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A B S T R A C T

Breakaway corrosion of stainless steels remains a challenge for many industrial applications operating in harsh
conditions. The lifetimes of metallic components are often determined by the corrosion propagation after
breakaway. Nevertheless, studies on the protective properties of the Fe-rich oxides formed after breakaway
are scarce. This study investigates the influence of Ni on the protection after breakaway on a broad range
of Fe18CrxNi model alloys, by systematically inducing breakaway of the initially formed protective, Cr-
rich oxides. The results clearly demonstrate an improved protection after breakaway for higher Ni-contents,
explained by the alloys’ ability to avoid internal oxidation involving Fe-rich BCC and spinel.
1. Introduction

High temperature corrosion remains a challenge for many industrial
applications and is commonly addressed by the use of highly alloyed
materials, such as stainless steels. The corrosion protection of stainless
steels is considered to be dependent on the formation of a protective Cr-
rich, corundum-type oxide [1,2], also known as the primary corrosion
protection [3]. However, in harsh corrosive environments this Cr-
rich oxide barrier tends to break down, resulting in an accelerated
growth rate caused by the formation of a less protective multi-layered
Fe-rich oxide scale, a well known process referred to as breakaway
corrosion [4–26]. Thus, in order to meet current, and future, corrosion
challenges in harsh environments, a materials ability to resist corrosion
after breakaway, i.e., its secondary corrosion protection, is important to
study. The ability to withstand corrosion after breakaway is in principle
already at play in many applications, where the selection of alloys and
prediction of material lifetimes is based, to a large extent, on empirical
knowledge. However, the explanation to the difference in corrosion rate
and mechanistic understanding thereof is not completely understood.
One example is in power plants for combustion of biomass and waste,
where stainless steels positioned in the superheater region may sustain
for several years in operation, even though the harsh environment (rich
in alkali/water vapor) is known to rapidly induce breakaway of these
materials [27–29].

Corrosion of stainless steels exposed under conditions inducing
breakaway corrosion has previously been studied by several authors [8,
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11,25,26,29,30]. These studies have mainly focused on the break-
away event and how to prevent breakaway corrosion, i.e., retain-
ing the primary corrosion protection. Previous research, focused on
the initiation/breakaway event, indicate a similar microstructure ob-
tained after the onset of breakaway of Fe-based alloys, seemingly
independent of suggested breakaway-reaction [8,20,22,29,31]. The ox-
ide scale formed has previously been studied in a variety of envi-
ronments (Air+H2O [8,31], Ar+H2O [31], N2+O2+H2O [19,24,26,32],
Ar+O2+H2O [22], Ar+CO2 [20], Ar+CO2+H2O [20], Ar+H2O+H2 [26,
29], N2+O2+H2O+KCl [29,32,33], N2+O2+K2CO3 [3,29,33], N2+O2
+H2O+KCl+SO2 [29]. Regardless of the environments studied, the
oxide scales have been composed of an outward-growing almost pure Fe
oxide, and an inward-growing oxide with a more complex microstruc-
ture and varying composition. Recent studies have shown that the
growth rate of this multi-layered oxide scale may be altered by the
change in alloy composition [3,33–35], explained by other factors than
those determining the alloys’ ability to withstand breakaway corrosion
and the Cr-rich primary protection, as formed before breakaway. Thus,
insight to the effect of alloying elements, such as e.g., Ni, on the multi-
layered Fe-rich oxides formed after breakaway, i.e., the secondary
corrosion protection, is an important topic that has not yet been studied
in a systematic way.

This study investigates the influence of Ni on the secondary cor-
rosion protection (Fe-rich oxide) of a wide set of Fe18CrxNi model
alloys with varying amounts of Ni (x = 0–82 wt%). To systematically
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Table 1
Nominal composition (wt%), grain size (μm) and crystal structure for the investigated

odel alloys.
Alloy Cr Ni Fe Grain size (alloy) Crystal structure*

Fe18Cr 18 0 82 150 Ferrite (BCC)
Fe18Cr2Ni 18 2 80 90 Ferrite (BCC)
Fe18Cr10Ni 18 10 72 60 Austenite (FCC)
Fe18Cr20Ni 18 20 62 60 Austenite (FCC)
Fe18Cr34Ni 18 34 48 70 Austenite (FCC)
18Cr82Ni 18 82 – – Austenite (FCC)

Fe2.25Cr 2.25 0 97.75 – Ferrite (BCC)
Fe10Cr2Ni 10 2 88 – Ferrite (BCC)

investigate the effects of alloying elements on the secondary corrosion
protection, this study focuses on short exposure times under simplified
conditions. This is in order to limit the risks of oxide spallation, and
avoid possible effects of corrosive species, such as e.g., Cl, known to
accelerate corrosion by mechanisms that may vary for different alloying
elements. The investigated alloys are enforced to undergo breakaway
corrosion by the addition of potassium carbonate (K2CO3(s)) and are
exposed in oxidizing conditions at 600 ◦C. K2CO3(s) has previously
been shown to induce breakaway corrosion by Cr-depletion of the
primarily formed Cr-rich oxide scales [18]. Thus, the use of K2CO3(s)
allows for a systematic study of the secondary corrosion protection,
without the influence of other corrosive species, such as e.g., chlorides
or water vapor. Besides the mechanistic investigation of the influence
of Ni, the results in this study may also act as a reference to study the
effects of other corrosive species on FeCrNi alloys after breakaway. The
study combines thermogravimetric data, microstructural investigation
and thermodynamic calculations in order to increase the understanding
of the secondary corrosion protection FeCrNi-alloys at intermediate
temperature.

2. Experimental procedure

A broad range of FeCrNi model alloys (0–82 wt% Ni) were in-
vestigated in order to systematically study the influence of Ni on
the secondary corrosion protection of stainless steels (i.e., protection
after breakaway), see Table 1. For comparison, two low alloyed model
alloys were also exposed (see Fe2.25Cr and Fe10Cr2Ni in Table 1).
All investigated alloys were known to form a slow growing, Cr-rich
corundum-type oxide in mildly corrosive environments (e.g. dry air)
at 600 ◦C (the primary corrosion protection) [3]. The influence of
Ni was investigated both on ferritic(BCC) and austenitic(FCC) FeCrNi-
alloys. All alloys were exposed at 600 ◦C under a controlled oxidizing
atmosphere (5%O2 + 95%N2), with samples positioned parallel to the
gas flow, for up to 168 h. Breakaway corrosion was induced by the
application of 1 mg/cm2 K2CO3(s) on the samples surface prior to
xposure. The formed oxide scale microstructures were analyzed in
ross section and characterized by scanning electron microscopy and
nergy dispersive X-ray spectroscopy. The experimental results were
ombined with thermodynamic calculations in order to better explain
he observed influence of Ni.

.1. Sample preparation

The model alloys were produced at Kanthal AB by induction heating
nd casting in a copper mold under an Ar-atmosphere. For details re-
arding production of the model alloys, see [3]. The complete material-
atrix is summarized in Table 1 including composition, alloy grain size

nd crystal structure. The alloy grain sizes were investigated by light
ptical microscopy (LOM) on chemically etched samples. The chemical
tching of the Fe18Cr alloy was performed at 60 ◦C in a solution of
Cl/H2O (50:50), while the etching of all the FeCrNi model alloys was

performed in HCl/HNO /H O (45:45:10) above 60 ◦C.
3 2

2 
The received model alloys were cut into coupons with sample
dimensions 11 × 11 × 2 mm for the tube furnace exposures and
8 × 10 × 2 mm for the time-resolved thermobalance exposures. Prior
to exposure, the samples were ground with SiC paper (P500-P4000)
and subsequently polished with 3 and 1 μm diamond suspension to
mirror-like appearance. The samples were degreased in acetone using
ultrasonic agitation.

The investigated alloys were enforced to undergo breakaway corro-
sion by the addition of 1 mg/cm2 K2CO3, deposited onto the polished
samples prior to exposure by spraying a saturated aqueous solution of
the salt. The salt was left to react with the sample during exposure and
was not manually removed at any point. Gravimetric measurements
were made using a Sartorius balance with microgram resolution. The
samples were subsequently dried in air and stored in a desiccator prior
to exposure and awaiting post-exposure analysis to avoid atmospheric
corrosion.

Wide cross sections of the exposed samples were prepared by Broad
ion beam (BIB) milling in order to study the microstructure of the oxide
scales formed after breakaway. The BIB used in this study was a Leica
EM TIC 3X BIB equipped with a triple Ar ion gun operated at 8 kV.
Prior to milling, the steel coupons were sputtered with gold, covered
by a Si-wafer and subsequently cut, without lubrication, using a low
speed saw.

2.2. Exposures

All alloys were exposed in mild, oxidizing conditions (5% O2 + 95%
2) at 600 ◦C. The atmosphere was chosen to study simple oxidation
fter breakaway (i.e., the secondary corrosion protection, initiated by
he presence of K2CO3), since these conditions are previously known to
esult in a primary corrosion protection in the absence of K2CO3 [3].

minimum of three samples of each model alloy were exposed for
ach furnace setup. All alloys were exposed for 168 h in a horizontal
ube furnace (flowrate: 3 cm/s) to compare the influence of Ni on the
xide growth rate, as well as 48 h in a Setaram Setsys thermobalance
flowrate: 1.5 cm/s) to record the oxidation kinetics by thermogravi-
etric analysis (TGA). The samples were positioned in parallel to the
irection of the gas flow in both furnace setups (i.e., standing vertically
n the tube furnace and hanging vertically in the thermobalance).

Estimated oxide scale thicknesses, x, were calculated from mass
ain data, W [g/cm2], in order to compare with measured oxide scale
hicknesses, according to Eq. (1):

= W × F = W × 1
𝜌

[

𝑏MO
𝑏MO + 𝑎MM

]

, (1)

where 𝑥 is the oxide thickness, 𝑊 is the weight gain, 𝐹 is the multi-
plying factor used to only account for the uptake of oxygen, 𝜌 is the
oxide density, and 𝑀𝑂 and 𝑀𝑀 are the molar weight of oxygen and
metal in a M𝑎O𝑏 oxide. The calculations were performed assuming that
the oxide scales were dense, composed of one predefined oxide (M𝑎O𝑏)
and that the measured mass gain is a result only of oxygen uptake from
the atmosphere. The predefined oxide was chosen to be Fe3O4 for all
oxides since the resulting multiplying factor(F) in Fe3O4 is similar to
both FeCr2O4 and NiO (FFe3O4

= 1.4284 ≈ FNiO = 1.4280), thus covering
the majority of the oxides expected to form. The choice was made
also to keep all data directly proportional to mass gain, to allow for
comparison with other studies and the thermobalance exposures.

2.3. Analytical techniques

The oxide scales were imaged and analyzed by scanning electron
microscopy and Energy dispersive X-ray spectroscopy (EDX). The in-
struments used was an FEI Quanta ESEM 200, operated in high vacuum
mode, and a Zeiss Ultra 55 FEG SEM, both equipped with a field emis-
sion gun and an EDX detector for chemical analysis. The microscopes
were operated at an accelerating voltage of 10–20 keV for BSE imaging
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Fig. 1. Thermogravimetric analysis for FeCrNi model alloys exposed for 48 h in 5%
O2 + 95% N2 at 600 ◦C with K2CO3(s) deposited prior to exposure in order to break
down the primary protection.

and chemical analysis in the FEI Quanta as well as 1.5–2.5 keV for
higher resolution in the Zeiss Ultra. Both secondary electrons (SEs) and
backscattered electrons (BSEs) were used for imaging, but only BSE-
images are shown in this paper. The compositions, as measured by
EDX analysis in this study, are reported in cationic percentages (cat%),
excluding oxygen in the quantification due to large errors associated
with oxygen quantification in EDX-analysis.

2.4. Thermodynamic calculations

Thermodynamic calculations were carried out using the Thermo-
Calc software [36] with databases TCFE9 and TCOX11. Note that the
phase diagrams were calculated with a total fixed amounts of Ni for
each region. Hence, the composition of each phase in the two- and
three-phase regions cannot be extracted visually from the diagrams.
Point equilibrium calculations were performed in selected regions to
extract composition of each phase in multi-phase regions.

3. Results

3.1. Oxidation kinetics

Fig. 1 shows the oxidation kinetics of the investigated FeCrNi model
alloys during 48 h of exposure. Reactive alkali was deposited on the
surface to systematically induce breakaway corrosion. The incubation
times to breakaway were similar and comparatively short for all inves-
tigated alloys. From Fig. 1 it is obvious that the amount of Ni in the
alloy has a large influence on the oxide growth rate after breakaway.
The alloy containing 2 wt% Ni (Fe18Cr2Ni) grows at a similar rate as
the binary Fe18Cr (containing no Ni), which is comparable to the oxide
growth rates of the low alloyed steels Fe2.25Cr and Fe10Cr exposed
under the same conditions. As the level of Ni is further increased
the oxidation rates decline rapidly, suggesting a transition from poor-
to good secondary corrosion protection. Note that the Ni-base alloys,
18Cr82Ni was not exposed in the thermobalance, since the main scope
of this study is the influence of Ni in FeCrNi alloys.

Fig. 2 shows the calculated thicknesses of the oxide scales formed
on the model alloys after longer exposures (168 h). The calculations
were based on mass gain data, assuming the formation of a dense Fe3O4
oxide scale. The calculated thicknesses are in good agreement with the
measured oxide scale thicknesses and the trends observed after 48 h
of exposure. It is obvious that the secondary corrosion protection of
FeCrNi alloys is influenced by the amount of Ni in the alloy, with oxides
growing approximately 10 times slower after a certain amount of Ni is
3 
Fig. 2. Calculated and measured (♢) thicknesses of oxide scales formed on FeCrNi
model alloys exposed for 168 h in 5% O2 + 95% N2 at 600 ◦C in exposure to K2CO3(s).

reached. However, no significant difference in growth rate is observed
for higher Ni contents, in good agreement with the short thermobalance
exposures.

From these results, the FeCrNi alloys may be divided into two cat-
egories: alloys forming fast-growing, poorly protective oxides (≤2%Ni)
and alloys forming slow-growing oxides after breakaway (>2%Ni),
i.e., forming a good secondary corrosion protection. Thus, the results in-
dicate that the minimum amount of Ni required to form a slow-growing,
good secondary protection is between 2 and 10 wt% for Fe18CrxNi
alloys. It should be noted that the increased amount of Ni in the alloy
(0 to 82%Ni) results not only in a different alloy composition, but also
a change in crystal structure of the alloy matrix (from ferritic(BCC) to
austenitic(FCC), see Table 1). Note that the difference in growth rate is
not directly correlated to the alloy grain size, which remained similar
for e.g. the austenitic alloys and ferritic Fe18Cr2Ni (see Table 1).

3.2. Oxide microstructure

The two different types of multi-layered Fe-rich oxides (fast- and
slow-growing) are shown in Fig. 3, represented by a selection of
FeCr(Ni) alloys exposed for 48 h. Fig. 3a–b represent the fast-growing,
non-protective oxides, while 3c–d represents the slow-growing, protec-
tive oxides. The microstructure and composition of the oxides formed
after both 48 and 168 h were analyzed in cross section SEM/EDX, as
summarized in Tables 2 and 3. In general, the outward-growing scales
formed on all the Fe-based model alloys were composed of almost pure
Fe oxide (Fe2O3/Fe3O4), while the inward-growing scales were mixed
and consisted of Fe, Cr and Ni in varying amounts depending on alloy
composition (see Table 3). Moreover, an internal oxidation zone (IOZ)
was apparent on all alloys (see Fig. 3).

3.2.1. Poor secondary corrosion protection
The two alloys representing the fast-growing, poorly protective

oxide category (Fe18Cr, Fe18Cr2Ni) obtained similar oxide scale thick-
nesses and microstructure (see Fig. 3a–b and Table 2). The Fe18Cr
formed an oxide scale composed of 60%–62% outward-growing and
38%–40% inward-growing oxide, whereas the oxide formed on the
Fe18Cr2Ni alloy was composed of 55%–60% outward-growing and
40%–45% inward-growing oxide. The thickness of the outward-
growing scale formed on Fe18Cr2Ni remained constant throughout
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Fig. 3. SEM-BSE image of the oxide scales formed on a selection of FeCrNi model alloys after 48 h of exposure. The selection was made in order to illustrate the similarities
within the same type of oxide (non-protective vs. protective), and the obvious difference in growth rate between the two types. The inward-growing scales exhibit a periodic
microstructure with alternating fully oxidized segments (see bands of dark/bright contrast in the BSE-images). Note that the fully oxidized regions in a–b are associated with the
brighter contrast (dark = pores, bright = oxide), whereas the fully oxidized segments in c–d are associated with the darker contrast (dark = oxide, bright = FeNi-FCC dispersed
in oxide).
the sample surface whereas the thickness of the inward-growing scale
varied depending on the analyzed region. The outward-growing scale
formed on both alloys were composed of almost pure Fe oxide, while
the composition detected in the inward-growing scales resulted in
cationic ratios similar to the unexposed alloy after removal of Fe to
grow the outward-growing scale.

The inward-growing scales of the poorly protective oxides (Fe18Cr
and Fe18Cr2Ni) exhibited a periodic microstructure with alternating
fully oxidized segments (see bands of dark/bright contrast in Fig. 3a–
b). Note that the fully oxidized regions in 3a–b are associated with the
brighter contrast segments, whereas the dark regions are associated
with a porous oxide segment. The dense, fully oxidized, segments of
the inward-growing scales were almost identical in composition for the
poorly protective scales, containing approximately 60 at% Fe and 40%
Cr (+4% Ni in Fe18Cr2Ni), reported for cations, see Table 3.

3.2.2. Good secondary corrosion protection
Two alloys representing the slow-growing, protective oxide cate-

gory, Fe18Cr10Ni and Fe18Cr20Ni, are shown in Fig. 3c–d. These oxide
scales were similar in thickness on the majority of the sample surfaces.
The scale thickness varied slightly more on the Fe18Cr20Ni alloy as
compared to the Fe18Cr10Ni after 48 h, while the opposite trend was
observed after 168 h of exposure.

The oxide scales formed on the alloys exhibiting a good secondary
corrosion protection were composed of ∼50%–60% outward-growing
and ∼40%–50% inward-growing oxide scale, with indicated larger
relative amounts of inward-growing scale for higher Ni contents (see
Table 2). The Fe18Cr10Ni alloy exposed for 168 h formed both thin
(∼6 μm) and thick (∼10 μm) oxide regions. The thin oxide regions
were composed of 65% outward-growing and 35% inward-growing
oxide scale, whereas the thick oxide region (∼10 μm) contained 60%
outward-growing and 40% inward-growing oxide scale.

The inward-growing scales adopted a periodic microstructure with
alternating fully oxidized segments (see bands of dark/bright contrast
in Fig. 3c–d). However, in contrast to the poorly protective oxides, the
fully oxidized segments in Fig. 3c–d are associated with the darker BSE-
contrast. This is explained by that the fully oxidized segments formed
on the poorly protective oxides are alternated between porous segments
(dark = pores, bright = fully oxidized), whereas the fully oxidized seg-
ments formed on the alloys exhibiting good protection (Fig. 3c–d) are
alternated between segments rich in FeNi-rich FCC-metal (dark = fully
oxidized, bright = FeNi-FCC dispersed in oxide).

The chemical composition of the fully oxidized segments were
similar for the oxides exhibiting a good secondary corrosion protection,
containing approximately 40 at% Fe, 40% Cr, and 20% Ni (reported
for cations), see Table 3. By comparing this composition to that of the
unexposed alloys (after removal of Fe to grow the outward-growing
4 
scale) it may be noted that Ni/Cr ratios are lower than the unexposed
alloy on the alloys forming a good secondary corrosion protection
(e.g., Fe18Cr10Ni, Fe18Cr20Ni). This is expected, since a substantial
amount of FeNi-metal was dispersed within the oxide, in particular in
the segments that was not fully oxidized (see the bright contrast regions
in the BSE-image in Fig. 4c–d). Thus, a large amount of Ni remains in
the metallic FeNi-regions observed. Note that the composition reported
from EDX-analysis of the segments that are rich in metallic FeNi (‘M+O’
in Table 3) are averages from both the FeNi-metal and the surrounding
oxide.

Fig. 4 shows a close-up of the microstructure of the inward-growing
scale and metal/oxide interface on an alloy exhibiting (a) poor sec-
ondary protection (Fe18Cr2Ni) and (b) good secondary protection
(Fe18Cr10Ni) after 48 h of exposure. As previously discussed, the
microstructure is non-homogeneous containing fully oxidized regions,
metallic regions as well as pores (of similar dimensions as the metallic
regions) dispersed in the surrounding oxide. The spatial resolution of
SEM/EDX is not sufficient to obtain the composition of each region
separately in the non-homogeneous inward-growing scales. However,
the average composition in the multi-phase region remains useful to
study the system by equilibrium calculations, which is done in the
discussion below. Nevertheless, the compositions detected are reported
in Table 3. It may be noted that a few percents of potassium were
detected in some of the oxide scales. However, the localization to pores
suggests that this was due to sample preparation and that potassium is
spread to this region from the surface. Further studies are required to
conclude with certainty whether or not the detected potassium has been
involved in the growth process.

4. Discussion

4.1. Influence of Ni

Previous studies have shown that an increased amount of Ni is
beneficial for the primary protection and the mitigation of breakaway
corrosion (see e.g. [5,8,26,37,38]). From the results in this study it is
obvious that the amounts of Ni in the alloy has a great influence on the
oxide growth rates also after breakaway. The results clearly indicate
a diffusion-controlled mechanism after breakaway (see Fig. 3). The
microstructural investigation suggests that the reduced growth rates
are explained by a reduced diffusion rate through the inward-growing
part of the multi-layered Fe-rich oxide scales, as formed on all alloys.
The incubation times to breakaway were similar and comparatively
short for all investigated alloys. Thus, the incubation time to breakaway
is concluded not to be the explanation to the difference in growth
rates observed as the amount of Ni in the alloy was increased. The
FeCrNi alloys formed oxide, significantly more slow-growing, after a
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Table 2
Summary of the oxide scale microstructure formed on FeCrNi model alloys with varying amounts of Ni after 48 h and 168 h of exposure in
5%O2 + 95% N2 at 600 ◦C in the presence of K2CO3 (average and (range)). Left to right: Calculated thickness, measured oxide scale thicknesses,
relative amounts of inward- and outward-growing scales and oxide grain sizes. Due to difficulties in separating hematite and magnetite in the
micrographs the grains reported in the outward-growing scale are assumed magnetite grains.
Alloy Thickness Grain size

48 h Calculated Measured Outward Inward Out:in Outward Inward
[μm] [μm] [μm] [μm] [%:%] [nm] [nm]

Fe18Cr – 37 23 14 62:38 1000 –
Fe18Cr2Ni – 45 26 19 58:42 1000 –
Fe18Cr10Ni – 17 9 8 53:47 150 100
Fe18Cr20Ni – 16 8 8 50:50 200 –
Fe18Cr34Ni – – – – – – –

168 h

Fe18Cr 86 67 (65–73) 40 27 60:40 1000 –
Fe18Cr2Ni 59 64 (57–68) 36 28 60:40-55:45 – –
Fe18Cr10Ni 6 6 (6–10) 4–6 2–4 thin 65:35 – –

thick: 60:40 – –
Fe18Cr20Ni 9 15 (15–21) 9 6 60:40-50:50 – –
Fe18Cr34Ni 8 10 (5–10) 3–5 2–5 60:40-50:50 – –
18Cr82Ni 6 5 (5–6) 2–3 2–3 40:60-50:50 – –
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ig. 4. SEM-BSE image of the inward-growing scale and IOZ formed on; a–b: one alloy
orming a poorly protective oxide (Fe18Cr2Ni), and c–d: one alloy considered to form

good secondary protection (Fe18Cr10Ni).

ertain amount of Ni was reached. However, no significant differences
n growth rates were observed when further increasing the Ni content.
he difference in growth rate clearly demonstrated a separation into
oor (≤2%), and good (≥10%) secondary corrosion protection as the
mounts of Ni was increased. Note that the minimum amount of Ni
equired to form a slow-growing, good secondary protection may be
etween 2 and 10 wt% for the Fe18CrxNi alloys investigated.

From the growth rates observed in this study it may appear as if
he Ni-content plays an insignificant role in the secondary corrosion
rotection after a certain amount of Ni has been reached. However,
ooking into the activity of Cr in the alloy (Fig. 5) and how it changes
t elevated Ni contents opens up another aspect of the influence of Ni.
ig. 5 shows the activity of the key oxide forming elements (Cr and Fe)
s a function of Ni (wt%) in the austenitic alloy at 600 ◦C, calculated
sing Thermo-Calc software. The Cr and Fe activities remain similar
or Ni contents between 5–15 wt% (see Fig. 5a) for the Fe10CrxNi
lloy. However, Fig. 5b, as calculated for Fe18CrxNi, demonstrate that
he amount of Ni in the alloy has a great influence on the activity
 f

5 
able 3
pproximate compositions [at%] (reported for cations) of the inward-growing oxide
cales formed on the Fe18CrxNi model alloys after 48 h and 168 h of exposure in
%O2 + 95% N2 at 600 ◦C in the presence of K2CO3(s). Note that the measurements
re performed on the dense oxide segments (see Fig. 3. Bright contrast in Fe18Cr

Fe18Cr2Ni = Fully oxidized, dark contrast in Fe18Cr10Ni + Fe18Cr20Ni = Fully
xidized).
48 h Fe [at%] Cr [at%] Ni [at%]

Fe18Cr 60 40 0
Fe18Cr2Ni 59 38 3
Fe18Cr10Ni 45–50a 35–40a 10-20a

Fe18Cr20Ni 35–40 (M + O:29–32a) 45 (M + O:29–30a) 15–20 (M + O:39–42a),

168 h

Fe18Cr 59 41 0
Fe18Cr2Ni 58 38 4
Fe18Cr10Ni 40 40 15–20
Fe18Cr20Ni 40 (M + O:30–31a) 40 (M + O:30–31a) 20 (M + O:38–40a)
Fe18Cr34Ni 15–20a 30–35a 45–55a

18Cr82Ni – 25a 75a

The oxide segments rich in FeNi-metal (M + O) are measured in regions covering
oth fully oxidized regions and FeNi-metal dispersed in the surrounding oxide.

f both Cr and Fe for the alloy containing more Cr. The results sug-
est that the activity of Cr increases significantly while the activity
f Fe decreases for higher Ni contents, indicating that a higher Ni
ontents would promote the formation of a Cr-rich oxide scale. Thus,
n increased amount of Ni may accelerate the transition into a Cr-rich
orundum-type oxide scale below the outward-growing Fe-oxide scale.
he suggestion is strengthened by a recent study by Ssenteza et al. [35]
hat observed the formation of a thick (∼ μm) Cr-rich corundum-type
xide, formed in the position of the inward-growing spinel (underneath
he outward-growing Fe-rich oxide) on a high Cr- and Ni-containing
tainless steel (27Cr33Ni3Mo) exposed in the presence of KCl(s) for
onger durations (1000–8000 h).

.2. Poor- vs. good secondary protection

Overall, the microstructural investigation performed in this study
uggests that the oxide scale growth is diffusion controlled for all the
eCrNi alloys studied. The oxide scales formed after breakaway were
omposed of clearly separated outward- and inward-growing oxides.
he outward-growing scales formed on all the Fe-based model alloys
ere composed of almost pure Fe-oxide, while the inward-growing

cales were mixed and consisted of Fe, Cr and Ni in varying amounts de-
ending on the model alloy, see Table 3. The Ni-base alloy (18Cr82Ni)
ormed an outer almost pure nickel oxide (NiO) and an inner mixed
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Fig. 5. Activity of Cr and Fe in an austenitic alloy at 600 ◦C as a function of Ni-content
for (a) Fe10CrxNi and (b) Fe18CrxNi.

NiCr-oxide. The relative amounts of inward- and outward-growing scale
was approximately 60% outward-growing and 40% inward-growing for
all oxide scales, but with a slight increase for higher Ni-contents on the
alloys exhibiting a good secondary corrosion protection (see Table 2).
This could possibly be explained by a reduced outward-diffusion of Fe,
resulting in a higher relative amount of inward-growing scale.

The microstructure of the inward-growing oxide formed on both
the alloys exhibiting poor- and good secondary protection was non-
homogeneous containing fully oxidized regions, metallic regions as
well as pores (of similar dimensions as the metallic regions) dispersed
in the surrounding oxide. This is in good agreement with previous
studies [24–26,31], indicating that both these type of oxides have
grown in part by internal oxidation.

The inward-growing scale of the poorly protective oxides (Fe18Cr
and Fe18Cr2Ni) were composed of alternating dense and porous lay-
ers, which was not observed on the alloys exhibiting good secondary
protection. The porous segments were recently suggested to form by
rapid consumption Fe [33], resulting in dense oxide segments (Cr-rich
6 
spinel), and porous oxide segments composed of pores within a network
of Cr-rich spinel. Thus, the pores observed in this study are interpreted
to be remnants of the rapid consumption of Fe (from Fe-rich BCC-metal
in the IOZ).

4.3. What determines the secondary corrosion protection in FeCrNi-alloys?

The general aspects of the secondary corrosion protection was previ-
ously investigated by Persdotter et al. [3]. Eklund et al. [33,34] studied
the secondary corrosion protection on FeCrAl alloys and suggested that
internal oxidation was the main reason for the fast oxide growth rates
observed on several alloys after breakaway. It was suggested that the
internal oxidation, resulting in the formation of Cr-rich spinel precip-
itates in a Cr-depleted (i.e., Fe-rich) metallic matrix, would result in
that the available metallic Fe would be consumed to form an outward-
growing scale, resulting in overall growth rates similar to pure Fe. Thus,
the secondary corrosion protection of FeCrAl alloys was suggested
to be mainly determined by the ability to escape internal oxidation.
Thus, the results from this study will here be discussed by means
of thermodynamics to investigate the influence of Ni on the stability
regions for internal oxidation in FeCrNi alloys.

Fig. 6a shows a phase diagram for the FeCrO system obtained at
600 ◦C, where S𝑥 are spinel oxides, C𝑥 are corundum type oxides
and BCC and FCC metallic phases. The stability region for the IOZ
containing Fe-rich BCC metal is indicated in gray, at partial pressures
of oxygen relevant the corrosion front (10−30 < pO2 < 10−25). Fig. 6b–
e shows a cut-out of this region for different fixed amounts of Ni (b:
2%Ni, c:6%Ni, d:10%Ni, e:15%Ni) to illustrate how Ni would influence
the stability region of this type of internal oxidation. From Fig. 6 it
is obvious that an increased amount of Ni shifts the stability region
towards the left, reducing the amount of Cr needed to escape this
type of internal oxidation. However, the stability region for ‘FCC+SCr’-
internal oxidation remains almost unaffected by the addition of Ni.
Hence, the transition form poor- to good secondary corrosion protection
observed in this study, may not be explained by internal oxidation
in general, but is suggested to be caused by the onset of a specific
internal oxidation containing Fe-rich BCC, hereinafter referred to as the
detrimental internal oxidation (D-IO).

The average composition of the inward-growing oxides, as measured
by means of EDX-analysis in this study (see Table 3), allows us to
test the hypothesis of the D-IO-region. The composition of the oxide
scale formed on one alloy exhibiting poor (Fe18Cr2Ni), as well as good
(Fe18Cr10Ni), secondary corrosion protection are marked in Fig. 6
for illustration. The phase diagrams indicate that Fe-rich BCC, Cr-rich
spinel (SCr = 67 cation%Cr) and Fe-Ni FCC would form on the poorly
protective Fe18Cr2Ni-alloy, whereas a Cr-rich spinel (SCr) and FeNi
FCC-metal would form on the alloys exhibiting a good secondary corro-
sion protection (e.g. Fe18Cr10Ni). This is in good agreement with pre-
vious studies performed with STEM/EDX on commercial Fe18Cr10Ni
alloys [26] with an almost identical microstructure as observed in
the present study. Note that the Ni-content of the oxides formed on
e.g. Fe18Cr20Ni and Fe18Cr34Ni are well above 15 cation % (see
Table 3). Thus, the observed trend of Ni shifting the regions for D-IO
(‘BCC+SCr+FCC’) to the left, implies that both these protective oxides
would be outside of the D-IO region and that the expected phases for
these alloys would also be SCr+FCC.

Hence, the average composition of the inward-growing
scales formed on the poorly protective oxides are within the D-IO
region, whereas the composition of the slow-growing oxides are outside
of this region after both 48 and 168 h. Thus, it is suggested that a
good secondary corrosion protection may be established only if the
D-IO region may be avoided and not by internal oxidation overall,
as opposed to the secondary corrosion protection formed on FeCrAl
alloys. This may be achieved either by an increased amount of Cr, or
by shifting the stability region to lower Cr-contents by the addition of
Ni.
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Fig. 6. Phase diagram for FeCrNi alloys at 600 ◦C showing the equilibrium phases at
different pO2 for varying Cr content while keeping a fixed amount of Ni: (a) 0%Ni
(b) 2%Ni, (c) 6%Ni, (d) 10%Ni, (e) 15%Ni. Note that the markings of different alloy
compositions only marks the approximate Cr-content in the spinel formed on specified
alloys and not the exact pO2-value.

4.4. Beyond internal oxidation

The main difference between the two types of internal oxidation (D-
IO: ‘BCC’S+FCC’ and IO: ‘S+FCC’) is proposed to be that the Fe-rich BCC
is rapidly oxidized, whereas the FeNi-FCC remains non-oxidized both
in the alloys exhibiting poor and good secondary corrosion protection.
This is simply explained by that the oxidation of Ni is not promoted
at these low partial pressures of oxygen. Hence, the FeNi-metal regions
remain non-oxidized. The explanation may be validated by the bright
contrast regions (FeNi-metal) observed in Fig. 4.

Moreover, the evolution of both oxide microstructure and chemical
composition between 48 and 168 h was modest for the investigated
alloys (see Tables 2–3). The composition of the inward-growing scale
formed on the alloys exhibiting good secondary protection evolved
slightly more than the poorly protective oxides between 48 and 168 h
of exposure, resulting in higher Cr-contents for the longer exposures.
7 
This is suggested to be explained by an increased amount of Cr-rich
spinel (reduced amount of FeNi-metal) after the longer exposure. The
suggestion is also strengthened by comparing the amount of bright
contrast regions, associated with FeNi-metal, dispersed in the inward-
growing scale (see Fig. 4) for samples exposed for 48 and 168 h
respectively.

The poorly protective oxide scales contained a considerable amount
of IO-pores, and only small amounts of remaining metal were visible in
the scale (brighter regions in the BSE image in Fig. 4b). This is in good
agreement with the phase fractions calculated in the position marked
for Fe18Cr2Ni (see Fig. 6a), resulting in approximately 65% spinel
(chromite: 67 cation% Cr), 34% BCC, 1% FCC. Note that the amount of
BCC is reduced for higher Cr contents (further to the right in the phase
diagram in the same IO-region), while more Cr-rich spinel is formed.
In contrast, the alloy exhibiting good secondary corrosion protection
contained less IO-pores but considerably more remaining metal regions
in the inward-growing scale (see Fig. 4), which would also be predicted
by the phase diagram in Fig. 6 (more FCC).

5. Conclusion

To conclude; the corrosion protection of FeCrNi alloys after break-
away is clearly influenced by the amount of Ni in the alloy at 600 ◦C.
All investigated alloys form mainly diffusion controlled, multi-layered,
Fe-rich oxide scales after breakaway. The Fe-rich oxide scales formed
on alloys with low Ni contents (≤2 wt%) are poorly protective, with
growth rates similar to low alloyed steels, whereas the higher Ni
contents result in the formation of a more slow-growing, Fe-rich oxide
scale, i.e., a good secondary corrosion protection. The results sug-
gest that a good secondary corrosion protection may be obtained by
avoiding detrimental internal oxidation (D-IO), i.e., internal oxidation
including Fe-rich BCC + Cr-rich spinel (+FCC). This can be achieved
by an increased amount of Cr, but also by increasing the amount of Ni,
since the range of stability for this type of internal oxidation is shifted
towards lower Cr contents as the amount of Ni is increased. Thus, the
main influence that Ni exert on the oxide growth rate after breakaway
is suggested to be to shift the stability region of internal oxidation
including Fe-rich BCC and Cr-rich spinel. This results in that less Cr
is required to escape this type of internal oxidation, which allows for
the formation of a good secondary corrosion protection.

The good secondary protection of FeCrNi alloys is reached above
a critical amount of Ni (2% ≤ 10% for Fe18CrxNi alloys), while
additional Ni makes only a minor difference in oxide growth rate
for the environment studied. However, thermodynamic equilibrium
calculations indicate that, given time, the Cr-rich spinel oxide formed
after breakaway could transition into a Cr-rich corundum-type oxide.
Thus, it is suggested that the secondary corrosion protection formed
after breakaway acts as a pre-step for the formation of a protective
thick Cr-rich corundum type oxide. Moreover, the increased Cr-activity
for higher amounts of Ni in the austenitic alloys could accelerate the
formation of such a Cr-rich oxide after breakaway. If this would form
below an outward-growing Fe oxide, it would in addition naturally
reduce the risk for future breakaway events caused by reactions with
the Cr-rich oxide.
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