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Abstract This research is focused on the study of the samples, approximatively 15 x 30 mm® sized, that were

mechanically cut from two sheets (0.4 and 0.2 mm thick, respectively) of AISI 444 Type ferritic stainless steel (FSS) (DIN
1.4521, Eu designation X2CrMoTi18-2); this material was in the ‘as-rolled’ state. Part of these specimens were treated
superficially on one side using abrasive SiC papers with different average grit sizes (i.e., 46.2, 30.2, 18.3 um) and diamond
suspension (up to 1 um) in order to obtain various surface roughness. Both the ‘as-rolled’ and superficially treated samples
were then aged in a muffle furnace in static air according to a thermal cycle corresponding to the curing phase of an
experimental glass used as sealing in the solid oxide fuel cell stacks. After aging, the chemical compositions and mor-
phological peculiarities of the scale formed depending on the thickness of the samples and their surface state were studied
by scanning electron microscopy, energy-dispersive spectroscopy, micro-Raman spectroscopy, bright field light optical
microscopy. The obtained results show that all scales formed consist of an inner Cr,O5 subscale and an outer (Mn,Cr);04
spinel layer; the relationship between FSS grain size and scale microstructural features is consistent on the samples with
mirror-like surface only; the scale thicknesses on SiC grinded samples are comparable; the scales covering the ‘as-rolled’
surfaces are morphologically similar to those grown on the surfaces finished with the 30.2 and 18.3 um SiC papers, and
their thicknesses show an intermediate situation between the abraded and the mirror-like specimens. The last described
characteristics depend mainly on the surface and microstructural peculiarities resulting from the rolling process.

KEY WORDS: AISI Type 444; SOFC stacks; Surface roughness; Microstructure; Surface finishing; High-
temperature oxidation
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interconnects for stacking IT-SOFCs since they exhibit
adequate prerequisites: similar thermal expansion coeffi-
cient (TEC) to the other ceramic parts of the fuel cell,
excellent formability, affordable cost and the formation of
a comparatively conductive and protective Cr,O5 scale in
the presence of oxidant (this is the case of chromia-former
steels containing over 15 wt% Cr) [9, 11-15].

Nevertheless, under SOFC operative conditions and a
planned service of 40,000 h they show an unacceptably
low oxidation resistance; the formation of volatile Cr(VI)
containing species [e.g., CrO; and Cr(OH),0,] from oxi-
dation of chromia in the interconnect; and their reduction at
the cathode three-phase boundary (TPB) to form Cr,O5
[14, 16, 17]. Cr poisoning represents one of the main
drawbacks to the use of chromia-forming metallic inter-
connects; in fact this phenomenon causes a reduction in the
cell performance in terms of a decreased catalytic activity
and an increased ion transport resistance at the cathode—
electrolyte interface [1, 16-19].

Specific alloy compositions (e.g., Crofer 22 APU) and
numerous coatings (e.g., reactive element oxides, conduc-
tive perovskites, conductive spinels and conductive com-
posite spinels) were designed in order to limit the
aforementioned problems, particularly for the oxidizing
environment of the cathode side [18, 20-24].

The oxidation behavior and oxide scale properties of
FSSs can even be influenced by means of alloy
microstructure and/or surface treatments (e.g., polishing
and grinding) which lead to the modification of the alloy
surface roughness [18, 25].

The effect of alloy grain size on the formation of a
protective external scale on chromia-forming steels was
deeply studied by several authors [15, 21, 26-31]. Specif-
ically, chromia-forming alloys with small grain size are
characterized by a high density of grain boundaries; in this
condition, the formation of a protective Cr,O; layer is
facilitated because of the high diffusivity of Cr along the
aforementioned planar defects [15]. The influence of sur-
face roughness has been partially investigated, instead
[25, 32].

This paper arises from the results achieved by the
authors [33]. In this work, the aging according to different
thermal cycles of many ‘as-rolled’ K44M-based sheets
with two thicknesses (0.6 and 1.5 mm) and different sur-
face roughnesses (higher in the case of the thinner foils
because of the further rolling process) highlighted that: a

double scale with an inner chromia-rich subscale and an
outer (Mn,Cr);04 spinel layer are formed; the latter is
continuous in the case of thin samples and discontinuous in
the case of the thick ones [33].

In order to understand whether and at which extent the
microstructural characteristics of the metallic substrate
(i.e., grain size) or its surface roughness influence the
features of the formed scales, the authors carried out the
study report hereafter.

The oxidation test at the basis of this research repro-
duces the first step of the operative conditions of a stack
that is the thermal treatment applied for the curing of the
glass sealing. In the simulated thermal treatment, the
atmosphere was the steady laboratory air and no current or
mechanical load was applied, as is the case for glass
sealing process [34]. The experiment was performed with a
commercial FSS, i.e., AISI Type 444. This material has
been already used for stacking or simulating stacking of
SOFC [17] since it matches all properties requested to an
interconnect [35].

2 Materials and Methods
2.1 Materials

The studied samples, approximatively 15 x 30 mm? sized,
were mechanically cut from two sheets (0.4 and 0.2 mm
thick, respectively) of AISI 444 Type FSS (DIN 1.4521, Eu
designation X2CrMoTi18-2) provided by A. P. Steel Srl
(Genoa, Italy) in the ‘as-rolled’ state; the FSS nominal
composition is shown in Table 1.

The selected FSS is used in applications where an
excellent stability in critical environments such as high-
pressure water vapor is demanded: steam condensers, heat
exchangers, boilers and evaporators, vessels, fumes and
pipes, chimney lines, hot water tanks and automotive
components [36].

Niobium and titanium act as stabilizing elements of
carbon and nitrogen, by inhibiting chromium carbides or
nitrides precipitation and thus avoiding, at high tempera-
ture, Cr depletion at grain boundaries; this would increase
the sensitivity to oxidation of the ferritic matrix nearby the
precipitates (i.e., grain boundaries between carbides and
the metal) causing a decreased oxidation resistance
[37-39].

Table 1 AISI 444 nominal composition (wt%) according to A. P. Steel Srl

C Si Mn Cr Mo

N S P

Ti + Nb Fe

0.013 0.54 0.24 17.63 1.87

<0.02

<0.02 <0.03 0.48 Bal.
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Table 2 Description of studied samples prior to oxidation test

Samples GA-GB
ISO/FEPA grit designation* (average grit size in pm)**

Description of the applied surface treatments

Figures

‘As rolled’

P320% (46.2 pm)**

P500% (30.2 pm)**

P1000* (18.3 pm)**

1 pm

Abraded with a P320 SiC paper

Abraded with a P500 SiC paper

Abraded with a P1000 SiC paper

Polished up to 1 pm diamond suspension

139UV
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2.2 Surface Treatments

Two groups, each containing FIVE rectangular coupons,
were formed and named, respectively, Group A (GA, 0.4-
mm-thick specimens) and Group B (GB, 0.2-mm thick
specimens). The samples were then treated superficially on
one side as described in Table 2.

The samples discussed in this paper are each one rep-
resentative of a set constituted of 20 specimens. For each
set, several surface treatments attempts were carried out in
order to define the best and reproducible parameters of the
experimental work.

Before performing the oxidation tests, part of the sam-
ples were polished according to standard ASTM E 3_95 up
to 1 um diamond suspension, part superficially treated with
different abrasive papers and finally ultrasonically cleaned
in petroleum ether and rinsed with ethyl alcohol; the
samples named ‘as rolled’ were only ultrasonically cleaned
in petroleum ether and then rinsed with ethyl alcohol.
Table 2 shows a short description of the applied surface
treatments and pictures of the studied specimens.

According to the applied surface treatment, the speci-
mens were then named as follows: GA ‘as-rolled,” GA
46.2 pm, GA 30.2 pm, GA 18.3 um, GA 1 pm; GB ‘as-
rolled.” GB 46.2 pum, GB 30.2 ym, GB 18.3 pm, GB
1 pm.

2.3 Aging

All the samples were oxidized inside a muffle furnace, in
static air, according to the thermal cycle of Fig. 1. This
corresponds to the curing and sintering process of an
experimental glass base powder used to seal the air and fuel
compartments in the SOFC stack. Sloped intervals have a
heating/cooling rate of 2 °C/min.

After the oxidation test, the oxidation behavior of ‘as-
rolled’ and ‘superficially treated’ samples was evaluated by
scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDX), micro-Raman spectroscopy (URS),
and bright field light optical microscopy (LOM-BF).

T
930° C )
10h \M0min 850°C
50 h
7 h 45 min 7 h 5 min

Fig. 1 Applied thermal cycle
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Specifically, the attention was focused on the study of the
chemical and morphological peculiarities of the thermally
grown oxides (TGOs) and on connecting the collected data
with the microstructural and superficial characteristics of
the metallic material.

2.4 Post-experiment Characterization

The surfaces and the cross sections of all the oxidized
samples were analyzed by SEM equipped with EDX. SEM
micrographs, showing the morphology of the scales and the
elements distribution, were obtained using an acceleration
voltage of 20 kV and secondary (SE) and backscattered
electrons (BSE) detectors, respectively. The EDX micro-
analysis was performed with a Pentafet detector sensitive
to light elements and connected to INCA 300 software,
using an implementing time of 50 s and applying ZAF 5
correction.

During the cross section preparations, in order to pre-
serve the formed scales, the specimens were first copper-
plated and then hot-mounted in conductive resin for met-
allography. The cross sections were then polished accord-
ing to standard ASTM E 3_95 up to 1 um diamond
suspension.

On the basis of SEM-EDX results, a selection of the
specimens was characterized ‘as aged’” by pRS. This
analysis was carried out with a Renishaw System 2000
spectrometer equipped with a Peltier-cooled CCD detector
and coupled with a Leica microscope. The red line at
632.8 nm of a He-Ne laser was used as the excitation
source, with laser power kept as low as possible (i.e., from
10 to 50% transmittance), to avoid sample damage. The
measurements were carried out using the following
parameters: 50x objective; recording range from 800 to
200 cm_l; integration time 10 s; number of accumulation
from 1 to 25 depending on the samples. Measurements
were repeated on different points of the scales surface. To
identify the chemical composition of the TGOs, the
experimental spectra were compared with data published in
the literature [40—45].

The FSS microstructural features were highlighted in
cross section, before and after the oxidation tests in the ‘as-
rolled’ and surface-treated conditions, by etching with
aqua regia (HNO3z/HCI/H,0 3:10:10 volume ratio).

Grain sizes of the etched samples were measured by the
linear-intercept method (ASTM E112-85) using a Leica
MEF 4 metallographic microscope equipped with a com-
puterized image analysis software (Zeiss Axiovision 4) and
25x%, 50x, 100x, 200x, 500%, 1000x objectives.

The thickness of the oxide scales grown on the ‘as-
rolled’ and ‘superficially finished’ samples was measured
on BSE micrographs (10,000x magnification) by a com-
puterized image analysis software (Leica QWin), and
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finally, the measurements of the diameter of TGO crystals
were performed with the computerized image analysis
software Fiji ImageJ 1.47 h.

3 Results
3.1 Surface Morphology Before Aging

SEM-SE analyses were performed on surfaces of the
samples both groups, i.e., GA (0.4 mm thick) and GB
(0.2 mm thick), in order to qualitatively evaluate the fea-
tures of the metallic substrate (i.e., roughness) as a con-
sequence of the applied surface treatments.

Figures 2 and 3 show, respectively, the surfaces of the
superficially treated and ‘as-rolled’ samples before the
oxidation test. The density of surface irregularities
increases in a directly proportional way to the average grit
size of the used abrasive papers (Fig. 2). The ‘as-rolled’
0.2-mm-thick specimen (Fig. 3b) exhibits more evident
and denser marks due to the rolling process compared to
those characterizing the surface of the 0.4-mm-thick
specimen (Fig. 3a).

3.2 Surface Morphology and Chemical Composition
After Aging

The nature and the shape of the oxide crystals grown on the
surface of all samples were observed by SEM before per-
forming the procedure of cross section preparation.

Figures 4, 5, 6, 7 and 8 show the morphological char-
acteristics of the oxide crystals of GA samples according to
the different surface finishing applied. These pictures are
also representative of the peculiarities of those formed on
the surfaces of GB samples.

After the aging, the surface textures related to the fin-
ishing procedure (i.e., rolling process, grinding with 46.2,
30.2 and 18.3 um papers) are still clearly visible (Figs. 4,
5, 6, 8).

The samples treated with the different abrasive SiC
papers are characterized by dense oxides layers where
well-defined crystals are easily detectable; they are placed
mainly in correspondence with the top of the projecting
areas (Figs. 4, 5, 6). Smaller oxide crystals with a less
defined morphology are also visible (Figs. 4, 5, 6).
According to EDX microanalysis, the well-facet crystal-
lites are mainly constituted by Mn, Cr and O (possibly the
spinel phase, MnCr,0,), while the small oxide crystals by
Cr and O (probably the corundum phase, Cr,03) (Fig. 9;
Table 3).

The appearance of the samples polished up to 1 pm
diamond suspension is completely different. Their surfaces
are quite smooth, and FSS grain boundaries are visible and
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Fig. 4 SEM-SE micrographs showing the surface of the sample GA 46.2 pm at different magnifications: x1500 a, x15,000 b

highlighted by the presence of larger oxide crystals with  grain boundaries, the surface of these specimens exhibits
the following elemental composition: Mn, Cr, O (Figs. 7a,  mainly small crystals with homogeneous dimensions
b, 10; Table 4). Except for the few large crystallites at the  principally constituted by Cr and O (Fig. 10; Table 4).
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Fig. 8 SEM-SE micrographs showing the surface of the sample GA ‘as rolled’ at different magnifications: x1500 a, x15,000 b

@ Springer
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Spectrum 2

3 Spectrum 1

5T

y Spectrum 3

4

Fig. 9 SEM-SE micrograph of the sample GA 46.2 pum; spot and
areas of EDX analysis

Table 3 Results of EDX analysis (at.%), sample GA 46.2 um

Spectrum (0] Cr Mn
Spectrum 1 44 37 19
Spectrum 2 44 48 8
Spectrum 3 28 41 31

P 7 Spectrum 4
WSpectrum 3 e
e +

Spectrum 1

»

Wiy

Fig. 10 SEM-SE micrograph of the sample GA 1 pm; spots and
areas of EDX analysis

Table 4 Results of EDX analysis (at.%), sample GA 1 um

Spectrum (0] Cr Mn
Spectrum 1 56 35 9
Spectrum 2 46 35 19
Spectrum 3 46 35 19
Spectrum 4 60 28 12

A dense oxide layer constituted by small crystals
(Fig. 11) with the composition shown in Table 5 covers the
surface of ‘as-rolled’ samples; from this layer, clusters of

Spectrum 5

Spectrum 2 Spectrum 1

Spectrum 4
—

Spectrum 3
WS LD

Fig. 11 SEM-SE micrograph of the sample GA ‘as rolled’; spot and
areas of EDX analysis

Table 5 Results of EDX analyses (at.%), sample GA ‘as rolled’

Spectrum (0] Cr Mn
Spectrum 1 59 33 8
Spectrum 2 59 33 8
Spectrum 3 59 27 14
Spectrum 4 52 32 16
Spectrum 5 51 36 13

crystallites characterized by an higher Mn concentration
arise (Fig. 11; Table 5).

By the sole surface observation, it seems that the spinel
layer does not completely cover the chromia-based layer.
This situation was already noticed by Magdefrau et al. [21]
after 750 h of high-temperature oxidation test of Crofer 22
APU. However, in this case, only the cross section inves-
tigations can give a more detailed vision of the spinel oxide
distribution over the chromia scale.

By measuring the average size of spinel crystals forming
the TGO layer, it is possible to highlight a correlation
between such a measure and the applied surface finishing.
From the graph of Fig. 12, which is the representative of
both groups of the samples, it is evident that the higher the
concentration of nucleation sites (i.e., geometrical defects
left in the abrasion traces) on the surface, the smaller the
size of the spinel crystals formed. This is coherent with the
number of nucleation sites, which is lowering when the
number of superficial defects left by the surface treatments
diminishes. A limited number of nucleation sites corre-
spond then to a grain growth phenomenon more important
than grain formation. From the diagram of Fig. 12, it is
even possible to deduce that the oxidation behavior of ‘as-
rolled’ samples is close to that of the samples treated with
the 30.2-um abrasive paper.
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0.607
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0.50
0.45 -
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0.35 1
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0.10 1
0.05 1
0.00 -

Crystal size (um)

Asrolled 46.2  30.2 18.3 1
Average grit size (um)

Fig. 12 Average size of surface crystals grown on GA samples
3.3 Cross Sections Characterization

Different analyses were performed on all samples cross
sections (i.e., SEM-BSE, LOM-DF, EDX microanalysis
and pRS) in order to highlight the morphological and
chemical peculiarities of the TGOs as the adherence to the
FSS substrate, the presence of cracks, the thickness and
finally the chemical composition.

3.3.1 TGO Thickness Measurements

As it is possible to note by observing BSE micrographs
showing samples cross sections after the short-term oxida-
tion test (Table 6), the oxide scales are all adherent to the
FSS substrate and the profiles of the metallic surfaces appear:

1. rough, with grooves and projections, when the various
abrasive SiC papers were used;

2. quite smooth in the case of the application of
treatments as cold rolling and polishing up to 1 um
diamond suspension.

The average thicknesses of the TGOs formed on the
samples are in the same range, with the exception of
sample GA 1 um (Table 7).

To better use the TGO thickness data, a statistical dis-
tribution was made and the percentage frequency of
thickness values compared in the graphs of Fig. 13. The
thickness distributions result comparable for GA and GB
samples abraded with the 46.2, 30.2 and 18.3 pm SiC
papers (Fig. 13a—c). It is worth noting that, inside this
group of the samples, the thickness distributions of those
finished with the 30.2 pm SiC paper are slightly shifted
toward lower values (Fig. 13b).

The thickness distributions of GA and GB coupons
polished up to 1 pm diamond suspension (Fig. 13d) rep-
resent a characteristic case, since they clearly diverge.
Moreover, the thickness of the oxide scale grown on GA
sample is lower if compared to those of GB (Fig. 13d).

@ Springer

In the case of ‘as-rolled’ specimens it is possible to note
a slight difference in the distribution of the thickness with a
shift of the average values coherent with what was
observed for the samples polished up to 1 pm diamond
suspension. A different oxidation behavior connected with
the samples thickness starts to be visible only for FSS
sheets characterized by a low surface roughness (i.e., 1 pm
diamond suspension and ‘as-rolled’ samples).

Taking into account graphs of Fig. 13 again, it is pos-
sible to infer that the superficial roughness strongly influ-
ences the FSS oxidation behavior. In effect, the TGO
thickness distributions of all the superficially treated
specimens belonging to both groups follow the same trends
which are affected only by the selected abrasive papers. In
this particular case, the presence of superficial imperfec-
tions seems to have more consistent effect, on the scale
growth, than other specimens peculiarities (e.g., the FSS
microstructure). As it is known, an increase in surface
defects corresponds as well to an increase in the surface
area and of the preferred nucleation sites [20].

3.3.2 FSS Microstructural Characterization

In order to further contribute to the discussion of the
observed phenomena, the microstructural features of the FSS
substrate were studied before and after the oxidation test in
the ‘as-rolled’ and surface-treated state (Table 8; Figs. 14,
15).

Due to the texture resulting from the cold rolling pro-
cess, the grain size was measured on the longitudinal cross
section (parallel to elongation) and on the transverse cross
section (orthogonal to the rolling direction).

The oxidation process can be considered as a thermal
treatment carried out at high temperature for a quite long
time. During this period, it is possible to observe the
evolution of the grain size.

Assuming that the oxidation test was carried out at
temperatures higher than the recrystallization temperature,
a number of phenomena took place: recovery, recrystal-
lization and grain coarsening.

Before the thermal treatment, the microstructure of GB
samples resulted too fibrous to allow any grain size mea-
surement. After the thermal treatment, GA samples show a
relaxation of the grain with an increase in the orthogonal
grain size (Fig. 14b), while GB samples are characterized
by a smaller grain size than GA ones (Fig. 15b). This is
coherent with the high amount of cold working accumu-
lated during shaping (Fig. 15a).

In particular, the mechanical treatment applied to reach
the requested thickness (i.e., 0.2 mm) introduced disloca-
tions into FSS and upon heating to recrystallization tem-
perature, a finer-grained microstructure originated [25, 46].
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Table 6 SEM-BSE micrographs of aged samples from group GA (0.4 mm thick) and GB (0.2 mm thick)

Applied thermal cycle: 10 h/930 °C and 50 h/850 °C (Fig. 1)

GA samples (0.4 mm thick) GB samples (0.2 mm thick)

EFITE I
-

SEM-BSE micrograph (magnification 10,000x), sample GA 18.3 um SEM-BSE micrograph (magnification 10,000x), sample GB 18.3 pm

SEM-BSE micrograph (magnification 10,000x), sample GA 1 pum SEM-BSE micrograph (magnification 10,000x), sample GB 1 pm

SEM-BSE micrograph (magnification 10,000x ), sample GA ‘as rolled” SEM-BSE micrograph (magnification 10,000 %), sample GB ‘as rolled’

3.4 TGO Chemical Characterization gave comparable results, which are summarized in the
following points:
The chemical nature of the TGOs was studied through

EDX microanalysis and 1-RS (Figs. 16, 17). All samples 1. Fe shows limited diffusion into the oxide layer;
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Table 7 Average TGO thickness (um) calculated out of a statistical evaluation of the scale thickness in several different locations across the

cross sections

Surface treatment Samples GA

Average TGO thickness (um) (SD, pum)

Samples GB
Average TGO thickness (um) (SD, pm)

46.2 um* 1.51 (0.44)
30.2 pm® 1.23 (0.39)
18.3 pm® 1.49 (0.49)
1 pm 1.04 (0.19)
‘As rolled’ 1.26 (0.36)

1.50 (0.78)
1.15 (0.28)
1.46 (0.52)
1.17 (0.58)
1.42 (0.20)

* Average grit size of the abrasive SiC paper

Frequency vs Thickness distribution
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Fig. 13 Frequency of thickness distribution in function of the surface treatments, samples GA and GB

2. Cris mainly concentrated in the inner part of the TGO
nearby the FSS substrate;

3. Mn is primarily distributed inside the oxide layer,

mainly in the external part of the TGO;

Si and Ti are mainly segregated at the TGO/FSS

interface.
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p-RS, carried out on different points of all samples cross
sections, allowed to identify the following compounds:
Cr,05; and Mn,Cr;_,04 (Fig. 17) [40-45]. p-RS results
together with SEM observations of cross sections con-
firmed and better specified the biphasic nature of the TGO
scale. All samples, independently from the thickness and
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Table 8 Average grain size (um) measured along and orthogonally with respect to the rolling direction on both group of samples before and
after the oxidation test

Average grain size (um) (SD, pm)

Parallel to elongation Orthogonally to the rolling direction
GA—before oxidation test (Fig. 14a) 24.70 (1.54) 13.32 (0.67)
GA—after the oxidation test (Fig. 14b) 23.07 (1.78) 19.54 (0.95)
GB—before the oxidation test (Fig. 15a) Strongly textured material: no grain size measurements were possible
GB—after the oxidation test (Fig. 15b) 9.98 (0.93) 14.35 (0.58)

Fig. 15 LOM-BF micrographs of the ‘as-rolled’ samples belonging to GB group before a and after oxidation test b, etching with aqua regia

— () GA 30.2 um
= Fe Cu C: Cr,0O,

e Cr S: Mn.Cr,, O,
S C ¢

C

Intensity (a.u)

c
o

800 700 600 500 400 300 200
Raman shift (cm™)

Fig. 16 BSE micrograph of the sample GB 30.2 um with EDX Fig. 17 Raman spectrum of the sample GA 30.2 pm
semiquantitative distribution profiles of elements
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applied surface treatment, show outer and continuous lay-
ers made of (Cr,Mn)304 spinels covering inner layers
made of Cr,0s. The latter are in direct contact with the
metallic substrate.

4 Discussion

The collected data confirmed the expected result of a dual
oxide layer, consisting of an inner Cr,O3 subscale and an
outer (Mn,Cr);04 spinel layer (Tables 3, 4, 5; Figs. 9, 10,
11, 16, 17) [22, 47-53].

Mn—Cr spinels layers are welcome since their presence
improves the overall scale conductivity and Cr stability in
the oxide [52, 54-59]. The latter phenomenon is of dra-
matic importance in SOFC stacks under operation where
Cr,05; further oxidized to CrO3z and Cr(OH),O, causing the
chromium poisoning of the cathode and the pollution of the
sealant [34] and involving a rapid degradation of the cell
performance and a change of stack durability [1, 22].

Si and Ti were also concentrated at the scale/FSS
interface where they, respectively, form silica [60] and Ti-
rich oxides. Their presence is expected in commercial FSS
but, due to their negative effect on the resulting conduc-
tivity, alloying elements are introduced to fix silicon into
Laves phases [61], while Ti forms isolated oxides con-
tributing to limit Cr volatility [1].

The usage of coatings specifically designed to hinder the
Cr poisoning phenomenon is a common solution [5, 22, 62];
however, most of the stack designs apply such solution to a
portion of the metal plates for economic issues. It is therefore
meaningful and interesting to understand how the surface
finishing affects the FSS oxidation process.

This was thus the purpose of the present research
observing the microstructural and morphological peculiar-
ities of the oxide scales (i.e., adherence to the metal sub-
strate, Cr and Mn crystals oxides size, thickness, density)
formed on commercial FSS with two different thicknesses
in correlation with the surface state (i.e., different rough-
ness due to various surface finishing) and microstructural
features (e.g., grain size).

The oxide scales are all adherent to the FSS substrate
with few dark areas localized at the scale/alloy interface
(they are rather visible in micrographs of Tab. 6 showing
the oxide layers of samples GA 46.2 um, GA 30.2 um, GA
18.3 pm, GA 1 pm, GA ‘as rolled’ and GB 46.2 pm). Such
areas were interpreted as a material loss due to the proce-
dure of cross sections preparation.

The absence of micro-defects (e.g., cracks) in the TGO
depends on the application, during the oxidation test, of
suitable heating/cooling rates. This limited the common
causes of contact loss between the oxide layers and the
alloy as growth thermomechanical stresses at the
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scale/substrate interface, and TEC mismatch induced
stresses between the TGO and the metallic substrate
[18, 63-65]. The excellent adhesion is furthermore
increased by the roughness resulting from the applied
surface finishings (Figs. of Table 6) [18, 66].

Grain size of the metallic substrate was measured and
compared between the two thicknesses. The thinner, fur-
ther cold-rolled specimens show as expected smaller grains
(i.e., half-sized) than the thicker FSS specimens. The
decreased grain size derives from recrystallization phe-
nomena occurred during the oxidation process at high
temperatures of the cold worked steel. The Laves phases,
precipitated at the grain boundaries, counteract the grain
growth [67].

The smaller grain size of the thinner FSS samples cor-
responds essentially to a higher density of the grain
boundaries exposed to oxidation at the surface [25, 46]. An
evidence of how the microstructural features affect the
oxidation process at high temperature is provided by the
mirror-like polished samples only. TGO of the sample GB-
1 um is thicker than the one of the sample GA 1 um
(Fig. 13d; Table 7). This suggests, for the thin specimen, a
higher oxidation rate [25].

The density of the grain boundaries on the polished
surface corresponds to a larger number of available oxide
nucleation sites, since the diffusion rate of ions involved in
the scale formation is orders of magnitude faster along the
grain boundaries than across the bulk [21, 56]. Figures 7a,
b, 10 and the results of EDX microanalysis (Table 4)
highlight such phenomenon by showing the presence of
MnCr,0y crystals. Their formation is promoted by the high
diffusivity of Mn ions through chromia (i.e., 1-2 orders of
magnitude faster than grain boundary diffusion of Cr or Fe
in Cr,0O;). The following statement can therefore be
explained: the higher the grain boundary density at the
surface, the larger the number of spinel crystals on top of
the chromia scale [21, 48].

GA and GB samples are both submitted to the high-tem-
perature oxidation process right after cold rolling thus at the
‘as-deformed’ state followed when planned by surface
abrading procedure. As previously stated, GB specimens
were sampled from a sheet resulting from further cold
deformation of GA steel. An increased cold hardening of the
metal matrix resulting in a higher volume density of lattice
defects is therefore expected. It is known that this should
affect the reactivity of the metal substrate once submitted to
an oxidation process. Moreover, the cold rolling process
applies an increase in internal energy (cold hardening) in the
metal with a gradient due to the skill of the metal matrix to
absorb and mitigate the effort. This corresponds to a higher
cold deformation on the superficial volume decreasing when
moving toward the core of the cross section. The micro-
graphs of Figs. 14 and 15 confirm the previous sentences
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showing a more deformed microstructure for GB than for GA
in ‘as-rolled’ samples, smaller grain size for GB than for GA
after oxidation (i.e., resulting from a recrystallization
annealing occurred during th high-temperature oxidation
process), and for both GA and GB samples after oxidation an
even smaller grain size at the external edge of the cross
section. The specimen better showing the effect of the initial
microstructural state on the scale formation are those mirror-
like polished due to the absence of superficial factors
affecting the final result. The two samples are clearly dis-
tinguished, and the higher reactivity of GB polished speci-
men could be justified by both the higher defects density and
the smaller grain size on GB samples. It is, however, worth to
note that: 1) the recrystallization process occurs in the range
500-600 °C (i.e., 1/3 of the melting point) after the recovery
process (i.e., dislocations of opposite sign reciprocal anni-
hilation preceding the nucleation of recrystallization) which
happens at even lower temperature; 2) as previously pub-
lished [33], below 600 °C the formation of TGO on the
surface of such FSS is very low and corresponds to a diffused
nanoscopic layer with some crystals mainly sporadically
distributed on the surface. According to these details one can
assume that the samples recrystallize during the first step of
the thermal treatment (Fig. 1) drastically reducing the
number of dislocations and increasing the grain boundaries
arising to the surface then, at a temperature higher than
600 °C, the scale formation starts and the diffusion process
through grain boundaries become the main source of metal
ions to form the TGO.

The process of abrasion of metallic surfaces produces a
roughness characterized by grooves with width and depth
proportional to the average grit size of the used grinding
papers (Fig. 2; Table 6). The post-oxidation investigation
(Fig. 13) highlighted that for the abraded surfaces the TGO
thicknesses are homogeneous and not affected by the
microstructural features of the metal substrate. The thick-
nesses of the oxide scale start to differ only when the
samples surfaces were polished by 1 pm diamond sus-
pension and in the case of ‘as-rolled’ samples. This sug-
gests that the microstructural features (i.e., FSS grain size
and grain boundaries density) start to affect the oxides
formation when the metal surfaces are treated by papers
with average grit size below 18.3 um, i.e., the finest grit
size used during the finishing procedures.

As a consequence of the grinding process, the surface
has a specific roughness due to the grain size of the silicon
carbide on the paper. The external edge is nearly amor-
phous with a nearly complete loss of crystalline lattice and
with a strong tendency to reach the recrystallized steady
state under thermal treatment. Such an amorphous super-
ficial layer is characterized by the highest structural defects
concentration [25] (acting as short circuit of diffusion) and
a larger reacting surface. Both aspects affect the scale

formation by speeding up the TGO nucleation and growth
processes. It is worth to note that this effect is limited to the
first heating stage while the top layer is still amorphous.
Above 600 °C, as previously stated, the whole sample is
recrystallized with eventually smaller grains at the external
edge. This corresponds to an increased number of grain
boundaries arising to the surface which contribute effec-
tively to the final formation of the scale. Starting from this
stage, mainly the grain boundaries act as short circuit of
diffusion bringing the needed metal ions (i.e. Mn, Cr) to
the TGO.

Taking into account the graphs of Fig. 13, the ‘as-rolled’
samples represent an intermediate situation between those
finished with 1 um diamond suspension and those treated
with the abrasive papers. SEM measurements of samples
surfaces and cross sections and the measurements of the
size of spinel crystals allowed for observing that the mor-
phology of TGOs of ‘as-rolled’ specimens can be com-
pared with that of the scales grown on surfaces treated with
the 18.3 um and 30.2 pum papers. In fact, these samples are
characterized by Mn—Cr spinels with quite regular dimen-
sions on the top of dense inner chromia layers.

During the handling of metallic structural materials to
manufacture SOFC stacks, it is necessary to contemplate
all the aforementioned aspects [25]. The formation of a
stable scale on top of not coated areas makes such steel
favorite than other materials. A suitable mechanical surface
treatment or simply the as-rolled surface may thus respond
to such request when the correct FSS is used.

5 Conclusions

This paper explores the high-temperature oxidation
behavior of AISI Type 444 commercial FSS according to
the microstructural features and the applied surface
finishing.

The studied samples (0.4 and 0.2 mm thick) were aged
after the application of various surface treatments (SiC
papers with differing average grit size, i.e., 46.2, 30.2 and
18.3 um) in order to have a controlled and engineered
surface roughness. Up to 1 pm diamond suspension pol-
ishing and ‘as-rolled’” surfaces were also oxidized with the
aim of investigating the two extreme conditions.

The 0.2-mm-thick specimens (Group B, GB) were also
distinguished by a finer grain size due to the further
thickness reduction by cold rolling of the original 0.4-mm
FSS sheets (Group A, GA).

The surface roughness increases proportionally with the
average grit size of the used grinding papers, whereas the
‘as-rolled’ surfaces appear quite smooth, namely in an
intermediate situation between a mirror-like surface and a
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surface grinded with a 18.3 pm abrasive SiC paper.The
gathered data allowed for the following conclusions:

1. all samples are characterized by TGOs consisting of an
inner Cr,O;5 subscale and an outer (Mn,Cr);0,4 spinel
layer;

2. only mirror-like polished samples show the evidence
of the relationship between the FSS grain size and the
scale microstructural aspects;

3. despite the different surface treatments, all FSS
samples are characterized by a comparable thickness
of the TGOs;

4. the ‘as-rolled’ surfaces are characterized by continuous
scales morphologically similar to those grown on the
surfaces finished with the 30.2-pm and 18.3-um SiC
papers; the study of thicknesses distribution shows an
intermediate situation between the abraded and the
mirror-like specimens; the rolling process both created
a nearly mirror-like surface, increased the cold hard-
ening (i.e., lattice defects) and reduced the grain size of
the bulk; the combination of these three aspect
contributes to the formation of a compact scale.
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