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A B S T R A C T   

The microstructural evolution of the oxide scales formed on FeCr(Al,Ni) alloys after breakaway oxidation was 
studied in 5 % O2 + 20 % H2O + N2 (Bal) + KCl(s)/KCl(g) at 600 ◦C for 168, 1000 and 8000 h. The SEM/EDS, 
SEM/EBSD and XRD investigation show that all alloys experience breakaway oxidation and form multi-layered 
scales. Experimental results, thermodynamic modelling and kinetic simulations show that FeCrAl and FeCrNi 
alloys form chromium-rich spinel oxide in inward-growing scales which transform into a protective corundum- 
type oxide as the oxidation progresses, while FeCr alloy experiences fast oxidation and maintains a non- 
protective spinel oxide/internal oxidation after long exposures.   

1. Introduction 

In order to develop and select materials for demanding corrosive 
high temperature applications such as biomass- and waste-fired boilers, 
the insight into the evolution of the oxide microstructure during long 
operation times in corrosive environments is very important. The com-
bustion of biomass and waste is known to release flue gas that contains 
alkali salts, e.g., KCl, which accelerate the corrosion of superheater 
materials [1–16]. This may lead to lower efficiency of the power plant, i. 
e., through lower steam temperature, or to shorter lifetime of key 
components. In the boiler environments, the Cr-rich scale normally 
formed on a stainless steel, i.e., the primary protection, is quickly broken 
resulting in breakaway oxidation [9]. The scale formed after breakaway 
oxidation is known to be fast-growing and less protective consisting of 
an outward- and inward-growing part, i.e., defined as the secondary 
protection. The concept of secondary corrosion protection has been used 
in previous work to denote the corrosion regime after breakaway 
oxidation, see e.g., [17,18]. In the secondary corrosion regime, alloys 
may re-form a slow-growing and protective oxide layer, a.k.a a healing 
layer, at the metal/scale interface, which is rich in Cr and/or Al [8,17, 
19–21]. 

The protectiveness of the secondary protection is determined by 
several factors such as spallation or vulnerability towards corrosive 
species, e.g., Cl, but also on its ability to slow down ion diffusion through 
the oxide scale. This is known to be influenced by the oxide’s grain size 

and the amount of alloying elements [17]. However, the key feature to 
form a good secondary protection, with healing layer characteristics, 
may be the ability to form a protective Cr/Al – rich scale in the met-
al/oxide interface. The formation of such a scale is determined by the 
access to Cr/Al, i.e., diffusivity/activity of these elements in the alloy as 
well as the inward diffusion of oxygen ions which determines the 
oxidation rate. Kim et al. [22] reported faster outward diffusion of Cr in 
a fine-grained alloy which led to formation of a protective Cr-rich oxide 
scale while the coarse-grained alloy formed less protective scale. Eklund 
et al. [23] showed that FeCr alloys with Cr-content of 2.25–18 wt% and 
FeCrAl alloys with < 18 wt% Cr and < 3 wt% Al exhibit corrosion 
behavior similar to pure iron after breakaway oxidation. Col et al. [20] 
investigated the microstructural evolution of Fe–18Cr–8Ni austenitic 
stainless steel at 850 ◦C in O2 and reported the formation of a continuous 
Cr2O3 healing layer close to the metal/scale interface. While these 
previous studies provide insight into the microstructural features of 
scales formed after breakaway oxidation, the investigations are typically 
carried out for short-term exposures while the materials used in these 
types of applications tend to have operating lifetimes of several years. It 
is therefore very important to investigate long-term exposures where it 
is possible to assess the microstructural evolution and the protectiveness 
of the oxide scales formed on alloys exposed in harsh environments. 

This investigation covers the long-term corrosion behavior of stain-
less steels and FeCrAl alloys at 600 ◦C exposed in harsh environments. 
The focus of the study is to investigate the microstructural evolution of 
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the oxide scales during long-term exposures. The exposures were carried 
out in 5 % O2 + 20 % H2O + N2 (Bal) + KCl(s)/KCl(g) at 600 ◦C for 168, 
1000 and 8000 h in a setup where KCl(s) is active for all durations. The 
corrosion products were characterized using XRD and advanced electron 
and ion microscopy such as, SEM/EDX and EBSD on cross-sections 
prepared using Broad Ion Beam (BIB) milling. Thermodynamic calcu-
lations were used to predict oxide phases and compare with data ob-
tained from the experimental investigation and kinetic-based 
simulations were performed to model the kinetics of key features of 
microstructural evolution. 

2. Experimental procedure 

2.1. Material preparation and exposures 

Materials used in this study were SVM12 (martensitic stainless steel) 
supplied by Vallourec S.A, APMT (FeCrAl alloy) supplied by Kanthal AB 
and alloy 27Cr33Ni3Mo (Austenitic stainless steel) supplied by Alleima 
AB. The chemical composition of these alloys is presented in Table 1. 
The materials used in this study are candidate superheater materials. 
SVM12 exhibits excellent mechanical properties such as high creep 
strength [24], which is desirable for load bearing capability of the su-
perheater tubes and can thus be used as substrate for coatings with good 
corrosion properties. The other two materials, APMT and Alloy 
27Cr33Ni3Mo contain high chromium content which is known to be 
beneficial for the corrosion resistance of the alloy. 

All the materials were received as coupons with dimensions of 20 
mm × 10 mm × 2 mm. The coupons were ground with P500 and P800 
SiC paper using a polishing machine. The ground samples were cleaned 
with acetone in ultra-sonic agitation bath and finally cleaned with 
ethanol. The investigated alloys were weighed using Sartorius™ scale 
with six decimal accuracies. The samples were sprayed with 2 mg/cm2 

KCl solution (consisting of KCl salt dissolved in 80 vol% ethanol with 20 
vol% distilled water). During spraying, warm air was continuously 
passed over the samples to speed up the drying process of the solution. 
The samples were then kept in a desiccator for 24 h prior to exposure. 

The corrosion test was performed isothermally in a three-zone hor-
izontal silica tube furnace with a set temperature of 600 ◦C ± 3 ◦C in all 
the heating zones. The exposures were performed for 168 h, 1000 h, and 
8000 h in an environment consisting of 5 % O2 + 20 % H2O + N2 (Bal) 
(gas flow of 0.1 cm/s) with a KCl(s) source upstream. A complete 
description of the experimental setup can be found elsewhere [25]. 

2.2. Analysis 

Prior to samples analysis, cross-sections were prepared by cutting the 
samples using a Leica EM TXP and milling the cross-sections using a 
Gatan PECS II broad ion beam (BIB) milling system (operated at 6, 4 and 
2 kV for 2 h at each accelerating voltage). The samples were then 
analyzed using scanning electron microscopy (SEM) and energy 
dispersive X-ray (EDX) operated at an accelerating voltage of 10–20 kV 
with an FEI Quanta 200 in high vacuum mode. For XRD analysis, a 

Bruker D8 Discover was used with a Mo radiation source to ensure deep 
penetration through the thick oxide scales. Furthermore, phase identi-
fication was performed using Electron Backscattered Diffraction (EBSD) 
on a TESCAN GAIA3 dual beam instrument operated at 20 kV for all the 
analysis. 

The average grain sizes for both the oxide and the steel were ob-
tained from SEM-BSE cross-section images of milled samples using the 
intercept method described in the ASTM E112–12 standard [26]. In this 
method, a line is drawn across an area of interest and the total number of 
intersections between the line and the grain boundaries are recorded. 
Several lines were drawn to increase the number of intercepts and 
thereby increase the precision of the method. 

2.3. Thermodynamic modelling and kinetic simulation 

Thermo-Calc program (version 2023a) was used to calculate the 
amount of different phases formed under equilibrium to compare with 
the results obtained from the experimental investigations. Oxide data-
base, TCOX12 was used for these calculations. In addition, diffusion- 
based simulations were run using Dictra module in Thermo-Calc and 
developed databases found here [27] to predict the oxide thickness after 
long-term exposures. Moving phase boundary model [28] was used in 
these simulations, in which the oxide growth is assumed to occur as a 
results of grain boundary diffusion in the oxide phase. 

3. Results 

The long-term high temperature corrosion behavior of SVM12, 
APMT and Alloy 27Cr33Ni3Mo was studied in laboratory conditions 
mimicking a simplified boiler environment consisting of 5 % O2 + 20 % 
H2O + N2 (Bal) +KCl(s)/KCl(g) for 168 h, 1000 h and 8000 h. The 
amount of applied KCl(s), in combination with the low flow and an 
upstream KCl-filled boat, was calculated to last the entire duration of all 
exposures (up to 8000 h) [25]. The presence of KCl post exposure was 
confirmed for all samples through plan view SEM/EDX. It is worth 
noting that in contrast to boiler environment which contains many other 
corrosive species, the setup in this study is a simplified environment that 
offers well-controlled conditions for evaluating the corrosion behavior 
of studied materials. 

3.1. Oxidation kinetics 

The oxidation kinetics presented in this study are based on measured 
oxide thickness on the ion-milled SEM-BSE cross-section images for all 
the alloys under investigation. The oxide thickness measurement was 
chosen to represent the extent of the corrosion as it provides better 
certainty regarding oxide growth rate compared to mass gain mea-
surement which could be misleading for samples exposed for long du-
rations, especially if the samples were to suffer partial spallation during 
or after exposure. Through ion-milling, large cross-sections were ob-
tained, and the oxide thickness measurements were performed from 
representative regions of the cross-sections. The spalled oxide could 

Table 1 
Chemical composition of alloys (wt%) used in this study.   

Chemical composition (wt%) 

Alloy Ni Cu N Fe Cr Al Mo Si Mn C Others 

SVM12 0.40  0.02 Bal. 
10.50 
- 
12.00  

0.10 
- 
0.60 

0.20 
- 
0.60 

0.30 
- 
0.80 

0.10 
- 
0.16 

W= 1.50–2.50 
Co= 1.50–2.50 
V= 0.15–0.30 

APMT    Bal 
20.50 
- 
23.50 

5.00 3.00 0.70 0.40 0.08 RE 

Alloy 27Cr33Ni3Mo 
27.00 
- 
36.00 

0.50 
- 
1.50 

0.20 Bal. 
25.00 
- 
31.00  

3.00 0.80 2.00 0.10 RE  
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easily be identified when analyzing the oxide scale, i.e., by comparing 
the ratios between the outward/inward-growing oxides. Fig. 1 shows the 
calculated average oxide thickness and the spread in thickness is pre-
sented as error bars for the respective alloys and exposure times. 

The results show that the alloys formed oxide scale thicknesses in 
micrometer range after the shortest exposure time (168 h) which is 
characteristic of the post-breakaway oxidation scales, confirming that 
the alloys have transitioned into the secondary corrosion mode in less 
than 168 h. This is in line with the results of previous studies investi-
gating corrosion behavior of alloys of similar classes where it was re-
ported that the protective scale is quickly broken down in environment 
containing KCl + water vapor leading to breakaway oxidation, see e.g., 
[15,17,20]. Under the present experimental conditions, the growth ki-
netics from 168 h therefore represent the oxidation kinetics in the sec-
ondary regime for the investigated alloys. SVM12 exhibited the fastest 
oxide growth rate after all the exposure times. Already after 168 h, 
SVM12 has formed a thick oxide (around 91 µm), indicating that the 
oxide growth is initially very fast growing for this alloy. After 
8000 h-exposure, SVM12 had formed about 206 µm thick oxide. The 
data for oxide thickness and time was plotted in order to investigate the 
parabolic growth relationship (xα =kpt), where x is the oxide thickness, α 
is the order of parabolicity, kp is the parabolic rate constant and t is time. 
Numerically, α = 2 denotes parabolic growth relationship and α > 2 
denotes sub-parabolic growth relationship. In this study SVM12 ob-
tained α = 3.2, which indicates that this alloy displays sub-parabolic 
oxide growth behavior. 

In contrast, the measured thickness for Alloy 27Cr33Ni3Mo showed 
a slower-growing oxide scale after breakaway oxidation. After 168 h, 
the scale is 9 µm which increased to about 13 µm after 8000 h indicating 
slow oxidation kinetics in the secondary corrosion regime. APMT 
exhibited intermediate oxide growth rate where it formed a 25 µm thick 
scale after 168 h and twice as thick scale after 8000 h. Both APMT and 
Alloy 27Cr33Ni3Mo had calculated α values of 3.8 and 6.7 respectively, 
which indicate that these alloys exhibit sub-parabolic behavior with 
exposure time. 

3.2. Microstructural investigation 

The microstructure of oxide scales formed on SVM12, APMT and 
Alloy 27Cr33Ni3Mo was investigated in detail using SEM/EDS, XRD and 
SEM/EBSD for chemical analysis and phase identification as these fea-
tures are a key input to growth kinetics as well as, e.g., oxidation sim-
ulations. Generally, the investigation showed that all the investigated 

alloys formed multi-layered oxide scales consisting of outward-growing 
and inward-growing layers. The interface between the outward- and 
inward-growing layers is interpreted as the original metal surface and is 
marked as dotted line in all SEM/BSE images. It is also worth noting that 
the compositions of oxides obtained from SEM/EDX analysis are pre-
sented as cationic concentration (at%) and that oxygen is excluded due 
to technical difficulty of quantifying lighter elements. 

3.2.1. Martensitic stainless steel - SVM12 
Fig. 2 shows a representative ion-milled SEM/BSE cross-section 

image of SVM12 after 168 h exposure (Fig. 2a), 1000 h exposure 
(Fig. 2b) and 8000 h exposure (Fig. 2c). The scales were all multilayered 
and the selected image regions show a representative variation in the 
thickness for different exposure times. The dashed lines indicate the 
interpreted interface between the inward- and outward-growing oxide 
layers. 

After 168 h of exposure, SVM12 formed an approximately 91 µm 
thick oxide scale. 

The scale is dense and contains K2CrO4 particles embedded in the 
outward-growing scale as identified by SEM/EDS elemental analysis. 
Further SEM/EDS and SEM/EBSD analyses revealed that the outward- 
growing layer consists of almost pure iron-oxide and consists of hema-
tite in the upper regions (region I) and magnetite in the lower regions 
(region II), see indexed Kikuchi bands in Fig. 2a. The average oxide grain 
size in the outer scale was 1.5 µm. The inward-growing layer was 
identified as a spinel structure with a composition of 75 at% Fe and 25 at 
% Cr in region III and 60 at% Fe and 40 at% Cr in region IV. Further 
crystalline phase identification using XRD with Mo radiation source 
showed the presence of Fe2O3, Fe3O4 and Cr2FeO4 phases which is in 
good agreement with the EBSD results, see Table 2. Traces of Cl (less 
than 1-at%) were detected in the inward-growing scale while the 
outward-growing scale contained no indications of Cl. However, traces 
of K were detected in the outward-growing scale (apart from the K2CrO4 
particles) but not in the inward-growing scale. The bright particles 
distributed within the inward-growing scale were identified as W-rich 
precipitates, which agrees well with observations made in these studies 
[29,30]. Beneath the scale, local chlorine-rich agglomerations were 
interpreted to be FeCl2. 

The ion milled cross-section on the sample exposed for 1000 h 
showed a similar microstructure as observed after 168 h exposure. The 
scale is slightly thicker (about 120 µm) and dense (Fig. 2b). In the oxide/ 
gas interface, a continuous layer of large K2CrO4 particles is detached. 
According to SEM-EDS and SEM/EBSD analyses, the outward-growing 
layer consist of hematite in region I and magnetite in region II with 
average grain size of 2.4 µm. The inward-growing layer is indexed as 
spinel with an average composition of 70 at% Fe and 30 at% Cr in the 
upper regions (region III) and 55 at% Fe and 45 at% Cr in the lower 
regions (region IV). Traces of Cl (less than 1-at%) were again detected 
only in the inward-growing scale while traces of K were detected in the 
outward-growing scale. 

After 8000 h of exposure, SVM12 forms a scale with the similar 
microstructure as after 168 and 1000 h. The scale is thicker and has an 
average thickness of approximately 206 µm (Fig. 2c) where all the layers 
(oxide phases) have become thicker. The outward-growing oxides (he-
matite and magnetite) contain small pores and large K2CrO4 particles 
are embedded in the inner regions (region II). The inward-growing oxide 
(again identified as spinel) is dense and homogenous closer to the 
original metal interface (region III) and porous in the lower regions 
(region IV). The average composition of these regions was 65 at% Fe, 
35 at% Cr and 60 at% Fe, 40 at% Cr for regions III and IV respectively. 
W-rich precipitates (observed as bright particles in the SEM-BSE image 
(Fig. 2c)) in the inner region of the inward-growing scale have increased. 
Closer to the metal/scale interface, a 3 µm Cr-rich layer (65 at% Cr) has 
formed. No Cl was detected in the scale while traces of K were detected 
along the entire scale. Beneath the 3 µm thick Cr-rich layer, a14 µm deep 
Cr-depletion zone could be observed. 

Fig. 1. Oxide thickness for the studied alloys after exposure in 5 % O2 + 20 % 
H2O + N2 (Bal) + KCl(s)/KCl(g) for 168 h, 1000 h and 8000 h at 600 ◦C. 
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3.2.2. Ferritic alloy APMT 
Fig. 3 shows SEM-BSE images of ion milled cross-sections illustrating 

FeCrAl alloy APMT exposed for 168 h (Fig. 3a), 1000 h (Fig. 3b) and 
8000 h (Fig. 3c). The shortest exposure duration (168 h) resulted in an 
approximately 25 µm thick oxide scale. The scale consists of an outward- 
and inward-growing layer illustrated by the dashed lines. The outward- 
growing layer is characterized by cracks and pores with large K2CrO4 
particles embedded in it. SEM-EDS and SEM/EBSD analysis showed that 
the outward-growing scale was Fe-oxide consisting of hematite in region 
I and magnetite in region II. The inward-growing scale (region III) dis-
plays a variation in thickness ranging between 10 and 18 µm and has a 
spinel structure with a composition of 60 at% Fe, 15 at% Cr, 20 at% Al 
and minor elements (SEM/EDX and SEM/EBSD). Traces of Cl (less than 

Fig. 2. SEM-BSE cross-section images of SVM12 after exposure for a) 168 h, b) 1000 h and c) 8000 h in 5 % O2 + 20 % H2O + N2 (Bal) + KCl(s)/KCl(g) at 600 ◦C.  

Table 2 
Crystalline oxide phases identified using XRD.  

Exposure 
(hours) 

SVM12 APMT Alloy 27Cr33Ni3Mo 

168 
BCC; Fe2O3; 
Fe3O4; 
FeCr2O4 

BCC; Fe2O3; Fe3O4; 
FeCr2O4; FeCrO3 

(Al0.9Cr0.1)2O3 

FCC;Fe3O4; FeCr2O4; 
Fe2NiO4; FeNiCrO4; 
Cr1.3Fe0.7O3 

1000 
BCC; Fe2O3; 
Fe3O4; 
FeCr2O4 

BCC; Fe2O3; Fe3O4; 
Al1.82Cr0.12O3; Cr2O3 

FCC; Fe2O3; Fe3O4; 
FeCr2O4; Cr2O3; 
Cr1.3Fe0.7O3; 

8000 
BCC; Fe2O3; 
Fe3O4; 
FeCr2O4 

BCC; Fe2O3; Fe3O4; 
Cr2O3; FeCr1.5Al0.5O4 

FCC; Fe2O3; Fe3O4; 
FeCr2O4; Cr2O3  

Fig. 3. SEM-BSE cross-section images of APMT after exposure for a) 168 h, b) 1000 h and c) 8000 h in 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) at 600 ◦C.  
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1-at%) were detected in the inward-growing oxide, but not in the 
outward-growing layer. K was detected in trace and elevated amounts 
(~5 at%) in the outer and inner scales respectively. 

Exposure for 1000 h produced a 31 µm thick oxide scale with similar 
microstructural features as the scale formed after 168 h. In the surface 
region, larger K2CrO4 particles are observed (Fig. 3b). The outward- 
growing Fe-oxide is dense and consists of hematite in region I and 
magnetite in region II. The inward-growing scale (region III) was 
composed of 20 at% Fe, 55 at% Cr, 20 at% Al plus minor elements and 
was identified as spinel and corundum in different regions (see Fig. 3b) 
followed by a 12 µm deep depletion zone. Below the scale (region IV), a 
28 µm thick nitridation zone (NZ) was formed. Traces of Cl (less than 1- 
at%) were detected in the inward-growing oxide, but not in the outward- 
growing layer. The presence of K was detected only in the outward- 
growing scale. 

After 8000 h of exposure, the oxide scale is approximately 59 µm 
thick (Fig. 3c). The thickness ratio of the outward-growing scale and the 
inward-growing scale is about 50:50. Both hematite in region I and 
magnetite in region II are dense with very small pores. The inward- 
growing scale was composed of 20 at% Fe, 60 at% Cr, 20 at% Al and 
identified as spinel mixed with corundum. Closer to the metal-scale 
interface, a 6 µm thick layer with slightly lower Al content (25 at% Fe, 
60 at% Cr, 15 at% Al) was identified (region IV). This was followed by 
20 µm Cr-depletion zone. Below the scale, a 74 µm thick nitridation zone 
(NZ) was observed. Traces of Cl (less than 1-at%) were detected in the 
inward-growing oxide, but not in the outward-growing layer. The 
presence of K was detected only in the outward-growing scale. 

3.2.3. Austenitic stainless steel - Alloy 27Cr33Ni3Mo 
Fig. 4 shows SEM-BSE cross-sections of Alloy 27Cr33Ni3Mo after 

exposure durations 168 h (Fig. 4a), 1000 h (Fig. 4b) and 8000 h 
(Fig. 4c). The 27Cr33Ni3Mo alloy forms oxide scales with the same 
microstructural features as the other investigated alloys but in addition 
with a fine grain region (FGR) that is depleted in Cr and enriched in Ni. 

After 168 h of exposure, Alloy 27Cr33Ni3Mo has formed a scale that 
is about 9 µm thick and dense in the upper and lower regions and 

contains pores in the middle regions (Fig. 4a). The SEM/EDS and SEM/ 
EBSD investigation showed that the outward-growing oxide layer (re-
gion I) is composed of 40 at% Fe, 30 at% Cr, 30 at% Ni and was iden-
tified to have a spinel crystal structure. The inward-growing oxide scale 
(region II) is essentially the same kind of oxide consisting of spinel 
crystal structure with more Cr and less Fe (25 at% Fe, 50 at% Cr, 25 at% 
Ni). Trace amounts of Cl and K (less than 1 at%) were detected both in 
outward- and inward-growing oxides. Below the scale, the alloy forms a 
4 µm deep Ni-rich fine grain region (region III) with average grains size 
of about 3 µm (the initial average alloy grain size was about 49 µm 
before starting the exposure). The fine grain region contains scattered 
voids. 

After 1000 h exposure, the scale formed by Alloy 27Cr33Ni3Mo is in 
the same range as after 168 h, measuring 10 µm in thickness (Fig. 4b) 
while the K2CrO4 particles formed on the surface have become larger. 
The outward-growing oxide (region I) consists of spinel crystal structure 
with composition of 70 at% Fe, 30 at% Cr. The inward-growing has 
become enriched in Cr (20 at% Fe, 80 at% Cr) and consists of corundum 
crystal structure with a thickness of ~1.4 µm. Unoxidized metal regions 
are observed embedded in the lower regions of the inward-growing 
oxide. The voids formed below the scale have increased in number 
compared to the 168-hour exposure. The Ni-rich fine grain region (re-
gion III) has become deeper (13 µm deep) with average grain size of 
3 µm. 

After 8000 h of exposure, the scale has grown to 13 µm. The 
outward-growing scale is dense and consists of two distinguishable re-
gions based on the contrast difference in the SEM/BSE image, i.e., light 
region I and dark region II. Region I is Fe-rich spinel with an average 
composition of 85 at% Fe, 15 at% Cr. The inward-growing scale (region 
II) is ~ 5.3 µm thick and consists of mixture of Cr-rich oxide islands with 
unoxidized Ni-rich metal regions. The Cr-rich oxide islands were iden-
tified as corundum and had a composition of 10 at% Fe, 90 at% Cr with 
average oxide grain size of 0.2 µm. The Ni-rich fine grain region (region 
III) beneath the scale has increased in thickness (~ 19 µm) and contains 
more voids along the grain boundaries. Traces of Cl (<1 at%) was 
detected in the inward-growing scale. K was detected in the outer scale 

Fig. 4. SEM-BSE cross-section images of Alloy 27Cr33Ni3Mo after exposure for a) 168 h, b) 1000 h and c) 8000 h in 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) 
at 600 ◦C. 
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in less than 1 at%. 
To summarize the findings of this study and highlight specific fea-

tures of microstructural evolution of the scales formed by the investi-
gated alloys, a summary of results is presented in Table 3. 

3.3. Computational modelling 

3.3.1. Thermodynamic calculations 
In order to evaluate the behavior of the alloys, thermodynamic 

equilibrium calculations were performed to predict stable phases in 
what is interpreted as the inward-growing scale (low pO2 range). It 
should be noted that in harsh environments where large amount of KCl is 
present, the interesting part from a calculation perspective is the 
corrosion front, i.e., at low pO2 since the predicted primary protection 
(Cr2O3 or Al2O3) is rapidly broken down and the main part of the 
oxidation growth occurs after breakaway oxidation. Thermodynamic 
calculations predicting stable phases may therefore provide information 
about the low pO2 range and the possibility to form internal oxidation/a 
slow growing Cr/Al-rich layer, i.e., the healing layer. 

The stable phases have been plotted with variation of pO2 to be able 
to predict the sequence of oxide phases for alloys SVM12, APMT and 
Alloy 27Cr33Ni3Mo and presented in Figs. 5, 6 and 7 respectively. The 
key phases have been marked to make it possible to systematically 
compare these alloys e.g., the inner part of the expected corrosion 
products for the different compositions for the three alloys with the 
observed microstructure. 

Fig. 5, shows calculated equilibrium phase fractions against pO2 for 
the oxide scale formed by SVM12. In the low oxygen partial pressure 
range, SVM12 forms various stable phases. In between 10− 25 <pO2 
< 10− 14, two spinel phases are predicted to form, spinel1 and spinel2 
marked in red and blue colors respectively with spinel1 being the phase 
with higher amount (~ 90 %). 

In pO2 < 10− 25 regions (interpreted as the internal oxidation zone 
based on a combination of calculations and results from the micro-
structure investigation), a mixture of unreacted metal, spinel2 and a 
minor fraction of corundum type of oxide are predicted as the stable 
phases. The corundum phase forms close to the metal-scale interface 
with a fraction of ~ 22 %. 

Fig. 6 shows calculated fractions of stable oxide phases against pO2 
for APMT. In the upper regions of the inward growing scale (interpreted 
to have 10− 30 <pO2 <10− 15), this alloy is predicted to form two spinel 
phases (spinel1 and spinel2) where spinel 1 is the major phase. Within 
the regions of pO2 < 10− 25, unoxidized metal is predicted to be in 
equilibrium with the oxide phases. In lower oxygen partial pressure 
regions, i.e., pO2 < 10− 30, the scale is composed of corundum type of 
oxide that is in equilibrium with unoxidized metal. The fraction of 
corundum-type oxide is ~ 44 %. For pO2 < 10− 50, only the BCC is stable 
and is interpreted as the metal-scale interface. 

The thermodynamic calculations predict that Alloy 27Cr33Ni3Mo 
forms multiphases in the inward-growing scale with oxygen partial 
pressure below 10− 19, see Fig. 7. In the range of 10− 29 <pO2 < 10− 19, 
spinel is the major phase with a fraction of a ~ 90 % and in equilibrium 

Table 3 
Summary of results from microstructural investigation of SVM12, APMT and 
Alloy 27Cr33NiMo after exposure in 5 % O2 + 20 % H2O + N2 (Bal) +KCl(s)/KCl 
(g) for 168 h, 1000 h and 8000 h.  

Features 168 h 1000 h 8000 h 

SVM12 
Scale thickness 91 µm 120 µm 206 µm 
Potassium 

chromate 
Apparent Apparent apparent 

Average 
chemical 
composition 

Region I: 100 at% 
Fe 
Region II: 95 at% 
Fe, 5 at% Cr 
Region III: 75 at% 
Fe, 25 at% Cr 
Region IV: 60 at% 
Fe, 40 at% Cr 

Region I: 100 at% 
Fe 
Region II: 100 at% 
Fe 
Region III: 70 at% 
Fe, 30 at% Cr 
Region IV: 55 at% 
Fe, 45 at% Cr 

Region I: 100 at 
% Fe 
Region II: 100 at 
% Fe 
Region III: 65 at 
% Fe, 35 at% Cr 
Region IV: 60 at 
% Fe, 40 at% Cr 
Region V: 35 at 
% Fe, 65 at% Cr 

Crystalline 
phases 

Hematite, 
magnetite, spinel 

Hematite, 
magnetite, spinel 

Hematite, 
magnetite, spinel 

Cr-depletion 
below scale   14 µm deep 

Presence of Cl 
Yes (<1 at%) at the 
surface and inward- 
growing scale 

Yes (<1 at%) at the 
surface and inward- 
growing scale 

No 

Presence of K 
Yes (~1 at%) in 
outward-growing 
scale 

Yes (~1 at%) in 
outward-growing 
scale 

Yes (~1 at%) in 
outward- 
growing scale 

Oxide grain 
size 1.5 µm 2.4 µm 14.1 µm 

APMT 
Scale thickness 25 µm 31 µm 59 µm 
Potassium 

chromate 
Apparent apparent apparent 

Average 
chemical 
composition 

Region I: 90 at% 
Fe, 10 at% Cr 
Region II: 85 at% 
Fe, 15 at% Cr 
Region III: 60 at% 
Fe, 15 at% Cr, 20 at 
% Al, minor 
elements 

Region I: 100 at% 
Fe 
Region II: 100 at% 
Fe 
Region III: 20 at% 
Fe, 55 at% Cr, 20 at 
% Al, minor 
elements 
Region IV: AlN 

Region I: 100 at 
% Fe 
Region II: 100 at 
% Fe 
Region III: 20 at 
% Fe, 60 at% Cr, 
20 at% Al 
Region IV: 25 at 
% Fe, 60 at% Cr, 
15 at% Al 
Region V: AlN 

Crystalline 
phases 

Hematite, 
magnetite, spinel 

Hematite, 
magnetite, spinel, 
Corundum 

Hematite, 
magnetite, 
spinel, 
corundum 

Cr-depletion 
below scale Negligible Yes (12 µm) Yes (20 µm) 

Presence of Cl 
Yes, < 1 at% in 
inward-growing 
scale 

Yes, (<1 at%) in 
inward-growing 
scale 

Yes, < 1 at% in 
inward-growing 
scale 

Presence of K 

Outer scale: Yes 
(<1 at%) 
Inner scale: Yes 
(~5 at%) 

Outer scale: Yes 
(<1 at%) 
Inner scale: No 

Outer scale: Yes 
(<1 at%) 
Inner scale: No 

Nitridation 
zone No Yes (28 µm) Yes (74 µm) 

Alloy 27Cr33Ni3Mo 
Scale thickness 9 µm 10 µm 13 µm 
Potassium 

chromate 
Apparent Apparent Apparent 

Average 
chemical 
composition 

Region I: 40 at% 
Fe, 30 at% Cr, 30 at 
% Ni 
Region II: 25 at% 
Fe, 50 at% Cr, 25 at 
% Ni 

Region I: 70 at% 
Fe, 30 at% Cr 
Region II: 20 at% 
Fe, 80 at% Cr 

Region I: 85 at% 
Fe, 15 at% Cr 
Region II: 10 at 
% Fe, 90 at% Cr 
Region III: 40 at 
% Fe, 15 at% Cr, 
45 at% Ni 

Crystalline 
phases 

spinel Spinel, corundum Spinel, 
corundum 

Cr-depletion 
below scale 

Yes, about 4 µm 
deep 

Yes, about 13 µm 
deep) 

Yes (about 19 µm 
deep)  

Table 3 (continued ) 

Features 168 h 1000 h 8000 h 

Grain 
refinement 
region 

Yes, about 4 µm 
deep 

Yes, about 13 µm 
deep 

Yes (about 19 µm 
deep) 

Presence of Cl 

Yes, (<1 at%) in 
outward- and 
inward growing 
scales 

Yes, < 1 at% in 
inward-growing 
scale 

Yes, < 1 at% in 
inward-growing 
scale 

Presence of K 

Outer scale: Yes 
(~3 at%) 
Inner scale: Yes 
(~3 at%) 

Outer scale: Yes 
(<1 at%) 
Inner scale: No 

Outer scale: Yes 
(<1 at%) 
Inner scale: No  
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with unoxidized metal. In the inner regions (pO2 <10− 29), corundum 
type of oxide is predicted to form with a fraction of 46 %. 

3.3.2. Kinetic simulations 
The kinetic simulations show the potential of predicting both pro-

tective and non-protective oxide scale growth kinetics. Dictra simula-
tions following the method suggested in [31] were used to predict the 
oxidation kinetics after long-term exposures, i.e., the reformation of a 
Cr2O3 type of scale in the bottom of the inward growing scale observed 
on Alloy 27Cr33Ni3Mo. The starting time for the formation of the 
corundum phase is somewhere between 168 h (not observed in the 
carful microstructural investigation) and 1000 h where it is observed to 
be 1.4 µm. To be able to easier evaluate the growth kinetics between 
1000 h and 8000 h, the simulated curve was shifted in time so that the 
thickness after 1000 h matches the experimental observation. The 
starting time for the shifted simulated curve may be used as an indica-
tion for the formation of corundum phase but is not considered to be 
correct. The simulated curve adds value by contributing to the kinetics 
of a simulated external scale between 1000 h and 8000 h for comparison 
with the experimental observation. Fig. 8 shows the results of the 
corundum phase growth kinetics obtained through simulation imple-
menting the grain size observed in the microstructure investigation and 
starting the simulation of the protective corundum structure after 
1000 h up to 8000 h of exposure. The simulated growth rate known to 

predict an external Cr2O3 scale very well at this temperature [31] 
indicate slower kinetics than the scale formed on Alloy 27Cr33Ni3Mo. 

4. Discussion 

Three different alloys have been selected for this study in order to 
study the corrosion properties in harsh environments for long durations. 
The alloys represent three different material classes that may be used in 
these environments and applications, i.e., SVM12 (representing 
martensitic stainless steel), APMT (representing FeCrAl alloys) and Alloy 
27Cr33Ni3Mo (representing austenitic stainless steel). It may be noted 
that these alloys/or alloys of similar composition form a slow growing 
chromia/alumina scale at 600 ◦C in the absence of KCl/H2O [32–34]. 
The focus of this investigation has been to study the oxide features 
beyond breakaway in presence of KCl/H2O (i.e., the secondary corrosion 
regime) in order to understand the corrosion mechanisms for long du-
rations and protectiveness of these scales after breakaway oxidation. 
This is reflected in the investigation of oxide kinetics following break-
away oxidation as well as the oxide microstructure evolution after the 
breakaway oxidation. 

4.1. Oxidation kinetics 

The experimental setup mimicking key components in the aggressive 

Fig. 5. Thermodynamic equilibrium calculations showing the amount of predicted stable phases plotted against pO2 for SVM12.  
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environment found in the biomass-and waste-fired boilers was used to 
trigger fast breakaway oxidation of the three different alloys. The 
combustion of biomass and waste creates corrosive species such as KCl 
and water vapor that have been reported to accelerate corrosion of the 
metallic components and transform the protective scales into fast- 
growing and less protective scales, see e.g., [6,7,10,35,36]. In recent 
studies where oxide scales formed prior and just after breakaway 
oxidation have been investigated, the concepts of primary and second-
ary corrosion regimes were introduced to elucidate the different corro-
sion modes that a material can undergo during the oxidation/corrosion 
process [17,19,37] where the primary and secondary refer to the 
corrosion regimes before and after breakaway oxidation respectively. 
The experimental setup in addition secures the presence of the corrosive 
components during all of the long exposures, i.e., for all duration in the 
secondary regime after breakaway oxidation [25]. This is supported by 
the presence of KCl on the surface of all samples after all durations. 

The oxidation kinetics to be discussed in this section are based on 
measured oxide thicknesses and not mass gains as these may cause 
challenges due to evaporation/spallation during long time exposures 
(Fig. 1). The Broad Ion Beam milling offers a very good experimental 
setup to gently create a very wide cross-section for thickness measure-
ments providing accurate interpretations of the thickness variations as 
well as the microstructural evolution. The results show that all the alloys 
have experienced breakaway oxidation after the shortest exposure time, 
i.e., already after 168 h as expected in the presence of KCl/H2O. The 

kinetics/evolution of oxide microstructure described below after 168 h 
corresponds to the secondary regime. 

The marginal chromia former SVM12 (12 wt% Cr) exhibits the 
fastest oxide growth rate indicating a fast initial breakdown of the pri-
mary oxide (Cr rich scale) in combination with fast oxide growth 
following breakaway, i.e., formation of a poor secondary protection. The 
fast oxidation kinetics observed in current study are in line with kinetics 
of pure iron oxidation without the formation of FeO [38]. This may be 
attributed to the limited supply of alloying elements such as Cr to the 
corrosion front that otherwise may contribute to the re-formation of a 
protective scale and mitigate further rapid corrosion. Comparable 
findings have been reported for several alloys with similar composition 
exposed in aggressive environment [17,39,40]. Fast oxidation kinetics 
have in addition been explained by the mechanism ‘‘active oxidation’’ 
which postulates that chlorine acts as catalyst and accelerates the 
degradation of the metal as the volatile metal chlorides diffuse outwards 
through the porous scale, see e.g., [41–43]. However, the oxide micro-
structures formed by all alloys in this study are dense, which indicates 
that the scale growth is controlled by the outward/inward diffusion of 
cations/anions through the scale, see microstructures in Figs. 2, 3 and 4. 
Furthermore, the oxidation kinetics (α > 2) for SVM12 indicate 
sub-parabolic growth behavior. The sub-parabolic oxidation behavior 
may be explained by oxide grain growth which slows down the oxida-
tion process and/or the formation of a protective scale formed at the 
metal/oxide interface after some time. 

Fig. 6. Thermodynamic equilibrium calculations showing the amount of predicted stable phases plotted against pO2 for APMT.  
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For the high Cr-content alloys (APMT and Alloy 27Cr33Ni3Mo), 
slower oxidation kinetics following breakaway oxidation is observed. 
The α values for both alloys are larger than for SVM12, which indicates 
that these high-alloyed steels transition into sub-parabolic behavior 
early and experience slow corrosion rates. However, this deviation may 

not be explained by iron oxide grain growth. The variation in oxidation 
kinetics between the marginal chromia former SVM12 and the high 
alloyed steels may instead be linked to the oxide microstructure formed 
after breakaway oxidation. 

4.2. Microstructural evolution of poor secondary protection 

Microstructural investigation of the oxides formed by SVM12 (12 % 
Cr), revealed that this alloy forms a dense and thick oxide scale (91 µm) 
already after 168 h of exposure. The scale has similar microstructure 
after all exposures but grows to more than double the thickness after 
8000 h, see Fig. 2. The formation of thick scales is associated with the 
scale formed after breakaway oxidation where the alloy transitions into 
the secondary corrosion regime, i.e., forms fast-growing Fe-rich oxide in 
the outer scale and inward-growing spinel as a result of different dif-
fusivities of the alloying elements in the spinel [44]. The thick oxide 
scales formed by SVM12 in this case indicate that this alloy exhibits a 
poor secondary protection after breakaway. Indeed, after the shortest 
exposure time, this alloy has formed a duo-layered scale that consists of 
Fe-rich oxides (hematite and magnetite) in the outward-growing scale as 
Fe diffuses orders of magnitude faster than e.g. Cr, and inward-growing 
spinel which is enriched in all other alloying elements, similar to the 
oxide microstructures reported for many steels after breakaway, see e.g., 
[17,23,39,45–47]. The crystalline oxide phases identified from experi-
mental investigation using XRD and EBSD agree with the results of 

Fig. 7. Thermodynamic equilibrium calculations showing the amount of predicted stable phases plotted against pO2 for Alloy 27Cr33Ni3Mo.  

Fig. 8. Growth kinetics of the Cr-rich corundum oxide in the inward-growing 
scale of Alloy 27Cr33Ni3Mo. 
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thermodynamic equilibrium calculations which predicts spinel as the 
major phase in the inward-growing scale. Although the composition of 
each phase was not calculated, the SEM/EDS elemental analysis in-
dicates that it is a FeCr-spinel and that the Cr concentration increases 
with time, see summary results in Table 3. 

The microstructural investigation revealed that growth rate is 
dominated by iron and oxygen diffusion which results in sub-parabolic 
oxidation kinetics after very long exposures. This may be explained by 
the results of the oxide grain measurements in the outward growing iron 
oxide which showed grain growth from 1.5 µm to 2.4–14.1 µm after 
168 h, 1000 h and 8000 h as well as indications of a more Cr rich scale at 
the metal/oxide interface after 8000 h. The fast kinetics and the sub- 
parabolicity indicate a diffusion-controlled behavior that may be asso-
ciated with a high outward flux of Fe via grain boundaries of the formed 
Fe-rich spinel (magnetite). Similar observations have been reported for 
the oxidation of pure iron at 600 ◦C [48] and other alloys [49–51]. It is 
suggested that oxide grain coarsening leads to reduced number of 
diffusion pathways for ions which in turn slows down the scale growth. 
The regions closer to the scale/metal interface becomes enriched in Cr 
with exposure time reaching up to 65 at% after 8000 h (see region V in 
Fig. 2c) followed by a 14 µm deep Cr-depletion zone. The Cr-enriched 
regions may form in the internal oxidation zone (pO2 <10− 25) where 
thermodynamic calculations predict the formation of a spinel type of 
oxide while internal oxidation with a corundum phase is predicted at a 
lower pO2 (pO2 <10− 30), see Fig. 5. However, SEM/EBSD and XRD 
analyses showed absence of corundum phase in these regions. This alloy 
has a limited supply of Cr to the corrosion front which prevents it from 
forming a more protective oxide, i.e., a corundum-type oxide. The for-
mation of protective scale is associated with high content of Cr/Al ele-
ments in the alloy which elevates (Cr,Al)/Fe ratio in the oxide [39]. It 
may be noted that even though the alloy exhibits a deep Cr depletion in 
the regions below the scale/metal interface, the inner scale is only 
composed of at the most 65 at% Cr closer to the metal/scale interface. 
Very small amounts of K, Cl could be observed in the scale and no 
indication of active oxidation in the microstructure. On the contrary, the 
microstructural investigation shows that the growth rate is diffusion 
controlled while the small amounts of K and Cl detected in the investi-
gation could increase the diffusivity of iron and oxygen. 

4.3. Microstructural evolution of good secondary protection 

Within the secondary corrosion regime, an alloy is considered to 
form a good secondary protection if the oxide scale formed after 
breakaway oxidation is slow-growing and can reduce the rate of 
oxidation of the alloy [17]. Microstructural investigation of the oxide 
scales formed by the high alloyed APMT and the austenitic Alloy 
27Cr33Ni3Mo after all exposure times revealed that the scales are 
duo-layered, i.e., consisting of outward- and inward-growing layers (see 
Figs. 3 and 4) which shows that the alloys have experienced breakaway 
oxidation and transitioned into the secondary corrosion regime already 
after 168 h-exposure. However, in contrast to the marginal chromia 
former SVM12 discussed in the previous section, these alloys exhibit 
much slower oxidation rates and form healing layer of Cr/Al-rich 
inward-growing scales which provide a good secondary protection in 
this environment. 

In the case of APMT, the SEM/EDS, SEM/EBSD and XRD analysis 
show that during the first 168 h of exposure, the alloy forms a scale that 
consists of Fe-rich oxides (hematite and magnetite) in the outward- 
growing scale and a spinel in the inward-growing scale (see Fig. 3). 
The SEM/EDS results show that as oxidation progresses, the inner scale 
becomes enriched in Cr and that the alloy is depleted in Cr beneath the 
scales (12 µm and 20 µm deep after exposure for 1000 and 8000 h 
respectively). The increased Cr content at the metal/oxide interface is in 
this case not only caused by the diffusion of iron but also a consequence 
of supply from the bulk alloy. It may be noted that the concentrations of 
Cr and Al cations in the inner scales of APMT after 1000 h and 8000 h of 

exposure exceed 67.7 at% cations, i.e., exceeding the maximum limit for 
the concentration of trivalent ions in a spinel structure. A higher con-
centration would only be possible in a corundum structure where the 
trivalent cations occupy the octahedral vacancy sites [52,53]. Indeed, 
the crystalline phase identification using SEM/EBSD and XRD revealed 
the presence of corundum-type oxide in the inner scales. These changes 
in oxide microstructure may explain the improved corrosion resistance 
displayed by this alloy within the secondary corrosion regime. The 
transition of the inward growing spinel from an iron source, as for 
SVM12, may be associated with the higher level of Cr in the spinel as 
well as the activity in the bulk. The results are in line with findings of 
other studies where it has been shown that the alloying elements Cr and 
Al have beneficial effect in mitigating the corrosion process of alloys 
[17,19,25,54,55]. The experimental data in addition agree with the 
thermodynamic calculations which predicts the formation of spinel 
phase in the upper regions of the inward-growing scale and corundum 
phase in lower pO2 (pO2 <10− 30). The co-existence of spinel with the 
corundum phase has been suggested to be the foundation for a good 
secondary protection [56] and will together with continuous supply of 
Cr to the corrosion front speed up the transition to higher corundum 
phase fraction in the inner scale. 

Another interesting characteristic feature of oxidation of APMT is the 
formation of the nitridation zones (NZ) beneath the scales. SEM/EDS 
results showed that this alloy forms NZ after 1000 h (28 µm) and 8000 h 
(74 µm), but not after 168 h (see Fig. 3). Alloy nitridation is a phe-
nomenon that has been widely reported in literature, see e.g., [23, 
57–59]. Nitridation occurs due to defects in the scale which enable N to 
diffuse into the alloy [59]. In the current study, the formation of NZ by 
APMT indicates that the scales formed are permeable to N. One conse-
quence of this process is that aluminum gets trapped as aluminum ni-
trides (AlN) which could have negative effect on the corrosion behavior 
of the alloy and the mechanical properties of the alloy. The absence of 
NZ after the shortest exposure time (168 h) in this study is not surprising 
as similar observations have been made for the same material after 
exposure in similar environment [59,60]. A possible explanation pro-
vided by the authors of [60] is that the processes of aluminum nitride 
formation could be retarded by the slow processes of N2 dissociation, 
dissolution, and nitride nucleation. Regarding the mechanical proper-
ties, an increase in internal precipitates of AlN may result into alloy 
embrittlement [61] and impaired ductility [62] which consequently 
affects material performance. Although the effect of nitridation on 
corrosion behavior of the alloy was not further investigated in this study, 
the authors note that there is need for more research to fully understand 
the mechanism and the effect of this process on corrosion of high tem-
perature alloys. 

In the case of Alloy 27Cr33Ni3Mo, the results show that this alloy 
has the best secondary corrosion protection among the investigated al-
loys. The growth kinetics is several orders of magnitude slower than the 
SVM12 alloy. The duo-layered scale that initially consists of Fe/Ni-rich 
spinel in the outer scale and a Cr-rich spinel in the inner scale (after 
168 h) exhibits Cr-enrichment in the inner scale after longer exposures 
and transforms into a very Cr-rich corundum-type oxide between 168 
and 1000 h. The good secondary protection exhibited by this alloy is 
attributed to the high content of Cr in the alloy in combination with a 
microstructure change in the alloy resulting in fast diffusion pathways to 
the oxide scale which makes it possible for the alloy to replenish Cr in 
the oxide and form the protective scale. 

According to the equilibrium calculations, the inward-growing scale 
is predicted to contain regions of unreacted metal together with spinel 
and corundum-type oxide at the lowest oxygen partial pressure regions. 
These modelling results agree well with the experimental results of this 
study. After 1000 h, corundum phase is only detected in the lower re-
gions with a measured thickness of ~1.4 µm, which increases to ~ 
5.3 µm after 8000 h. In order to evaluate the oxidation kinetics of this 
alloy, the corundum scale observed in the metal/oxide interface was in 
addition simulated using DICTRA. As Fig. 8 shows, the experimental 
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oxidation kinetics are somewhat faster than the simulated kinetics be-
tween 1000 h and 8000 h. A deviation from the growth kinetics of the 
outer scale is expected as the scale growing in the bottom of a thicker 
scale is governed by inward diffusion of oxygen and Cr diffusion/supply 
as well as a possible phase transformation from a Cr-rich spinel into the 
corundum phase. This is in line with the observations of a previous study 
where it was observed that the inner scale of the Fe20CrAlSi alloy 
became enriched in corundum phase after exposure for 2000 h indi-
cating a similar phase transformation [56]. The faster kinetics of the 
corundum formation and the slow kinetics of the overall scale indicate 
that the thickness of the external scale (spinel oxide) reduces as the 
oxidation progresses which shows very protective properties of the 
healing layer. The formation of a Cr-rich corundum phase may explain 
the very protective properties of the scale formed on Alloy 
27Cr33Ni3Mo within the secondary corrosion regime. 

Another interesting microstructural feature of Alloy 27Cr33Ni3Mo is 
the formation of fine grain region (FGR) beneath the scale. The FGR in 
addition grows with exposure time, i.e., from 4 µm to 19 µm after 168 
and 8000 h respectively, see Fig. 4a and c. Although the mechanism 
behind the formation of the FGR region was not established in this study, 
it may be noted that these fine grains have a large influence on the 
corrosion behavior providing fast diffusion paths for Cr from the bulk to 
the protective Cr-rich scale. It may in this context be noted that the fine 
grain regions were Cr depleted (and Ni-enriched). The phenomenon of 
alloy grain refinement has been reported in literature and has been 
suggested to enhance grain boundary diffusion due to the increased 
diffusion pathways for ions [63–66]. On the other hand, the fast flux of 
Cr from the alloy was observed to be associated with void formation in 
the Cr-depleted FGR, see micrographs in Fig. 4. The concentration and 
size of these voids increase with exposure time. Void formation is 
attributed to the different diffusion coefficients of Cr and Ni in the alloy 
matrix where the former diffuses faster to the metal/scale interface 
leaving behind agglomerates of vacancies (voids) in the Ni-enriched 
regions awing to the Kirkendall effect. Void formation in nickel con-
taining alloys has been reported in several studies from both experi-
mental work [67] and modelling [68]. The void may have a negative 
effect reducing the ability of the alloy to form adhesive scale. 

5. Conclusion 

In this study, the long-term corrosion behavior of SVM12, APMT and 
Alloy 27Cr33Ni3Mo was investigated through exposures in a KCl-rich 
environment at 600 ◦C for 168, 1000 and 8000 h with advanced elec-
tron microscopy and thermodynamic modelling. The concepts of poor 
and good secondary protection were adopted to refer to non-protective 
and protective oxide scales formed after breakaway oxidation. Oxide 
thickness measurements showed that SVM12 experienced rapid oxide 
growth and formed thick scales which indicated poor secondary pro-
tection that is diffusion controlled. APMT and Alloy 27Cr33Ni3Mo 
exhibited slow oxidation kinetics and formed thin scales which indicated 
good secondary protection. The variation in oxidation kinetics and 
corrosion resistance among the alloys was mainly due to the different 
oxide microstructures formed after breakaway oxidation. 

Microstructural investigation showed that all the alloys experienced 
breakaway oxidation after all exposure durations and formed duo- 
layered scales consisting of outward- and inward-growing scales. 
SVM12 formed fast-growing Fe-rich oxides in outer scales and spinel in 
the inner scales in all exposures. The poor secondary protection 
exhibited by this alloy was attributed to limited chromium content in the 
alloy. APMT and Alloy 27Cr33Ni3Mo formed Fe-rich oxides in outer 
scales and spinel in inner scale after 168 h. However, as the oxidation 
progressed, the inward-growing scales of both alloys became enriched in 
chromium/aluminum and the spinel transforms into corundum-type 
oxide. The experimental data agreed well with the results of thermo-
dynamic calculations which predict stable oxide phases at equilibrium. 
The simulated oxidation kinetics for Alloy 27Cr33Ni3Mo was slower 

than the experimental result which indicated phase transformation 
within the inward-growing scale. 
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