area 1 and 2) and decrease towards region R2 (EDX 
area 3 and 4). Chromium contents change in the opposite direction, 
being lowest near the oxide scale and highest closest to the bulk. The 
corresponding EDX results for various measurement locations marked in 
Fig. 2 are summarized in Table 3. 

EBSD phase analysis reveals that nickel diffusion into the ferritic 
steel led to local austenite formation but did not result in an entirely 
austenitic interdiffusion zone after cooling (Fig. 4). In region R1, higher 
nickel contents locally cause austenite to remain stable at room tem-
perature. Nickel accumulated in austenite grains (EDX area 1: 23.4 wt.- 
%Ni) that appear larger in grain size than surrounding bcc areas (EDX 
area 2: 14.4 wt.-%Ni). Additionally, the as-cooled microstructure in 
region R2 exhibits single bcc crystal structure (Fig. 4). Microstructure 
analysis indicates considerably smaller grains or a sub-grain structure in 
region R2 compared with the larger austenitic grains in R1 and largest 
grains in the adjacent ferritic bulk (Figs. 2 and 4). 

It is well known that exposure to typical SOC stack operating tem-
peratures results in the precipitation of silicon-rich (likely (Fe,Cr)2(Nb, 
Si,Ti)-type) Laves phase at grain boundaries of AISI 441 alloy [21]. Here 
Laves phase is identified in the bulk of the steel based on EDX elemental 
maps (Fig. 3) that attribute niobium to bright particles visible in SEM 
micrographs (Fig. 2 a). However, in contrast to the ferritic bulk, Laves 
phase seems to have hardly precipitated in the interdiffusion zone 
(Figs. 2) as only a few isolated particles can be found there. Instead, 
niobium appears to have diffused towards the surface, where it is 
enriched in the direct vicinity of the oxide scale (Fig. 3). Even though 
this suggests preferred precipitation of Laves phase at the scale/alloy 
interface in qualitative agreement with ferritic steels [22,23], silicon 
appears to have remained at least partly unbound in Laves phase. This is 
attributed to considerable amounts of thick Si-rich oxide formed in the 
subscale region of the steel (Figs. 2 and 3), which did, however, not 
result in a continuous oxide layer formation. Instead, internal Si-rich 
oxide is locally present at grain boundaries (intergranular oxidation) 
and strongly follows selected boundary segments in region R1 of the 
interdiffusion zone, which provides the discontinuous morphology of 
the oxide. 

Table 1 
Chemical composition in wt.-% of as-received AISI 441 as specified by the steel supplier and determined by optical emission spectroscopy.  

Batch Fe Cr Ni C N Mn Ti Si S P Nb 

AISI 441 Bal 17.57 0.19 0.018 0.0179 0.34 0.142 0.57 0.002 0.025 0.39  

L.S. Cavichiolo et al.                                                                                                                                                                                                                           
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3.2. Early stages of interdiffusion 

Short-term exposure to 900 ◦C and subsequent quenching to room 
temperature (441-Ni-Q-900) to disregard possible compositional 
changes during cooling reveals that an interdiffusion zone formed 
already after early stages of exposure underneath a thin, protective 
oxide scale, as shown in Fig. 5 a. In agreement to sample 441-Ni-FC 
described above, sample 441-Ni-Q-900 shows an interdiffusion zone 
containing different regions R1 and R2. However, in this case R1, is fully 
austenitic, while region R2 again exhibits single bcc crystal structure 
with smaller grains than R1 and the ferritic bulk (Fig. 5 a and b). 

Furthermore, elemental quantifications listed in Table 4 indicate that 
an upper nickel-rich (Ni(Fe)-γ) and a lower iron-rich (Fe(Ni)-γ) layer can 
be distinguished within the austenitic region R1 corresponding to the 
adjacent initial nickel coating and the steel surface, respectively. The 

associated prior coating/steel interface is marked in Fig. 6 and also 
visible in Fig. 5 a. These observations are in qualitative agreement with 
[15]. 

Like for 441-Ni-FC, niobium is enriched at the scale/alloy interface 
(EDX maps not shown here), while Laves phase hardly forms inside the 
interdiffusion zone of 441-Ni-Q-900. Consequently, a thick Si-rich oxide 
is present (Figs. 5 a and 6). Again, the oxide is discontinuous, but in this 
case, it prevails almost exclusively in the austenitic Ni(Fe)-γ layer. 

3.3. Phase transformation 

While EBSD results clearly indicated a nickel-diffusion-induced 
phase transformation from ferrite to austenite, interpretation of the 
bcc phase within the interdiffusion zone is less straightforward. It can 
refer to either ferrite or martensite. The ambiguity arises due to low 

Table 2 
Electroplating and pre-treatment parameters.  

Process step Bath chemistry pH i 
[A/dm2] 

t 
[min] 

Temperature [◦C] 

Alkaline degreasing Commercial solution “SlotocleanEL DCG” 14 4 4 35 
Pickling Commercial “Decasel 5” solution 0 / 2 25 
Nickel Woods strike NiCl2•6H2O: 80 g/L  

37% HCl: 100 g/L 
0 5 2 25 

Nickel Watts NiSO4•6H2O: 300 g/L 
NiCl2•6H2O: 50 g/L 

H3BO3: 40 g/L 

3.2–3.8 2 6 60  

Fig. 1. (a) Temperature-time profiles during oxidation and cooling. The applied treatments of samples 441-Ni-FC and 441-Ni-Q-900, respectively, are indicated. (b) 
Schematic illustration of 441-Ni-FC in double-side contact with LSCF discs under load. 

Fig. 2. (a) Backscatter electron image of 441-Ni-FC in contact with porous LSCF electrode and (b) magnified section of sub-scale region. Regions of different 
microstructure (R1 and R2) within the interdiffusion zone as well as areas of EDX elemental quantification (cf. Table 3) are indicated. 

L.S. Cavichiolo et al.                                                                                                                                                                                                                           
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carbon concentrations in the steel, which imply potential carbon lean 
martensite (C-lean α) formation being bcc. The notation α rather than 
the in literature found α’ [9,15] will be used here to emphasize the 
virtual absence of tetragonality that otherwise in martensite with su-
persaturated contents of carbon results in a body centered tetragonal 
structure. Because of the same crystal structure, bcc ferrite and bcc 
martensite cannot be distinguished by EBSD phase analysis. Further-
more, typically used hardness measurements cannot clearly identify the 

present phase as, in contrast to martensite with considerable amounts of 
interstitial solutes, C-lean α is of moderate hardness. This was confirmed 
for 441-Ni-FC sample investigated with a microhardness tester (FM-700, 
Future-Tech-Corp.) in Vickers geometry. Specifically, results show that 
the areas in question exhibit higher hardness values (255 ± 10 HV) than 
the ferritic bulk (161 ± 19 HV). However, this increase in hardness 
likely corresponds to different grain sizes and dislocation densities in 
both regions that affect the hardness by Hall-Petch strengthening and 
dislocation hardening, respectively. 

To clarify the phase constitution during high temperature exposure, 
instead of solely after cooling to room temperature as provided by 
microstructure analysis, the Thermo-Calc software package was used to 
calculate equilibrium phase fractions that establish as a function of 
temperature for the measured site-specific chemical compositions (cf. 
Tables 3 and 4). While Thermo-Calc confirms that as-cooled austenite 
regions have been austenitic during exposure as well (single fcc phase, 
Figure not shown here), as-cooled bcc areas need further consideration. 
On the example of two locations within the cross section of sample 441- 

Fig. 3. EDX element maps of sub-scale region of 441-Ni-FC as shown in Fig. 2 b.  

Table 3 
EDX elemental quantifications in wt.-% for areas as indicated by 1, 2, 3, and 4 in 
Fig. 2.  

EDX area Fe Cr Ni Si Nb Mn Ti 

1 64.2 10.4 23.4 0.5 0.3 0.1 0.1 
2 72.1 11.9 14.4 0.6 0.1 0.1 / 
3 76.2 13.5 5.5 1.3 0.3 0.3 0.1 
4 80.6 14.5 3.9 0.6 0.1 0.4 /  

Fig. 4. EBSD phase analysis for 441-Ni-FC corresponding to area shown in Fig. 2 a. R1 and R2 of the interdiffusion zone and the unaffected bulk are marked. Only 
iron-based phases (fcc versus bcc) are indicated. Non-indexed regions are marked white, indicating (sub-)grain boundaries. 
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Ni-FC (cf. Fig. 2), the corresponding phase fractions are shown in Fig. 7: 
an as-cooled bcc area of high nickel (Fig. 7 a) and low nickel concen-
tration (Fig. 7 b), respectively. Note that for all compositions, the Laves 
phase fraction was found to be negligible. For the high nickel case (EDX 
area 2: 14.4 wt.-%Ni), Fig. 7 a indicates that bcc phase forms at tem-
peratures below 605 ◦C, while single austenite phase is thermodynam-
ically stable at temperatures above 605 ◦C (Fig. 7 a). Considering 
applied exposure temperatures equal to or higher than 750 ◦C, as-cooled 
bcc phase in this area must have formed during cooling. An austenite to 
C-lean α transformation seems likely, attributed to the diffusionless 
character and fast growth rates of martensite. Moving down the inter-
diffusion zone, lower nickel concentrations result in bcc phase formation 
at higher temperatures, e.g. 3.9 wt.-%Ni corresponds to 790 ◦C (EDX 
area 4, Fig. 7 b). This suggests that – alongside fcc austenite – bcc can, 
locally, form during exposure (i.e. after cooling from holding at 800 to 
holding at 750 ◦C, cf. Fig. 1 a) and is therefore attributed to equilibrium 
phase; i.e. ferrite (α). Relatively long holding times of 100 h at 750 ◦C 

support the possibility of α formation from a kinetics perspective, as 
well. During subsequent cooling below 750 ◦C, Fig. 7 b indicates a 
further increase in the bcc phase fraction associated then to diffusionless 

Fig. 5. (a) Backscatter electron image of 441-Ni-Q-900 and (b) corresponding EBSD phase map of surface area. Only iron-based phases (fcc versus bcc) are indicated. 
Non-indexed regions are marked white, indicating (sub-)grain boundaries. 

Table 4 
EDX elemental quantifications in wt.-% for areas as indicated by 5, 6, and 7 in 
Fig. 6.  

EDX area Fe Cr Ni Si Nb Mn Ti 

5 44.3 6.3 46.7 0.4 0.9 / / 
6 65.6 13.3 19.9 0.3 0.1 0.2 / 
7 76.5 14.4 7.5 0.4 0.1 0.3 0.1  

Fig. 6. Magnified backscatter electron image of subscale region in 441-Ni-Q- 
900. Left and right corner of the interface line between prior nickel coating 
and FSS are marked by horizontal arrows. Areas of EDX elemental quantifica-
tion (cf. Table 4) are indicated as well. 
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martensite formation from austenite. The remaining fraction of as- 
cooled bcc should correspond to ferrite that has been formed during 
exposure and still is stable at room-temperature. In contrast, ferrite 
formation during exposure is not expected from EDX elemental maps 
(Fig. 3). A swift change in chemical composition near the transition from 
the interdiffusion zone to the bulk can be observed in Fig. 3, most 
distinctly visible for Cr. This change likely corresponds to a varying 
chromium solubility in austenite and the ferritic bulk, respectively, 
suggesting a single austenitic interdiffusion zone during exposure. 
Consequently, as-cooled bcc would not originate from ferrite formation 
during exposure but entirely from martensite formation during cooling. 

Irrespective of the actual formation of local ferrite during the here 
applied exposure, the amount of as-cooled bcc martensite and formed 
bcc ferrite during exposure seems to depend on the in-depth diffusion of 
nickel. Both should increase with deeper nickel diffusion. Correspond-
ingly, considerable higher nickel contents in the interdiffusion zone in 
441-Ni-Q-900 than in 441-Ni-FC (cf. Table 4 versus Table 3) stabilize 
more austenite to room temperature (cf. Fig. 5 b versus Fig. 4). At later 
stages of exposure (441-Ni-FC), in-depth diffusion of nickel, in turn, 
results in an increased bcc fraction within the as-cooled interdiffusion 
zone. This is suggested by both martensite and austenite in the surface- 
near region R1 and a thicker martensitic region R2 (Fig. 2 b versus 
Fig. 6). 

The grain size in the as-cooled region R2, associated with martensite 
formation as described above, is consequently significantly smaller than 
in region R1 of the interdiffusion zone. This is attributed to a sub-grain 
structure with misorientations, as evident from EBSD orientation maps 

in Fig. 8. Associated lattice distortion (sub-grain structure) was 
confirmed for both samples by a lower EBSD image quality in region R2 
compared to other parts of the image. To furthermore exclude any effect 
of sample preparation for performed EBSD analysis and to evaluate 
whether the lattice distortion was artificially introduced by ion milling 
with long milling times, an extra sample (water quenched after the same 
temperature exposure as 441-Ni-FC) was prepared by electropolishing, 
which ensured a deformation-free surface. Electropolishing was done at 
10 V in A2 electrolyte (Struers) with a polishing time of 15 s. Since the 
presence of misorientations in region R2 of this sample was confirmed, 
lattice distortion and associated sub-grain formation should not have 
been introduced by sample preparation. Although this cannot ultimately 
prove the formation of bcc martensite, the related high dislocation 
density in R2 – which can be attributed to a certain martensite 
morphology [24] – hence supports its formation. 

Martensite formation during cooling consequently implies that the 
strong grain refinement in R2 was not present in the as-exposed 
microstructure. Accordingly, the as-exposed grain size of parent 
austenite is expected to be significantly larger, even though it likely 
remained considerably smaller than grains in the ferritic bulk. Addi-
tional implications of present phase transformations will be discussed 
considering grain boundary diffusion and the oxidation behavior below. 

3.4. Oxidation behavior 

Results showed that silicon-rich Laves phase does not precipitate in 
the interdiffusion zone, which is expected to affect the oxidation 

Fig. 7. Phase fraction diagrams calculated by Thermo-Calc from elemental quantifications for as-cooled bcc areas: (a) high Ni content, EDX area 2 in 441-Ni-FC and 
(b) low Ni content, EDX area 4 in 441-Ni-FC. 

Fig. 8. Orientation map with inverse pole figure (IPF) color key in normal direction (ND) corresponding to area shown in Fig. 2 a.  

L.S. Cavichiolo et al.                                                                                                                                                                                                                           
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behavior of silicon. Niobium enrichment at the scale/alloy interface 
provides preferential nucleation sites for Laves phase precipitation 
attributed to a chromium-depletion-induced niobium activity gradient 
[22]. The present chromium depletion is likely enhanced by the inter-
diffusion zone due to the imposed chromium gradient (cf. Tables 3 and 
4) and the substantially lower chromium diffusivity in austenite 
compared to ferrite, as was suggested for similar precipitates (δ-Ni3Nb 
type) elsewhere [25]. The associated uphill diffusion of niobium, 
together with a higher niobium solubility in austenite compared to 
ferrite [15], then likely contributes to the observed depletion of Laves 
phase in the interdiffusion zone. Attributed increased amounts of un-
bound silicon lead to a thick Si-rich oxide (cf. Figs. 2, 5 a, and 6), which, 
however, does not form a continuous layer. It should be noted that a 
continuous Si-rich oxide would be highly undesired for an IC material 
since it is frequently accompanied by an increased tendency for oxide 
spallation during thermal cycling and an electrical conductivity of 
magnitudes lower than for chromia in the temperature range of SOC 
operation [26]. Reasons for the present discontinuous and hence non- 
detrimental morphology of Si-rich oxide can be understood from early 
stages of exposure (441-Ni-Q-900). In this sample, the oxide formed 
exclusively in the austenitic Ni(Fe)-γ layer. This layer transforms from 
the steel-surface-adjacent nickel coating during the upward diffusion of 
elements such as Fe, Cr, and Si. This transformation occurs without a 
change in the crystal structure as both the initial nickel coating and the 
austenitic Ni(Fe)-γ layer are fcc. Slow silicon diffusivity inside fcc grains 
throughout heating and subsequent exposure therefore enforces silicon 
diffusion along grain boundaries and, consequently, intergranular 
oxidation. 

The experimental results additionally showed that despite consid-
erable Cr depletion inside the interdiffusion zone, a thin and protective 
oxide scale is present on nickel coated AISI 441 steel. Typically reported 
threshold values for protective chromia scale retention correspond to 
16–20 wt.-%Cr in ferritic stainless steel [26,27]. At lower values, 
detrimental iron breakaway corrosion might occur, that for ICs used in 
SOC stacks can result in loss of contact at the interface to cell compo-
nents and sealants and consequently lead to hard failure of stacks. Due to 
slower chromium diffusion in the present (almost) single austenitic 
interdiffusion zone, higher threshold values would be expected to ensure 
a protective chromia scale. Chemical analysis, however, quantified 
chromium contents in the interdiffusion zone as low as 10.4 wt.-%Cr (cf. 
Table 3 for 441-Ni-FC), while surprisingly, no iron oxidation was 
observed for the here tested short exposure of 200 h. Consequently, it is 
not straightforward to explain the retention of a protective chromia 
scale. 

The role of grain boundary diffusion might be a paramount factor in 
this regard considering slow bulk diffusivity in austenite, particularly at 
relatively low exposure temperatures of 750 ◦C. A smaller grain size is 
known to reduce the effective slow diffusion path inside austenitic 
grains and enhances both silicon and chromium transport to the surface 
by grain boundary diffusion [28]. In this study, the as-exposed austenitic 
interdiffusion zone was attributed to a moderate grain refinement 
compared to the ferritic bulk. With regard to silicon oxidation, on the 
one hand, this refinement during the here applied exposure of up to 200 
h (441-Ni-FC) did not result in the growth of local Si-rich oxide towards 
a continuous layer. Future studies are intended to explore the long-term 
stability of the discontinuous morphology, which is likely affected by the 
in-depth diffusion of nickel and the associated change in both grain size 
and silicon contents in solid solution. On the other hand, the role of 
chromium diffusion along grain boundaries can be concluded from 
chemical element analysis in the bulk of the steel. Results revealed 
chromium contents up to about 18 wt.-%Cr directly beneath the inter-
diffusion zone, being higher than the bulk chromium contents in the 
unexposed steel (cf. Table 1). Therefore, this suggests that despite 
moderate grain refinement, the interdiffusion zone remains rate-limiting 
for Cr diffusion. 

Another possible factor in explaining scale retention could be the 

presence of Si-rich oxide below chromia that, even in the case of the 
present discontinuous morphology, can act as a partial diffusion barrier 
for reacting elements (Cr and O) and, by that, reduce chromia scale 
growth [28,29]. A similar effect might be ascribed to Laves phase for-
mation [30] or a combination of Nb oxidation and Laves phase forma-
tion at the scale/alloy interface [31], which, however, can have 
additional detrimental effects on scale adhesion [32]. Present results are 
inconclusive to ascribe effects to Laves phase formation or minor 
element oxidation at the scale/alloy interface, and more detailed future 
studies are intended. 

Finally, the above-described destabilization of austenite at the cost of 
local ferrite formation during exposure and martensite formation during 
cooling could affect the oxidation behavior. On the one hand, during 
long-term exposure, the former should continuously reduce adverse ef-
fects associated with austenite, as the ferritic phase results in a higher 
match in CTE to cell components, faster diffusion inside grains, and 
higher chromium solubility. On the other hand, the role of martensite 
transformation remains unclear but might be related to thermal cycling. 
Thermal cycling to room temperature can be expected in intermediate 
shutdowns during SOC stack operation. When nickel coated AISI 441 is 
used as an IC material, formed martensite might be stabilized when 
heated back to operating temperatures. Like for ferrite formation during 
exposure, this might be attributed to reduced adverse effects associated 
with a lower austenitic phase fraction in the as-exposed microstructure. 
Alternatively, during heating, martensite might be subjected to a reverse 
transformation from C-lean α back to austenite. On the one hand, this 
transformation can be diffusion-based and hence of relatively slow 
growth kinetics such that the refined grain size is likely maintained at 
high-temperature exposure for a considerable time. On the other hand, 
reverse martensite transformation might be subjected to an austenite 
memory phenomenon, implying that the initial parent austenite grain 
size is reconstituted after austenite formation [33–35]. In the latter case, 
no significant grain refinement would be associated with the as-exposed 
interdiffusion zone. It is intended to investigate martensite and reverse 
martensite transformation in future studies. 

4. Conclusion 

In this study effects of a nickel coating on ferritic stainless steel AISI 
441 for the use as interconnects in solid oxide cell stack application have 
been investigated in air. Results revealed interdiffusion between a 
metallic nickel coating (from electroplating) and AISI 441. The in-depth 
diffusion of nickel during high-temperature exposure promotes the 
transformation of the initial α-phase (ferrite) to (almost) single γ-phase 
(austenite) accompanied by chromium depletion, grain refinement, and 
depletion of Laves phase inside the interdiffusion zone and its likely 
enrichment at the scale/alloy interface. Lower nickel contents promote 
the simultaneous presence of both α- and γ-phase further away from the 
surface, whereby austenite may transform to ferrite during exposure at 
lower temperatures (e.g. 750 ◦C) and/or to carbon-lean martensite 
during cooling. Various effects of the observed interdiffusion on the 
oxidation behavior can be postulated and have contradicting implica-
tions on IC performance. Specifically:  

1. The formation of an austenitic interdiffusion zone results in low 
chromium contents in the subscale region of the steel that typically 
would be associated with the risk of extensive corrosion of contact 
points to other components of SOC stacks and hence potential stack 
failure. However, here a protective oxide scale and good contact to 
simulated oxygen electrode (LSCF) are present, which might be due 
to slow chromia growth kinetics associated with preferred Laves 
phase formation and oxidation of minor elements (mainly Si) at the 
scale/alloy interface.  

2. Silicon oxidation is enhanced as Laves phase hardly forms inside the 
as-exposed austenite. On the other hand, slow diffusion in the initial 
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nickel coating as well as in the austenitic part of the interdiffusion 
zone ensures a discontinuous morphology of the oxide.  

3. Martensite formation during cooling is attributed to a moderate 
grain refinement such that the as-exposed interdiffusion zone is rate- 
limiting for chromium diffusion. Consequently, re-oxidation of the 
protective chromia scale might be impaired. On the other hand, a 
moderate grain size hinders the immediate formation of a continuous 
Si-rich oxide, which would result in increased electrical resistivity 
and the risk of oxide spallation in case of thermal cycling during SOC 
stack operation. 
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