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In the present research, the microstructure and oxidation behavior of an Fe-8.26Mn-5.258i-12.80Cr-5.81Ni-
11.84Co shape memory stainless steel (SMSS) was studied at 800 °C in air for up to 120 h. Phase changes and
oxidation mechanism were discussed based on microscopy analyses, thermogravimetric measurements and
thermodynamic simulations. The results show that oxidation exposure promotes the formation of the o, % and
ferrite phases in the metallic substrate. The oxidation behavior follows a parabolic law, with the kinetics of
oxidation being controlled by the Mn,O3 oxide growth in the first hours, and by Mn3;04 and MnCr,04 spinel
growth after 24 h of exposure.

1. Introduction

Austenitic stainless steels are widely utilized in the manufacturing
and assembly of engineering structures to use in chemical and power
generation industries, which involve exposure to high temperatures
[1,2]. In such industrial applications, pipes and plates are generally
joined by welding, which, depending on the adopted procedures, may
impair the performance of the final assembled structure [3]. Given this
potential structural risk, austenitic FeMnSiCrNi shape memory stainless
steel (SMSS) arises as an alternative material for joining pipes and
plates. This new class of materials combines remarkable properties such
as shape memory effect (SME), good corrosion resistance, excellent
mechanical properties and ease of fabrication that can be used by in-
dustries to significantly improve the functionality and durability of
their assembled structures [2,4-6]. According to Dai et al. [7] and Li
et al. [8], the SME exhibited by austenitic FeMnSiCrNi SMSSs can be a
successful economic alternative to conventional welding pipe coupling
processes. Thus, parts of a given structure or component (used in che-
mical or power generation industries) can be joined by the SME of
FeMnSiCrNi SMSS at room temperature, and subsequently, the
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assembled engineering structure could be used in high temperature
environments. Therefore, there needs to be an-depth understanding of
the behavior of these FeMnSiCrNi SMSSs at high temperatures con-
sidering not only oxidation aspects but also microstructural features.

However, it has been reported that during high-temperature oxi-
dation tests carried out for 100 h in air at 800 °C, that the high man-
ganese (Mn) content present in the FeMnSiCrNi SMSSs causes a mass
gain ten times greater than that of conventional austenitic AISI 304 [2].
According to literature [2,9,10], this inferior oxidation behavior is re-
lated to the formation of Mn oxides and Mn-Cr spinels, which exhibit
rapid growth kinetics and are much less protective than a chromium
(II1) oxide [chromia (Cry03)] layer [11].

Since Mn is an essential alloying element for the SME of SMSSs [12],
more research should be performed in order to verify other possible
alloying element combinations that have lower Mn contents with the
intention of improving oxidation resistance without causing a loss to
the SME. Thus, the Fe-8.26Mn-5.25Si-12.8Cr-5.81Ni-11.84Co SMSS can
be an alternative for use in high temperatures because of its lower Mn
content and higher chromium (Cr) content compared to that of con-
ventional Fe-14Mn-5Si-9Cr-5Ni. Furthermore, literature shows [13]
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Table 1
Alloy chemical composition (wt.%).

Material C Mn Si Cr Ni Co Fe

FeMnSiCrNiCo 0.009 8.26 5.25 12.80 5.81 11.84 Bal.

that adding Cobalt (Co) to FeMnSiCrNi SMSSs promotes a decrease in
the stacking fault energy, which is a necessary condition for the desired
improvements to the SME. Nonetheless, very little information is
available about the microstructural evolution and oxidation behavior of
this new alloy at high temperatures. Therefore, this study aims to assess
the microstructure and oxidation behavior of a Fe-8.26Mn-5.25Si-
12.8Cr-5.81Ni-11.84Co SMSS at 800 °C for up to 120 h of oxidation in
air, by means of thermogravimetric measurements, optical microscopy
(OM), scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM) and X-ray diffraction (XRD) analyses.

2. Experimental procedure

The studied alloy was melted in a vacuum induction furnace (VIM),
using high purity iron (Fe), silicon (Si), nickel (Ni), Mn, Cr, and Co.
After melting the alloy, the ingot was first forged at 1280 °C into the
shape of a bar, then it was solution treated for 1 h at 1050 °C and finally
it was quenched in water at room temperature. Table 1 shows the
chemical composition of the studied material obtained by inductively
coupled plasma optical emission spectrometry (ICP-OES). Carbon (C)
was determined by pyrolysis using a LECO CS-444. Cylindrical samples
were cut to a 6 mm diameter and a 10 mm height through electrical
discharge machining (EDM). After cutting, they were ground to 1200
grit with SiC abrasive paper, then measured and finally degreased with
acetone.

Oxidation tests were performed in static air at 800 °C for the ex-
posure periods of 5, 10, 24, 48, 72, 96 and 120 h. The temperature was
chosen based on literature, which has shown that the temperature limit
for air exposure in Fe-Cr alloys containing up to 13 wt.% Cr is around
800 °C [14]. Furthermore, studies show that austenitic steels have good
oxidation resistance when exposed to temperatures below 850 °C
[15,16]. The samples were individually placed into casted alumina
crucibles to avoid mass losses generated by possible spallation of the
formed oxides. After the various exposure times, the crucibles and
samples were taken out of the furnace and cooled down to room tem-
perature air. The mean and standard deviation values of the weight gain
curve were calculated based on the two oxidation tests of each sample.

After oxidation tests, samples were cross-sectioned, mounted in cold
cure polyester resin, ground to 1200 grit with SiC abrasive paper, and
polished with a 1pum alumina suspension. Subsequently, they were
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etched with Vilella’s reagent (5mL 37% HCl +95mL ethanol +1g
picric acid), and also electrochemically etched with 10% oxalic acid
solution by applying a current density of 1 A/cm?® for 90s. The in-
dicated electrochemical etching process using the oxalic acid solution is
known to preferentially attack Cr-rich regions that may be formed when
austenitic steels are exposed to high temperatures [17,18]. The re-
sulting microstructures were first examined by means of OM and then
analyzed in a FEI Magellan 400 L. SEM with an energy-dispersive X-ray
spectroscopy (EDS) system.

In addition, TEM analyses in a FEI Tecnai F20 FEG microscope
operating at 200kV were performed on the microstructure of the
sample oxidized for 120 h. The TEM foils were prepared using the fo-
cused ion beam (FIB) in-situ lift-out technique, with a FEI QUANTA 3D
FEG SEM. EDS in TEM was used for detecting the microchemical
composition of the sample. TEM site-specific sample preparation was
used to directly observe the precipitation inside the grain.

The constituent phases within the microstructure of the solution-
treated samples oxidized for 120 h were then characterized by X-ray
diffraction (XRD), operated with Cu Ka at 50kV and 100 mA, a scan-
ning angle (20) between 20° and 100° and a scanning speed of 2°/min.
Additionally, the oxide layers formed for up to 120 h were character-
ized by XRD.

Finally, the phase changes and oxidation mechanism of the alloy at
800 °C were addressed based on the thermodynamic stability of the
phases predicted by Thermo-Calc software using the TCFE7 database
[19,20].

3. Results and discussion
3.1. Microstructural characterization

Fig. 1(a) shows an optical micrograph representing the solution-
treated sample. The matrix structure is basically composed of austenitic
grains (represented by twins) and martensite-e blocks generated during
sample preparation. Fig. 1(b) shows the XRD pattern of the solution-
treated sample, in which the presence of austenite and martensite-¢
phases are confirmed. Kajiwara [21], Maji et al. [22] and Della Rovere
et al. [23] also observed similar microstructures in Fe-Mn-Si-Cr-Ni
SMSSs.

Fig. 2(a)—(g) shows SEM micrographs of the samples oxidized for 5,
10, 24, 48, 72, 96 and 120 h. During the oxidation process, the for-
mation of a new phase in the structure of the material can be observed,
which initially and preferably precipitates at grain boundaries, and
then becomes generalized throughout the matrix as the oxidation ex-
posure time reaches 120 h. According to the EDS composition analysis
[Fig. 2(h)], these precipitates are enriched by Mn, Si, Cr and Ni.

The XRD pattern performed on the microstructure (metallic matrix)
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Fig. 1. Optical micrograph (a) and XRD pattern (b) of the microstructure of the solution-treated sample.
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Fig. 2. SEM micrographs of the samples oxidized for 5 (a), 10 (b), 24 (c), 48 (d), 72 (e), 96 (f) and 120 h (g). EDS pattern of precipitates formed in the sample oxidized
for 120 h (h).
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Fig. 3. XRD pattern of the alloy microstructure oxidized for 120 h.

of the sample oxidized for 120 h (Fig. 3) reveals characteristic peaks of
the Sigma-phase (o — JCPDS 05-0708), Cr carbides (Cr3C¢ — JCPDS 35-
0783) and Chi-phase (y — JCPDS 31-0401). A plausible explanation for
these results is as follows: (i) although the o-phase formation in the
studied alloy may be hindered by the presence of Ni and Co [18,24], its
high Si content (above 2.5wt.%) accelerates the o-phase formation
process [6,25]; (ii) Cro3Cg precipitation can occur in austenitic stainless
steels when they are exposed to temperatures ranging from 500 °C to
900 °C [26,27]. Despite the fact that the C content in this Fe-Mn-Si-Cr-
Ni-Co alloy is very low, the Cro3Cg precipitation is favored by the ex-
tensive exposure periods at 800 °C; (iii) the -phase precipitation has
already been reported in Fe-Mn-Si-based SMSSs at high temperatures;
however, the formation mechanism in these alloys remains unclear
[2,28,29]. With regards to conventional stainless steels, the precipita-
tion of y-phase has been associated with the o-phase formation as a
result of thermal aging. According to literature, the x-phase is an in-
termetallic compound formed in the steel structure before the o-phase,
being consumed as the precipitation of the o-phase evolves [30,31].
TEM was used to further analyze the structural details of the studied
alloy. Fig. 4 shows TEM images of the microstructure (metallic matrix)
of the sample oxidized for 120 h, where the presence of two different
types of precipitates can be observed inside the grains. Elemental
mapping and chemical composition of these precipitates through EDS
(Table 2) show that one is enriched by Mn and Cr, and the other is
enriched by Mn, Si, Cr and Ni. Diffraction patterns performed on the
precipitates enriched by Mn and Cr confirmed that they are from the o-
phase (tetragonal phase, which has lattice parameters of a =8.86 Aand
c =4.61 A) [32]. On the other hand, the precipitates enriched by Mn,
Si, Cr and Ni were identified as a body-centered cubic (BCC) phase with
a lattice parameter of 8.70 A, which is consistent with the -phase.
These results are in agreement with those reported by Stanford et al.
[29], who observed a phase formation in the grain boundaries within
the temperature range of 500 °C to 800 °C when investigating the sta-
bility of austenite in a number of FeMnSi-based SMSSs. By means of
TEM analyses, Stanford et al. [29] verified that it was a -phase with
BCC structure and a lattice parameter of 8.80 A. Our finding also agrees
with the recent study reported by Ma et al. [2], which observed the

formation of the y-phase enriched by Mn, Si, Cr and Ni in the grain
boundaries and inside the metallic matrix when assessing the oxidation
behavior of an Fe-14.26Mn-5.57Si-8.23Cr-4.96Ni SMSS at 800 °C.

3.2. Oxidation behavior

Fig. 5(a) shows the weight gain curve (per unit surface area) of the
studied alloy as a function of the oxidation time at 800 °C in air. The
weight gain obtained after 120h of oxidation is approximately
0.68 mg/cm?. This result shows that the studied alloy has an oxidation
resistance more than four times greater than the alloy studied by Ma
et al. [2], where a weight gain of 2.88 mg/cm? was observed after 100 h
of isothermal oxidation at 800 °C. Additionally, the alloy in the current
study presented better oxidation behavior than the alloy studied by
Malafaia et al. [9] in approximately 100 h of cyclic oxidation at 800 °C
(1.84 mg/cm?). Nevertheless, it should be acknowledged that in the
aforementioned studies, the alloys used were conventional FeMnSiCrNi,
containing comparatively higher Mn contents and lower Cr contents
than the presently studied FeMnSiCrNiCo SMSS, which are factors that
influence the oxidation resistance of ferrous alloys [11]. Another aspect
to consider is that the traditional AISI 304 isothermally oxidized at
800 °C for 100 h, gained around 0.23 rng/cm2 [33], which is less than
the studied material.

Fig. 5(a) shows that the general shape of the mass gain curve as a
function of the oxidation time for the studied alloy appears to be
parabolic. Thereby, weight gain square plots (AM/S)? as a function of
the oxidation time were performed. Fig. 5(b) shows the weight gain
square, in which linearization as a function of oxidation time can be
observed, proving that the oxidation kinetics of the FeMnSiCrNiCo
SMSS is parabolic. When comparing the K, values obtained in this re-
search (K, = 3.64 X 10~ ®>mg?/cm*.h) with those obtained by Ma et al.
[2] (K, =1.12x 10" mg*’em*h) and Malafaia et al. [9]
(K, = 3.58 x 102 mgz/cm4.h), the present results show that the oxi-
dation rate of the studied alloy is much lower, which reveals that the
FeMnSiCrNiCo SMSS alloy performs better at high temperatures.

Fig. 6(a-h) presents the cross-section of SEM images for samples
oxidized between 5-120 h, respectively. Note that the oxide formed as a
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Fig. 4. TEM image and elemental mapping of the precipitates present inside the grains after 120 h of oxidation of the FeMnSiCrNiCo SMSS.

Table 2

EDS composition analyses (wt.%) of different matrix regions.
Material Mn Si Cr Ni Co Fe
o-phase 7.12 0.10 67.60 0.08 1.85 23.25
X-phase 10.47 9.73 15.68 7.82 14.39 41.91

Matrix close to precipitates 8.05 3.69 11.42 5.85 12.36 58.63

function of oxidation exposure presents a fairly irregular shape, dis-
playing many recesses and thickness variations. The presence of a new
phase located below the oxide layer that apparently has the same shape
observed for the -phase in the grain boundaries (in the early stages of
oxidation) can additionally be seen. However, the thickness of this

phase increases with oxidation time. EDS analyses (Table 3) show that
the composition of this phase is closer to that found in the metallic
matrix, except for the Mn content, which decreases abruptly in the first
10 h of oxidation, and the Cr content that also decreases significantly
after 24 h of oxidation.

Fig. 7 shows the cross-section SEM images of the sample oxidized
for 120h and its corresponding elemental mapping. The elemental
mapping of the formed oxide layer shows that it is mainly composed of
Mn and O which are evenly distributed throughout the oxide, and Cr
which is mostly present at the metal/oxide interface. Although Fe is the
major element of alloy, its oxides are significantly less stable than the
oxides of other alloying elements (i.e., Mn, Si and Cr). Thus, when Fe-
Mn-Si-Cr-Ni-Co SMSS is thermally exposed at 800°C, a selective
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Fig. 5. Average weight gain curve (a) and square of the weight gain curve (b) of Fe-8.26Mn-5.25Si-12.8Cr-5.81Ni-11.84Co SMSS oxidized at 800 °C in air.

oxidation occurs in elements that form more stable oxides. However,
through the elemental mapping, it is detectable that the formed oxide
layer contains more Mn than Cr. This result is a consequence of the
higher Mn diffusion through the first formed oxide layer, thus forming
oxide on the surface of the material at a magnitude of almost two orders
greater than that of Cr [34]. This fact explains the faster Mn-depletion
with respect to the Cr in the layer located at the oxide/metal interface
(Table 3). To characterize the (Mn,Cr)-depleted regions, the formed
oxide layer after 120h of oxidation was completely removed by
grinding and the substrate surface was analyzed by XRD. The XRD
patterns (Fig. 8) reveal that the (Mn,Cr)-depleted regions are ferrite (a-
JCPDS 06-0696). This result is caused by the preferential oxidation of
Mn (austenite stabilizer), generating the formation of Mn-depleted re-
gions. In previous research this phenomena was considered responsible

)"f-;-_'fnh

Table 3
EDS chemical composition as a function of oxidation exposure of the phase
formed at the oxide/metal interface.

Element weight (wt.%)

Time (h) Fe Mn Si Cr Ni Co

5 42.47 5.54 7.12 12.85 6.84 12.01
10 51.96 2.65 6.98 13.13 7.28 13.72
24 50.03 2.47 7.10 11.91 6.57 13.14
48 66.20 1.79 6.37 7.83 4.66 13.15
72 65.85 1.78 7.43 7.90 4.44 12.60
96 67.15 1.95 6.74 6.89 4.33 12.94
120 66.57 1.84 6.68 6.96 4.93 13.01
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Fig. 6. Cross-section SEM images of oxidized samples for 5 (a), 10 (b), 24 (c), 48 (d), 72 (e), 96 (f) and 120h (g).
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Fig. 7. Cross-sectional SEM image and corresponding elemental mapping of the sample oxidized for 120 h.
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Fig. 8. XRD pattern of the sample oxidized for 120 h after grinding to com-
pletely remove all formed oxide.

for inducing the phase transformation from austenite to ferrite in these
regions [2,9,35]. In addition, the (Mn,Cr)-depletion in the regions
below the oxide layer is an indication that the growth of the oxide layer
as a function of the oxidation time is controlled mainly by Mn and Cr
cations diffusion throughout the oxide layer, as proposed by Wagner's
theory for parabolic law [36].

Fig. 9(a) and (b) shows XRD patterns performed on the oxide layer
of the samples oxidized for up to 120 h at 800 °C, where it can be seen
that the oxide layer formed for up to 1h of oxidation [Fig. 9(a)] is
composed only of Mn,03 (JCPDS 78-0390), it is also possible to observe
x-phase and a peaks. As the oxidation time increases [Fig. 9(b)], small
peaks of Mn30,4 (JCPDS 80-0382) and MnCr,0, spinel (JCPDS 75-1614)
are observed, yet, the intensity of the peaks corresponding to the oxides
of Mn304 and MnCr,0,4 spinel become more pronounced after 24 h of
oxidation. These results suggest that the kinetics of oxidation at the
initial times of 0-24 h are primarily controlled by the growth of the
Mn,03 oxide, and after 24 h by the growth of the Mn30,4 and MnCr,0,4
spinel. This behavior may be conceivable with parabolic law, where a
higher oxidation rate is observed at the initial exposure times due to the
less protective character of oxide composed (mainly of Mn), followed
by a decrease in weight gain because of the formation and thickening of
MnCr,0, spinel. However, the oxidation rate at the initial times 0-24 h
is lower than after 24h, as observed at the weight gain curve
[Fig. 5(a)]. This phenomenon has also been reported by Douglas et al.
[37,38] during the beginning of the oxidation process of austenitic Fe-
Mn-Cr stainless steels at high temperatures (700-1000°C) and ex-
plained by the Mn volatilization. This is due to the fact that the oxide

formed on the surface of the Fe-Mn-Si-Cr-Ni-Co-SMSS in the initial
stages of the oxidation process is mainly composed by Mn,O5 that has a
less protective character than the MnCr,0, spinel, which is observed in
higher amounts after 24 h. This suggests that the lower oxidation rate
obtained initially results from possible Mn volatilization. However,
more investigations are needed to explain this apparent increase in the
oxidation rate after 24 h.

To discuss the oxide scale composition at 800 °C, thermodynamic
calculations were performed using Thermo-Calc software with the
TCFE7 database [19,20]. The molar fractions of the various phases
versus O, activity are presented in Fig. 10, where two metallic phases
(FCC and BCC) and five oxide structures (M30,4 spinel, M,03 corundum,
rhodonite, quartz and olivine) are identified. The composition of each
phase depending on the O, activity has also been calculated but is not
presented. In the lowest O, activity, the austenitic-FCC phase (i.e. steel)
is stable and in equilibrium with rhodonite (MnSiO3). According to
Fig. 10, for O, activity higher than ~10~2% MnCr,0, spinel appears in
equilibrium with FCC-austenite and SiO,, indicating the possibility of
internal oxidation. An (Fe,Co)-BCC metallic phase is also stable within
the austenitic matrix. For O, activity higher than ~102°, (Fe,Mn),SiO,
olivine and (Fe,Cr,Mn)3;0, spinel become the major oxide phases. For
0, activity higher than ~ 102 FCC-austenite is no longer stable and
the external oxide scale is mainly composed of Fe-rich (Fe,Cr,Mn)3;04
spinel, changing to Fe-rich (Fe,Cr,Mn),03 corundum (in O, activities
higher than ~10°). According to thermodynamic calculations, the
oxide scale is composed of spinel at lower O, activity and corundum at
higher O, activity. The structure of the successive layers depending on
the O, activity are consistent with experimental observations, showing
MnCr,04 spinel, (Mn(Cr));04 spinel and (Mn(Cr));0s; corundum
[Figs. 7 and 9(a-b)] from the metal/oxide interface to the oxide/gas
interface. Nevertheless, according to elemental mapping (Fig. 7), the
oxide scale does not contain Fe.

The absence of Fe occurs because of the high diffusion rate of Mn
cations throughout the oxide layer [34], which favor the growth of an
Mn oxide layer (Mn,O3) on a mixed Mn, Cr and Si oxide layer [35] and
result in the formation of Mn-depleted regions at the oxide/metal in-
terface (ferrite) during the oxidation process. However, the Mn,0;
layer does not fully cover the alloy surface, as shown by thermo-
dynamic calculations that indicate the presence of a small molar frac-
tion of the alloy (0.06%) in higher O, activity. Therefore, new Mn,03
grains nucleate within the voids present in the oxide layer, contributing
to an increase in the ferrite layer and a decrease in O, activity in the
oxide layer which allows for the formation of more stable oxides that
require lower O, activity, such as MnCr,04 and Mn3;O, [2,39]. Si-
multaneously, Mn activity near the oxide/metal interface decreases
sharply because of the selective oxidation of this element, which favors
Cr oxidation and the formation of MnCr,0O, at this region [40]. The
MnCr,0, formation takes place at oxide/metal interface because Mn is
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Fig. 9. XRD patterns of the oxides formed on the surfaces of the samples oxidized for 30 min and 1 h (a) and XRD patterns of the oxides formed on the surfaces of the

samples oxidized for 5, 10, 24, 48, 72, 96 and 120 h (b).

soluble and possesses a rapid diffusion rate in Cr,03, but a significantly
lower diffusion rate in the alloy [41]. On the other hand, the formation
of an Mn30, layer occurs between the outermost layer (Mn,O3) and the
innermost layer of MnCr,O,, as a result of the decomposition of Mn,03
and the decrease in O, activity within the layer [2,42].

Although the thermodynamic simulations indicate that the forma-
tion of a SiO, layer can occur, the XRD patterns of the oxide layers

formed as a function of oxidation time do not show the presence of
SiO,, which may be a consequence of the SiO, layer being amorphous
[35]. This fact can be observed by XRD patterns of the oxide layer
formed in samples oxidized for up to 120 h [Fig. 9 (b)], which begin to
present the formation of an amorphous halo between 20° < 20 < 30°
(and display a loss of sharpness of crystalline peaks in the XRD patterns
of this region) as oxidation time increases [43]. Furthermore, the
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Fig. 10. Calculated mole fraction for each phase in equilibrium of an Fe-
8.26Mn-5.25Si-12.8Cr-5.81Ni-11.84Co (wt.%) alloy at 800 °C under various O,
activities using the Thermo-Calc with the TCFE7 database.

amount of Si present in the alloy matrix may be gradually consumed
during the growth of the y-phase, which contains high Si content and
results in the formation of a thinner SiO, layer, thus making its detec-
tion difficult due to the fact that this layer is formed at the metal/oxide
interface. This may also be occurring with Cr as the o-phase grows,
which possibly results in a less protective oxide layer in these regions.
However, the weight gain results do not show any abrupt increase in
mass gain as a function of the oxidation time.

4. Conclusions

Based on the experimental results, the following conclusions can be
drawn:

1 High-temperature exposure for 120h promotes generalized pre-
cipitation of the o and ¢ phases inside the metallic matrix grains;

2 The oxidation behavior of Fe-8.26Mn-5.25Si-12.8Cr-8.81Ni-
11.84Co SMSS at 800 °C for up to 120 h follows a parabolic law,
with the kinetics of oxidation at the initial times of 0-24 h primarily
controlled by the growth of the Mn,O3 oxide, and after 24 h by the
growth of the Mn3;04 and MnCr,04 spinel;

3 During the oxidation process, the Mn selective oxidation causes a
phase transformation from austenite to ferrite in Mn-depleted re-
gions between the base metal and the metal/oxide interface;

4 The present alloy showed an oxidation resistance at least two times
greater than FeMnSiCrNi SMSSs previously tested in similar condi-
tions. Even though the behavior of the studied material is not as
good as that of a conventional austenitic stainless steel (AISI type
304), the current results indicate that it is an interesting material for
coupling pipes that will be used in high temperatures.
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