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Modeling of Ni Diffusion Induced Austenite Formation in Ferritic Stainless Steel
I nter connects
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Ferritic stainlesssteelinterconnect plates are widely used in planar
solid oxide fué cell (SOFC) or electrolysis cell (SOEC) stacks.
During stack production and operatiamckel from the Ni/YSZ

fuel electrode or from the Ni contact compondiftusesinto the

IC plate causingtransformation of the ferritic phase intn
austeniticpha® in the interface region. This &&companied with
changes in volume and in mechanical and corrosion properties of
the IC plates. In this work, kinetic modeling of the irdéfusion
between Ni and FeCr based ferritic stainless steel was conducted,
using the CALPHAD approach with the DICTRA software. The
kinetics of interdiffusion and austenite formation was explored in
full detail, as functions ofayer thicknesstemperaturetime, and

steel composition. The simulation was further validated by
comparirg with experimental results. Growth of the austenite
phase in commercial interconnect materialpredictedto take
placeunder practicastackoperation conditions.

Introduction

Owing to high temperature stability and relatively low cost, chrefoiening ferritic
stainless steels are widely used as interconnect matersddidnoxide fuel cell (SOFC)

or electrolysis cell (SOEC) stack3his type of steels hagypically a chromium
concentration oR0 - 30 wt.% anda close match of thermal expansiaefficient with

the solid oxide cell (SOC) componerfi3. During high temperature oxidation, a chromia
oxide scale is formed which offers a reasonably good electronic conductivity at
SOFC/SOEC operating temperature @&0PC) (2). For practical appliations,
protective coatings are required especially for the oxygen side, to further improve the
oxidation resistance and the electrical conductivity of the formed oxide. $ecent
progress on alloy and coating developmentféoritic stainless steel farconnectdas
beenreviewedby Shaigan et al. {3

In a so-called planar stack design, a certain numbeplahar SOCs are stacked
together, with shaped interconnects in betwé&éese interconnect plates serve as current
collector and separator foragmeighboring fuel and oxygen electrode compartments of
two adjacent cellsAn intimate contact between the cell component and the interconnect
(IC) plate is therefore essential to ensure optimum cell and stack performamicgy Du
stack production and operation, intéffusion across the cel IC interface takes place,



which under certain circumstances introduces adverse effects on the electrical,
mechanical, and corrosion properties of the IC plates. One representative example is
diffusion of nickel fromthe Ni/YSZ fuel electrode or from the Ni contact component into
the IC plate, while iron and chromium from the steel diffuse in the reverse direction
Diffusion of Ni into the steel causes transformation of the ferritic BCC phasdhato
austenitic FCC lpase in the interface region, accompanied with changes in volume and in
mechanical and corrosion properties of the IC platesumber ofstudies have been
devoted to investigate this process experimentally. Sakai et al. reported patdra of

Ni diffusion into ZMG232 4). Chromium depletion and internal oxidation occurred in
the diffusion zone. Prexidation of the steel was reported to be effective in suppressing
the interdiffusion, but resulted in an increase of the contact resist@heaadakkers and

his coworkers carried out detailed stad on characterizing Ni diffusion and formation

of the austenite phase in lotgym tested SOFC stacks and on nhadgeriments oNi
meshin contact withCrofer 22 APU or Crofer 22 H2, 5).In additionto ausénite
formation of sigmdc) phase was dected in the interface regiofhe experiments were
correlated to the thermodynamics of theGteNi system.Authors of the current work
have previously reported reduced oxidation kinetics ielbitroplated Crafr 22 APU as
compared to uncoated ondg.(This was attributed to slow diffusion kinetics of the FCC
phase (2- 3 magnitudes slower than in BCC). Recently, Harthgj et al. studied Ni
diffusion from the Ni/YSZ fuel electrode into Crofer 22 APU and its erfice on the
contact resistancacross the interfac€7). It was concluded that the intdiffusion
introduces microstructural instability, but also lower electrical resistafuue to
formation of metallic pathwaysgimilar studies have also been conducted by Mikkelsen
et al. (8), who investigated losigrm oxidation behavior and electrical interface
resistance between FeCr alloy sheets and Ni/YSZ plates. Their results show #flat met
bridges exist through the formed oxide scale even after 1 year of testing.

In this work, kinetic modeling of the int@iffusion between Ni and FeCr based
ferritic stainless steel was conducted, using the CALPHAD (CALculation of PHAse
Diagrams) approach with the DICTRA software. To give a full account of the observed
expermental phenomena, the following 3 processes have to be taken into account: inter
diffusion and transformation of ferrite into austenite, oxide scale formation, and
formation ofc phase.The present work focuses on the first process only. Here kinetic
modding of interdiffusion and austenite formation was explored in full detail, as
functions of Ni contact componettticknesstemperaturgtime, andsteel composition
The simulation was further validated by comparing with experimental resultstiGobw
the austenite phase in commercial interconnect materials such as Crofer 22s APU
predicted under practic8OC operation conditiongi.e. in a temperature range of 700
90C°C and a time frame of 1 how5 years etc.)in the current work, the compositi®n
are expressed in either mass fraction or mass percentage.

Experimental and Kinetic Modeling

We have previously reported oxidation kinetics of Ni coated Crofer 22 APU
(ThyssenKrupp VDM, Germany6) in humidified H/N,, The samples conse of 300
um thick Crofer 22 APU flat sheets electroplated with Ni on both sides.oXiuation
study took place at 860 in a mixture o4 % HO + 9 % H + 87 % N for periods up to
2000 hours. In the present work, the postrtem results obtained on the 1 thick Ni



coated Crofer 22 APU oxidized for 200@reemployed to validate the modelingsults

The polished crossection was examined using a Supra 35 scanning electron microscope
equipped with a field emission gun (f&EM, Carl Zeiss).Chemical compositiongere
obtained via an Xay Energy Dispersive Spectrometer (EDS) with further data analysis
using a microanalysis software NSS (Thermo Fischer Scientific Inc.).

The modeling part was carried out using the CALPHAD approach with the Thermo
Calc and DCTRA software (9). The thermodynamics and phase relations of relevant
systems were explored using Ther@alc and TCFE7 database. For kinetic modeling, a
1D diffusion couple was set up (shown in Figure 1), where metallic Ni coatirstenite,
FCC, denoted by in the current workj)s in contact with FeCGbased ferritic stainless
steel(ferrite, BCC,a). The interdiffusion across the interface and the transformation of
ferrite into austenite was modelled usiBg§CTRA in conjunctionwith the MOBFE2
database DICTRA is a software package for simulation of diffusional reactions in
multicomponent alloys. For further detaih DICTRA the readers are referred to the
paper by Borgenstam et al. 10

FeCr-based ferritic
stainless | C steel

Fe,Cr,Mn,...

v/ o interface —>

Figure 1 Schematic illustration of the diffusion couple betweencdhting (left) and
FeCrbased ferritic stainless IC steel (right).

Results and Discussion

Model Experiment of Ni Diffusion into Crofer 28PU

Figure 2 presents a SEM image on the polished s®sson of 13um Ni coated
Crofer 22 APU after 2000 h adkation at 808C. The image was taken using back
scattered electron detector, where difference in contrast or greyness indidatestdif
phaser compositios. As reported previously], the Ni coating remains metallic after
electroplating. After 2000 h oxidation, most of Ni has diffused into the.stesmall
number of Ni particles remains on the surface of the formed oxide scale. The oxide scale
has a thickness of abouty2n and has some tiny Ni particles as inclusidnside the
steel, acontrast difference is found at a distance e76@m from the oxide scale steel
interface indicating either phase and/or compositional chaigee EDS elemental
mapping of the scanned area is shown in Figure 3. The oxide scale consists of mainly Cr
and Mn, corresponding to most likely an outer layer of (Crnypnel and an inner



layer of CpOs, as reported previously6). Inside the steel, the contrast difference
observed in Figure 2 is reflected as change of Fe/Cr/Ni otnat®ns as shown in Figure
3. No secondary phase (egphase) seems to appear in the examined area.
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Figure 2 SEM image on the polished cressction of the oxide scalesteel (Crofer 22
APU) interface. The sample is a 30t thick Crofer 22 APU sheet coated with L&
thick Ni coaing on both sides, further heat treated at’80@ H,+Nx+H,O for 2000 h.

Gre Cr k.

Mn K Fe K Mi K

Figure 3 EDS elemental map on the cresstion of the oxide scalesteel (Crofer 22
APU) interface. The sample is a 30t thick Crofer 22 APU sheet coated with (13
thick Ni coating on both sides, further heat treated at@@®H+N,+H,O for 2000 h.

Based on the obtained area spectra imaging data, an integrated EB&ltineas
then made. The line was drawn perpendicular to the oxide scsikel interface. The
data oer the entire area were then integrated along the line. Figure 4 plots the mass
percentages of Fe, Cr, Ni, Mn from the oxide sea#teel interface into the steel, while
the other elements are excluded. As expected, significant degree diffutgion ook
place after 2000 h at 880. The Ni content is still above 2 wt.% at a distance of +i00
from the oxide scale steel interface, indicating Ni diffuses deeper. There seelnsdo
jump in the Ni content at the distance of @%, in accordance witthe contrat change
shown in Figure 2.
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Figure 4 Integrated EDS linscan perpendicular to the oxide scalsteel (Crofer 22
APU) interface. The sample is a 30t thick Crofer 22 APU sheet coated with 13
Ni coating on both sides, further heat treae80CC in Hy+Ny+H,O for 2000 h.

o

Phase Diagrams of Fer-Ni

The current work focusemn metallic phases of relevant systems.shown in Figure
2, a thin layer of oxide scale formexh each side of the Ni coated steel sample
compared to the 300m thick steel, the oxide scale has a thickness of onlyn4(i.e. 2
um on both sides) and is therefore expected to have a minor influence on the steel bulk
composition.Formation of oxide scale may however have an influence on the local
chemistry at the N Steel interface. This will be considered in future work, when all the
3 processes (intadiffusion and formation of austenite, oxidation, and formatiorns of
phase) will be modelled together. In the present work, the -diffession and
transformation oferrite into austenite across the N&teel interface is modelled. Figure
5 presents the phase diagram ofGfeNi calculated at two different temperaturéd
80C°C, thea phase has rather limited Ni solubility, while th@hase, originating from
pure Ni, has a wide solubility range for both Fe and Cr. The sipbkse region o&
starts from the F€r binary and extends into the ternary, towards thedrcorner. At
900°C, the s singlephase region existsnly in the ternary system The 708C phase
diagram (not shown here) is similar to the one af@p6xcept that the solubility of Ni in
thea phase is slightly higher.

800C :
é“\ 1.00 NI é“\ 1.00 i it
% \.\"'\.. % \.\.__\..
X X
& &
Khas \ Khas \
S g
@0.00- \Cr @0_00_ a \Cr
Fe0.00 025 050 075 1.00 Fe 000 025 050 0.75 100
A MASS_FRACTION CR 4 MASS_FRACTION CR

Figure 5 Phase diagrams of f&r-Ni at 800 and 90C. In the diagrams all the single
phase regions have been marked: BCC (ferrite),y - FCC (austenite), and. The red
triangles indicate -phase equilibriumd+y+c), while the remaining unmarked regions
are 2phase equilibriao+y, y+o, or a+o).



Modeling ofNi Diffusion into Fe 7/ Cry.»3 (Bulk Diffusion only)

As shown inFigure 1, in the current work, a diffusion couple of-Néteel was set up
which mimics the experiments. As thgperimentabample (Crofer 22 APU metal sheet,
300 um in thickness) was coated with Ni on both sides, only biathe sample was
modelled.Crofer 22 APU has about 20 24 wt.% Cr, 0.3- 0.8 wt.% Mn plus some
minor elements (La, Ti, etc.) and Fe as a balad¢ce2,(§. In the current work, first
modeling was carried out on a diffusion couple ofub3 Ni — 150um Fe 7/Crp 23 Here
only bulk diffusion is considered. The composition profiles along the diffusion couple at
different time steps are mented in Figure 6 for periods up to 2000 h at®80MAs
expected, Ni diffuses into the steel while Fe and Cr diffuse in the reverseatirdati
agreement with the thermodyamics (Figure 5), the content of Ni in thghase (the right
part of diffusion couple) is rather low all the way from the interface to the bimimdary,
while the contents of Fe and Cr in thphase decrease continuously.

Y phanE | o phaseI

1.0 S .
LNy Ni
0.8 [y ]

0.6
0.4 % ]
0.2

0.0 | e < —
0.8

S

\1\ a
s

w(Ni)

T
-
1

0.6

T

~ —
~
1

0.4

w(Fe)

0.2 oy .
0.0 L 3 ! s ! ]
0.2

0.1t [ -

w(Cr)

0.0 ~ < ! . ! .
0 20 40 60

Ni Distance, pum Fe€,77Cro2

Figure 6. Calculatedcomposition profilegin massfraction) alonghe diffusion couple of
Ni — Fey 7/Cro 23 heat treated at 880 for periods up to 2000 h. The initial thickness was
13um and 15Qum for the Ni and Rg;LCro23layers, respectively.

Basedon the composition profiles, the Ni diffusion distance can then be evaluated as
the distance from the original/y interface to the point where the Ni content in the
phase reaches below 0.5 wt.%. The results are plotted in Fgua 700, 800, and
90CPC. At 80UC, a Ni diffusion distance af1.6um is obtained from DICTRA modeling,
where only bulk diffusion is considered. Accompanied with idiffusion, the a/y
interface moves towards the right. Figuile plots the thickness of the newly formed
layer as a function of time at 780(C. After 2000 h at 80, a 6.6um thick o (steel)



layer is transformed intq@. According to the experimental results, the Ni diffusion
distance in Crofer 22 APU is beyond 10t for 2000 h diffusion at 86C. DICTRA
modeling seems to undestimate the intediffusion and hence also the accompanied
a—y phase transformatiomvhen only bulk diffusion is considered.
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Figure 7 (a) Calculated Ni diffusion distance afid) thickness of newly formed layer
in the diffusion couple of Ni- Fey 7/Cro.23 heat treated af00-900C for periods up to
2000 h.The initial thickness was 13m and 150um for the Ni and Rg/Cro 23 layers,
respectively. The Ni diffusion distance is defined as the distance betweantitl y/a
interface (i.e. at 0 h) and the position where the Ni content reaches below 0.5 wt.%.
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Figure 8 Calculated Ni diffusion distance and thickness of newly formkger in the
diffusion couple of Ni- Fey 7/Cro23heat treated at 860 for 2000 h. Thénitial thickness
of the Ni layer was varied as 5, 13, 20, 50, 100, andui¥gOwnhile the initial thickness of
the F@ 7Cro2zlayer was 15@m.

In the current work, the influence of layer thickness is verified via DICTRA rragel
Here only the thickness of the Ni coating is varied from 5 topkB0Its influence on Ni
diffusion distance and the thickness of newly forméalyer is shown in Figur8g, for a
diffusion time of 2000 h at 86G. The Ni diffusion distance is not influenced at all, as it
is determined by the diffusion kinetics. The thickness of newly formleger increases
slightly when increasing the thickness of Ni coating from 5 to 13, but remains almost
constant afterwards.

Modeling of Ni Diffusion into Fg;{Cro 23 (Bulk + Grain Boundary Diffusion)

To properly account the experimental data, grain boundary diffusion should be
considered, which isn important andnon-neglectable contributioespeciallyat low
temperatureThe grain boundary diffusion model in DICTRA was then emploii€y.



The grain boundary diffusion is correlated to the bulk diffusion by using the same
frequency factor and modified bulk activation energy, as specified by the equation below:

M9 = M®. exp(Fegos QNRIT) [1]

where M" is the mobility in the grain boundary]®"* and @“* is thefrequencyfactor
andactivation energy in the bullespectively, andreqcs is the hulk diffusion activation
energy multiplier. The total mobility including both bulk and grain boundary diffusion is
then formulated as:

Mo = §/d- M + (1- 8/d) - MPUK [2]

wheres, d, andM®* arethe grainboundary thicknesghe grainsize as a function of
time and temperatureand the mobility in the blk, respectively. The grain boundary
diffusion model in DICTRA requires three input parametéisics 6 and d.In the
current work, grain boundary diffusion is considered for bottuthedy phasesA grain

size of 50 and um was adopted for the andy phase, respectively, according to the
results reported by Garelxesnillo et al. Z). The grain boundary thickne8svas set as
0.5-10'° m, as recommended by DICTRA. Thaillb diffusion activation energy
multiplier Reqcs Was varied between 0.5 and OThe best fit to the experimental data
(shown in Figure 9a) was achievedrRaiycs = 0.65 for botha. andy phasesFigure &
presents the calculated composition profile in comparison with the experimesnils
obtained from the present work (Figureg)2 As shown in Figures-2, after 2000 h at
80C0°C, most of Ni has diffused into the steel and the original-Isieel interfacds
replaced by the oxide scalesteel interface. This point was then set as “distance zero” as
for the experimental data points. As shown in Figure 9, with the chosen parameters, the
DICTRA modeling results are in reasonable agreement with the experinwer@sl
Distinct jumps are clearly shown in the concentration profile, which corresponds to the
two endpoints of the two phasan equilibrium (Figure 9b). Thephase layer has grown

to 63 um in thickness (including the initial 13 pNi coating. By plotting the
composition profile onto the ternary phase diagram, the diffusion path at different time
steps can be illustrated. Bhs shown in Figure 9b. Four time steps are included: 1 h, 100
h, 2000 h, 5 years. At time = 0 h, the diffusion pstéirts from pure Ni and travels
through they singlephase region all the way to they two-phase region and ends at the
composition Fg;Cry23 The change to the diffusion path with time happens mainly in
the y singlephase region, which is due to its wide composition range and slower
diffusion kinetics (twoorders of magnitudes slower than that of thehase). The
diffusion path in thex+y two-phase region moves slowly towards the/+c threephase
triangle. After 5 years, the diffusion path more or lesaaides with thent+y side of the
atyto threephase triangle. Thermodynamic calculations suggest that the equilibrium
state of the giensystem(13 um thick Ni + 150um thick Fe 7/Cro 23 is ay+oc two-phase
mixture. The diffusion process should then continue with formation ofctiphase and
disappearance of the phase. The diffusion path will travel through ihey+c three
phase triagle and end in the+o two-phase region. To successfully model the entire
process, diffusion in mulphase mixtures should be properly accoumbedThis will be
presented in the future.
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Figure 9.(a) Left: Calculated composition profiles (in masadtion) along the diffusion
couple of Ni— Fey71Cro23 heat treated at 800 for periods up to 2000 h. The initial
thickness was 13m and 150um for the Ni and Rg/Cro 23 layers, respectivelyBoth
bulk and grain boundary diffusion are considered. &merimental data points are from
the present work (Figure 4). Mn was exdaddin calculating mass fractio(ly) Right:
diffusion path at 1 h (black), 100 h (red), 2000 h (green), 5 years (blue}isymsed
onto the FeCr-Ni phase diagram at 88D.

Modeling of Ni Diffusion into Crofer 22PU (Fe& 75Cro.23VINg wos)

Mn is also an important component of Crofer 22 APU, with a tymicatentof 0.3—
0.8 wt.%. lIts influence on intatiffusion and austenite formation is furthrgiscussed in
the following A diffusion couple of 13um thick Ni— 150um thick Fey 765Cro.2dVINg 005
(representing Crofer 22 APU) is set up and diffusion is allowed &C8fa® 2000 h. The
composition profile along the diffusion couple is plotted in Figure 10, along with that in
Ni - Fey 77Cro23 The two cases show very similar results, except that 0.5 wt.% Mn in the
steel seems to promote the— y transformation slightlythoughthe difference is rather
small. Besides, Mn tends to enrich at the left boundary of the diffusigulecowe. invy
phase)

08 r——T——T T ——1 ]
0.7 - Fe
0.6 £ ]
05 [ .
0.4 F ]
03[ cr A
02 F f ]
0.1F .
0.0 from--mom e

0 40 .~ 80 120 160
Distance, um

Mass fraction

Figure 10. Calculated composition profiles (in mass fraction) along the diffusioresoupl
of Ni — Fey 7/Cro 23 (solid lines)andNi — Fey %5Crp 23VINg gos (dashed linesheat treated at
80C°C for 2000 h. The initial thickness was 18 and 15Qum for the Ni and~ey7/Cro .23

or Fey 77Crp.2VINg gos (Crofer 22 APU) layers, respectiveBoth bulk and grain boundary
diffusion are considered.



Conclusions

In the current work, the intetiffusion between Ni and ferritic steel intermects was
investigated by botexperimentsandtheoretical diffusion modeling employing DICTRA
software and databaseBhe experimental results show that after 2000 h af@G00
diffuses more than 10Qm deeper into Crofer 22 APUDICTRA modeling give a
proper account of the experimental results on {di#usion and accompanied — v
phasetransformationwhen bothbulk and grain boundargliffusion are considered. The
inter-diffusion between Ni and Crofer 22 APU observed in the current work carelbe w
explained by the thermodynamics and kinetics of th€FNi system. The small amount
of Mn in Crofer 22 APU seems to promote the»> y transformation slightlyDICTRA
modeling further predicts enrichment of Mn towards Nie present work provides a
proper account of the thermodynamics and kinetics etdil inter-diffusion and in
addition provides input to further analysis of associated changes in the mechadical a
corrosion properties of the IC plates.
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