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Abstract
Thin-walled castings made from Cr–Ni austenitic steels offer a combination of light 
weight of a near-net component with significant high temperature corrosion protec-
tion by forming a surface oxide layer. However, above critical service conditions 
(temperature, atmosphere, thermal cycling), oxidized surface can result in intensive 
surface degradation due to scale spallation. Scale spallation can decrease the wall 
thickness which could be detrimental to the in-service life of thin-walled castings. 
Experiments and stochastic simulations of spallation assisted oxidation were per-
formed with three cast austenitic heat-resistant steels having different Cr–Ni concen-
trations at temperatures between 900 and 1000 ℃ on air and water vapor containing 
combustion atmosphere. The recorded specimen and spalled scale weight together 
with SEM and TEM analysis were used to predict the oxidation constant to form 
adherent layer and spallation intensity. Three oxidation modes, including oxidation 
controlled by diffusion with forming a strongly adherent to steel surface multi-lay-
ered scale, spallation assisted oxidation, and oxidation with additional partial vapor-
ization of scale components in the water vapor environment were distinguished. 
It was revealed that the Cr and Ni concentrations moved temperature boundaries 
between these surface degradation mechanisms depending on the exposed oxidation 
environment. Our approach is aimed to alleviate an appropriate alloy selection for 
service conditions.
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Introduction

Oxidation of Cr-Ni steels often results in the formation of layered surface oxide 
which are distinguishable by their composition [1–3]. Several oxides layers could 
be formed simultaneously or sequentially at different growth rates. Typically, the 
inner layer consists of dense Cr-bearing oxide, while the outer, formed with Fe-
based oxides, is significantly weaker. In addition, in Cr–Ni steels, alloyed by Al, 
an alumina oxide film can form directly at the metal/scale boundary. This scale 
potentially protects the oxidized surfaces during long periods of near steady-state 
service exposures below some critical temperature, which is typically between 
700 and 900 ℃ for heat-resistant austenitic steels [4]. During these temperature 
exposures, scale growth is followed by a near parabolic decline because it is con-
trolled by element diffusion through the oxide layer.

It has been established that experimentally obtained oxidation kinetics in 
Cr–Ni austenitic steels below 700 °C well fit to a parabolic law; however, a sig-
nificant departure from a parabolic law was observed in specific austenitic stain-
less steels exposed on air above 800 °C [5–9]. To fit the experimental results, a 
combination of linear and parabolic law was considered. For example, a weight 
gain at 400 °C in 316L stainless steel follows a parabolic law, while it deviates 
from a parabolic law for temperatures between 600 and 800 °C [10]. The several 
reasons for such deviations were discussed, including the different diffusion coef-
ficients for of O, Cr, Fe, and Ni through the oxide films at different oxidation tem-
peratures as well as changing thermodynamic stability of formed oxides, which 
altered the final multi-layered oxide structure. All these considerations assume 
that the formed oxide layer has a dense structure and is well adherent to the metal 
matrix, which typically takes place at relatively moderate oxidation temperatures 
in a static thermal condition without thermal cycling.

However, when increasing the temperature in addition to exposure a more 
aggressive atmosphere, such as in a water vapor combustion gas mixture, and 
imposing external thermo-mechanical stress can initiate the formation of defects 
within the scale [11, 12]. The oxide layers can experience external stress due to 
mechanical loading and also internal stress resulted by the specific volume differ-
ence between the oxide and base alloy, as well as the difference in thermal expan-
sion. Depending on the net stress and temperature, the oxide scale can undergo 
deformation and finally fracture in multiple manners. This can enable a free path 
for gas oxidant directly to the scale/metal interface, which can lead to intensive 
oxidation. In such conditions, the resulting oxidation rate does not decline with 
time but rather is high and stable without deceleration. It is difficult to formal-
ize such a complicated process using only governing equations for gas and metal 
ion diffusion for multi-layered structures formed on Cr–Ni austenitic steels with 
several moving reaction boundaries. This is primarily due to uncertainties about 
how to describe these mechanisms and dynamics of forming defectiveness. The 
local interface detachment of the oxide layer can expose a new surface to develop 
newly formed oxides. The scale detachment leads to an increase in the local rate 
of oxidation and intensifies the diffusion flux of metal ion outward of and oxygen 
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cation inward during the oxidation process [13]. The surface oxidation and oxide 
spallation behavior of austenitic and ferritic heat-resistant cast steels were 
investigated in isothermal and cyclic conditions. It was shown that ferritic steel 
appeared to be more resistant to oxide spallation than the austenitic alloys which 
was related to aggregation of interface defects [14]. The appearance of cracks 
and pores in scale structures also promote the diffusion rate of Cr, Fe, and O. The 
mechanisms of breakaway oxidation in chromia forming steel were described in 
[15]. Therefore, oxidation kinetics can deviate from the parabolic law at 800 °C 
in the studied austenitic steel [10] and experimentally measured weight gain dur-
ing oxidation cannot be directly used to calculate an “actual” oxidation constant. 
The term “actual” refers to the oxidation kinetics of the newly formed oxide.

Adhesion of the oxide layer to the steel substrate depends on various parame-
ters; among them are the thickness of the scale, its growth rate, the stress state, the 
interfacial energy, and the elastic properties of the oxide [16, 17]. The several local 
(micro-scale) approaches were used to describe the possible mechanisms of blis-
tering, including nucleation, growth, coalescence, shrinkage, and finally spallation 
from oxidized surface. Specifically, a concept of critical strain in the scale needed 
for formed oxide layer spallation was suggested [18]. Another approach used a com-
prehensive operational parameter wo that summarizes in a multi-level treatment of 
all contributing factors, e.g., physical defect size, interface roughness, scale thick-
ness, Young’s modulus, fracture toughness, etc., that influence failure strain [19].

Considering the difficulty to quantitatively describe the oxidation process includ-
ing spallation using micro-models, there have been several statistical macro-models 
suggested. For example, the effect of spallation and subsequent surface renova-
tion on overall parabolic oxidation kinetics was considered in the spallation model 
(COSP) designed for cyclic oxidation [20]. A deterministic interfacial cyclic oxida-
tion spallation model (DICOSM) treated loss of individual oxide segments as events 
occurring after every thermal cycle [21]. Another model was developed using an 
analytical approach [22] which was based on the DICOSM model and fitted to two 
parameters, including a parabolic rate constant and a discrete oxide spallation prob-
ability at each cycle (between 0 and 1). These models were used to quantify oxida-
tion and spallation during frequent thermal cycling, such as gas turbine components, 
when probability of spallation event was linked to a thermal cycle frequency.

In our work [23], in order to simulate the time-dependent process of oxidation 
with scale spallation, it was assumed that while growth of the residual oxide layer 
follows the parabolic equation, the stochastic process of spallation occurs in the 
oxide layer. A suggested stochastic model, which considers a topology of spalled 
scale and spallation intensity, was suggested. Here, it is important to mention that 
topological parameters used in the suggested stochastic model could be experimen-
tally measured. Briefly, it was assumed that this stochastic process is a compound 
Poisson process. Jump size distribution is given by the table which expresses the 
time frequency of the diameters of spallation spots. After each simulated spallation 
event, the thickness of the oxide layer is adjusted and the decrease in the remaining 
layer leads to the accelerated oxidation. To make the simulation results more real-
istic, the model also uses several topological restrictions, such as K-ratio of spalled 
layer thickness (l) to scale thickness (L). Because the typical scale structure in Cr–Ni 
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austenitic steels consisted of an external and dense internal layers, cracking and 
spallation often occurs at the boundary between these layers, a K value could be esti-
mated from the cross-sectional analysis.

The stochastic model [23] has the potential to predict three types of kinetics of 
spallation assisted oxidation, depending on variations in the spallation topology 
and spallation event frequency (Fig. 1). The first type of kinetics, which follows the 
parabolic law, represent the case of limited spallation with almost adherent scale to 
the specimen surface (Fig. 1a). There also is a variety of oxidation kinetics which 
could be described as a combination of near linear and parabolic trends for dif-
ferent spalled diameter distribution and spallation frequency (Fig.  1b). In another 
more extreme case, when there is a large spallation location and in the presence of 
high spallation frequency, there exist a short initial period during which a growth of 
adherent scale can lead to an intensive spallation condition that virtually removes all 
newly formed scales from the interface, leaving only a tiny adherent layer (Fig. 1c).

This study was motivated by the development of cast alloys for thin-walled 
exhaust systems to support the development of more efficient combustion engines. 
Prediction of both processes, including surface oxidation and spallation is important 
in this application. To study these assumptions, 400 h duration tests were performed 
in the air and combustion gas atmospheres at moderate and extreme elevated tem-
peratures. Specifically, the study was focused on experimental verification and simu-
lation of the spallation assisted oxidation process in three cast heat-resistant austen-
itic steels, having different Cr–Ni concentrations.

Procedures

Experimental

Three heat-resistant Cr–Ni austenitic steels with different Cr and Ni concentrations 
were used in this study [4]. Cr promotes oxidation resistance when exposed to high 
temperature environments by forming chromia and more complex oxides in scale. 
Additions of N and Mn were used to help Ni to stabilize the austenite structure, 
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Fig. 1  Three types of predicted oxidation kinetics with a variation in spallation intensity: a oxidation 
with little spallation, b accelerated oxidation due to spallation, and c effect of intensive spallation on 
reformed oxide scale. Dashed line presents the amount of strongly adherent scale, solid line presents the 
total amount of oxygen reacted to metal, and area between these two lines presents the amount of oxygen 
in spalled scale [23]
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Si was added to improve oxidation resistance by forming silica protection film on 
matrix/scale boundary, and Nb was added for creep resistance (Table 1). The studied 
steel had different amount of Cr and Ni and were referred to in the article as: eco-
nomically alloyed steel (A), medium alloyed steel (B), and high alloyed steel (C). 
Grades of steels in these ranges are commonly considered for car exhaust systems.

The steel was melted in a 100 kg capacity induction furnace and poured into no-
bake sand molds to produce 18  mm wall thickness plate castings. Samples were 
machined from plate castings into rectangular specimens 35 × 15x5 mm. Each sam-
ple was prepared using wet grinding with 60 grit silicon carbide, the surface quality 
was measured to have a Ra of 0.27 µm using 3D optical profiler (Nanovea, Model 
PS50 Micro Photonic Inc.). To prevent rusting prior to testing, the sample surfaces 
were preserved by immersion in ethanol and air dried. Static oxidation testing was 
performed in still air or a synthetic combustion atmosphere (15 vol.%  CO2, 2 vol.% 
 O2, 15 vol.% water vapor,  N2 balance.) and thermally exposed at 900 ℃, 950 ℃, 
and 1000 ℃ for a duration of 400 h. Prior to testing, the samples were put into ther-
mally stabilized cylindrical alumina crucibles 50 mm tall, which had a 20 mm inter-
nal diameter, to collect the spalled scale during the exposure. The target test tem-
peratures were defined to expose the samples to the upper working temperatures of 
exhaust components and test times were sufficient to simulate service conditions. 
Oxidation tests were interrupted after 50, 100, 200, and 300 h during the thermal 
exposure to measure: (1) the weight of specimens with adherent scale and (2) col-
lected spalled scales formed during time step. Spalled scale was removed after each 
time step to decrease possible vaporization of Cr compounds. The total weight 
change was calculated from the weight change of the specimen with adherent scale 
and the collected spalled scale. One specimen was used for each thermal condition. 
15% accuracy of measured total weight change was determined from a preliminary 
test of 3 specimens of steel B at 950 ℃ during 400 h on air; however, a large dif-
ference was observed in distribution between the adherent and spalled scale (up to 
25%) because of complicated nature of spallation.

The spalled scale was evaluated using two techniques for chemical composition: 
ICP (Inductively Coupled Plasma) method to quantify the metallic elements and 
LECO combustion to measure the amount of oxygen which could be differ from cal-
culated assuming stoichiometry. The total amount of oxygen consumed for oxidation 
was defined from the total weight change of specimen with collected spalled scale 
per unit area (mg/cm2) and distributed into two parts: (1) oxygen in spalled scale, 
considering the weight of the scale and wt. % of oxygen measured from Leco analy-
sis and (2) oxygen in adherent oxide layer as a difference between the total oxygen 
and the oxygen in spalled scale.

Table 1  Composition of studied 
austenitic steel (wt. %)

Steel C Si Mn Cr Ni Nb N

A 0.3 1.5 1.0 20 10 2.0 0.2
B 0.41 1.6 1.8 22 11 1.5 0.1
C 0.41 1.2 1.9 26 13 1.7 0.1
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SEM/EDX (Vega 3, Tecscan with Bruker spectrometer) analysis was performed 
on the oxidized surfaces to estimate the spallation geometry and to evaluate the 
cross section of the scale structure and steel structure. The specimens for TEM anal-
ysis were prepared using focused ion beam (FIB) on a Thermo Fisher Helios 650 
Nanolab SEM/FIB. The Scanning TEM (STEM) imaging was carried out using a 
Thermo FisherTalos F200X STEM operated at 200 kV and equipped with an inte-
grated energy dispersive.

X-ray spectrometer (EDS) with four silicon drift detectors.

Stochastic Simulation

The stochastic method suggested in our article [23] was used to simulate the process 
of oxidation with effects of geometrical parameters of scale spallation and frequency 
of spallation events. Briefly, it was assumed that the growth of the oxide layer fol-
lows the parabolic law while the stochastic process of spallation occurs within the 
oxide layer. It was assumed that this stochastic process is a compound Poisson 
process. Input into simulation includes a variable representing an actual oxidation 
constant and an intensity of spallation for experimentally determined topology of 
spalled scale as the distribution of spalled spot diameters. The measured weight 
change of specimens as well as the weight of spalled scale, were used to evaluate the 
spallation frequency and oxidation constants.

Experimental Results

Oxidation Tests 

The total weight changes in three studied alloys during 400 h exposure to oxidation 
on air at 900 ℃, 950 ℃, and 1000 ℃ are shown in Fig. 2. In economical, low alloyed 
steel A, weight gain at lower temperatures follows a near parabolic trend; however, 
at higher temperatures, the weight gain accelerates with oxidation time. In a high 
alloyed steel C, weight gain was significantly less than in steel A, and primarily fol-
lows a near parabolic trend at all test temperatures. The medium alloyed steel B fol-
lows an intermediate trend in between these.

Fig. 2  Total weight change during high temperature oxidation of three studied steels at different tempera-
tures on air
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The effect of temperature on the weight change of specimen with adherent 
scale and the amount of collected spalled scale after 400 h hold time on air for all 
studied steels is shown in Fig. 3. When increasing the temperature above 950 ℃, 
significant amount of spallation occurred in alloyed steel A, while the oxidation 
rate and spallation in high Cr–Ni alloyed steel C was minimal and appeared to 
have a linear acceleration with temperature. The medium alloyed steel B showed 
an intermediate behavior with some increased spallation at 1000 ℃.

Similar tests were performed in water vapor containing combustion gas atmos-
phere; however, the results were significantly different from those observed on 
air. In steel A (Fig. 4, left), the total weight change continued to increase when 
holding time at temperatures lower than 950 ℃, but a weight loss was observed 
after 100 h oxidation when the test temperature was elevated to 1000 ℃. In steel 
B (Fig. 4, center), the weight gain increased at all test temperatures but decreased 
after 300 h at 1000 ℃. Only in high alloyed steel C, the weight gain increased 
when holding time at all test temperatures (Fig. 4, right).

The effect of temperature on the total weight gain and the amount of col-
lected spalled scale after 400 h holding time in the combustion gas atmosphere 
for all studied steels is shown in Fig.  5a. Different trends were observed in the 
three studied steels: weight gain was observed in medium alloyed (steel B) and 
high alloyed (steel C) and weight loss was observed in the low alloyed steel A; 

Fig. 3  Temperature effects on weight of specimen with adherent scale a and weight of spalled scale b in 
studied steels after 400 h holding on air

Fig. 4  Total weight change during high temperature oxidation of three studied steels at different tempera-
tures in the combustion atmosphere
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however, the weight of spalled scale significantly increased for elevated test tem-
peratures in all test conditions (Fig. 5b).

Scale Structure 

Scale structure was evaluated in the cross section and top surface view to quantify 
the spallation topology. Figure 6a illustrates a set of elemental maps for the cross 
section and Fig. 6b top view of air oxidized steel A tested at 950 ℃ during 400 h 
holding time. The multi-layered scale structure contains discontinuous silica rich 
interface, a dense chromite internal layer, and an external layer containing a mixture 
of Fe–Mn–Cr oxides. The location of a spalled site reveals a region of the inner 
oxide which is high in Cr (Fig. 6b).

Detailed TEM analysis was performed to obtain high resolution information 
characterizing the metal/scale interface for steel A (950 ℃ after 400 h in the air). 
Figure  7 summarized findings, indicating discontinuous, approximately 200  nm 

Fig. 5  Temperature effects on weight of specimen with adherent scale a and weight of spalled scale b in 
studied steels after 400 h holding in the combustion gas atmosphere

Fig. 6  Elemental map in cross-section a and Cr map from top view with line marked spalled area b of 
steel A oxidized at 950 ℃ during 400 h on air
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thick amorphous silica film (region 3) on metal interface (region1), interrupted by 
partially oxidized nano-structured NbCN (region 2), and extended into dense solid 
solution type Cr–Mn oxides (region 4). Table 2 presents the local chemical compo-
sitions in these regions and indicates local Cr depletion from austenite to chromia 
into the scale.

Increasing the oxidation temperature and water vapor in the combustion atmos-
phere significantly influenced the topology of the adherent to the matrix and the 
detached oxides (Fig.  8 and Table  3). The scale has multiple defects (pores and 
cracks) with sporadically layered composition resulting in multiple spallation events. 
Pieces of the amorphous silica films randomly located near the boundary which con-
tained austenite (point 1), followed by a chromia layer 2 with interface topology but 
also extended deep in scale. External regions contained a mixture of Fe, Mn, and Cr 
oxides (point 4 and 5) and small spots of complex Nb–Cr oxides were sporadically 

Fig. 7  TEM analysis of boundary between oxidized steel and scale for oxidation at 950 ℃ during 400 h 
on air steel A a and steel B b 

Table 2  EDX analysis of regions shown in Fig. 7a (wt. %)

Region—phase Fe Si C N Ni Mn Cr Nb O

1—Austenite 72 0.98 0.25 0.37 10.8 0.5 8.3 0.53 –
2—Nb–C–N–O 2.3 13.2 0.76 1.65 0.67 0.31 1.1 60.7 8.7
3—Amorphous  SiO2 5.0 48.9 0.46 0.9 0.9 0.3 0.8 0.8 39.4
4—(Cr,Mn)-oxide 1.6 0.32 0.43 0.4 0.55 21.3 50.5 0.8 19.7
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located within the scale. The top view indicated regions of detached scale (Fig. 8b) 
and the topology of spalled scale from elemental map was used as input in stochastic 
modeling of spallation assisted oxidation. Increasing the oxidation temperature and 
water vapor environment increased the thickness of residual adherent scale on steel 
A (Fig. 9).

The steel composition had a significant effect on the scale structure and thick-
ness. For comparison, Fig. 10 and Fig. 11 present elemental maps of the cross sec-
tion for both the medium and high Cr–Ni alloyed steels B and C, oxidized on air at 
950 ℃ for a duration of 400 h. In both cases, more consistent amorphous silica film 

Fig. 8  Cross-section SEM image with points for EDX analysis a and Cr map from top view b of steel A 
oxidized at 1000 ℃ during 400 h in the combustion atmosphere

Table 3  EDX chemical analysis 
(wt. %) of scale in steel A 
oxidized at 1000 ℃ during 400 h 
in the combustion atmosphere 
(points from Fig. 8)

Point O Si Cr Mn Fe Ni Nb

1 45 32 15 4 3 – –
2 32 – 65 – 1 1 –
3 21 – 44 – – – 31
4 25 – 25 – 27 21 –
5 29 – 48 – 19 5 –

Fig. 9  Average thickness 
measured in 10 points scale and 
formed during 400 h oxidation 
tests of steel A 
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existed at the austenite/scale boundary as compared to alloy A, (Fig. 6), followed by 
several pure, relatively dense chromia layers that contained several lateral cracks. 
Each of the chromia layers were covered by a complex external Fe–Mn–Cr oxide, 
which indicated several spallation events occurred during the long oxidation expo-
sure time. Steel C had a smaller (30–50 microns) diameter distribution of spalled 
spots which are well noticeable in the Mn map taken from top view (Fig. 11b).

Chemical composition of the spalled scale from all three steels (Table 4) veri-
fied that the detached layers mostly consisted of Fe–Mn–Cr oxides which indicated 

Fig. 10  Elemental map in cross section a and top view with line marked spalled area b of steel B oxi-
dized at 950 ℃ during 400 h on air

Fig. 11  Elemental map in cross section a and Mn map from top view with line marked spalled area b of 
steel C oxidized at 950 ℃ during 400 h on air
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that cracks and detachment mainly occur between the internal chromia layer and the 
defected external layer consisted of mixed oxides.

The experimental data collected during the study was used to simulate the 
amount of spallation assisted oxidation for each of the steels tested. This was done at 
elevated temperatures on air and water vapor environments containing combustion 
atmosphere.

Discussion

The external surfaces of exhaust manifolds are generally exposed on air, while the 
internal surfaces work in contact with hot water vapor/combustion gas atmospheres. 
The tests were performed on air and combustion atmosphere at temperatures above 
900 ℃ to mimic severe service exposure of a gas exhaust system commonly used in 
energy efficient combustion engines. The results show that these conditions could 
be above a typical operation window when the growth of the dense oxide layer is 
controlled only by diffusion. Therefore, it is important to understand the effect of 
the gas atmosphere on oxidation kinetics above some critical temperature diapason 
when the spallation affected oxidation takes place. In this work, stochastic modeling 
of spallation assisted oxidation was implemented. This modeling used experimen-
tally determined amounts of oxygen reacted to form adherent oxides and spalled 
scale. Two measurements were used—changing weight of a specimen with adherent 
scale and weight of spalled oxide. Additional information about topology of spalled 
spots was used to predict frequency of spallation and to calculate an “actual” oxida-
tion constant to form an adherent scale.

Oxidation on Air

 Figure 12 presents the weight of spalled scale in logarithmic scale after 400 h ther-
mal exposure at different temperatures for the three studied steels. There was mini-
mal spallation observed during the thermal exposure on air at 900 ℃ for all steels. 
However, as the temperature increased from 900 ℃ to 1000 ℃, the spallation inten-
sity increased in order of magnitude. The higher alloying Cr–Ni levels in steel B and 
steel C appeared to significantly prevent spallation on air.

As shown in Table  4, a typical chemistry of the spalled scale indicated that it 
contained nearly half the amount of Cr as compared to the concentration in the 
steel matrix (Table 1). This suggests that buckling and detachment of the oxide skin 
mainly occurred within external oxide layers, consisting of complex Fe–Mn–Cr 

Table 4  Chemical composition 
of metallic elements in spalled 
scale from ICP method (wt. %)

Steel Si Mn Cr Ni Nb Fe

A 1.8 1.1 10.7 10.2 1.5 75
B 1.9 2.0 10.5 11.5 0.9 73
C 1.8 2.3 12.3 10.6 0.9 72
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oxides (Fig. 7). Determined by combustion analysis an average oxygen concentra-
tion in spalled scale (33 wt. %) together with the spalled scale weight and the total 
weight gain were used to calculate the amount of oxygen in a spalled scale and in 
a strongly adherent internal oxide layer. The experimental oxygen data are repre-
sented in Fig.  13 by dots for oxygen in adherent oxide and triangles for the total 
oxygen content. The difference between these values presented oxygen in a spalled 
scale. This data were used to simulate the spallation assisted oxidation within the 
suggested stochastic model, and the results are shown by solid line for total oxygen 
and dashed line for the oxygen in the adherent oxide per unit of area for steel B 
oxidized on air at 900 ℃ (a), 950 ℃ (b), and 1000 ℃ (c). Increasing the test tem-
perature from 900 ℃ to 1000 ℃ dramatically intensified oxidation rate (see different 
scale on Y-axes) and also increased the portion of oxygen within the spalled scale 
(area between solid and dashed lines). The calculated actual oxidation constant 
 (mg2/cm4/h) increased from 2.0e-7 at 900 ℃ to 2.2e-5 at 1000 ℃. The spallation fre-
quency also increased for the given test temperatures from 0.3 to 0.8 1/h/cm2.

Using a similar approach, all experimental data presented in Fig. 1–4 were pro-
cessed to determine parameters of spallation assisted oxidation, including the actual 
oxidation constant and spallation intensity. Below, the key findings are presented 
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to highlight the significant effect of the steel composition and oxidation condition 
(temperature and atmosphere) on parameters of spallation assisted oxidation. The 
level of Cr/Ni alloying had a minimal effect on oxidation kinetics on air at 900 ℃. 
Figure 14 illustrates oxidation kinetics in low (20/10) and high (26/13) Cr/Ni levels 
in steel A and steel C. The calculated actual oxidation constants  (mg2/cm4/h) for all 
conditions were 3.0E-7 (steel A), 2.0E-7 (steel B), and 1.2E-7 (steel C).

However, the difference in oxidation kinetics in studied steels significantly 
increased at high oxidation temperature on air and was mainly attributed to the 
changes in the spallation intensity. At 1000 ℃ the total amount of oxygen in steel 
A, was 4 times higher than in the steel C, and after 400 h exposure the main fac-
tor was the difference which occurred by spallation (Fig. 15). In steel A, there was 
intensive spallation which suppressed the growth of the adherent layer shortly after 
the initial period. In contrast, the high alloyed steel C, showed near parabolic growth 
of the adherent layer at 1000 ℃. The amount of spallation in steel B indicated an 
intermediate behavior between these two steels (Fig. 12). These results indicated the 
significance to analyze both the spalled and adherent oxides because looking at only 
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the specimen weight gain or thickness of remaining adherent oxide does not fully 
characterize the oxidation processes for the tested conditions.

Effect of Oxidizing Atmosphere

Contained water combustion atmosphere intensified the amount of spallation as 
compared to on air for all temperatures (Fig. 12). At the lower temperature (900 ℃) 
in steel B, water vapor increased both rates: actual oxidation constant from 2.0E-7 to 
6.0E-7  mg2/cm4/h and spallation frequency (1/h/cm2) from 0.3 to 0.4. The simulated 
curves for oxygen in spallation scale and the adherent layer are shown in Fig. 16. It 
is evident that the growth of the adherent layer still shows near parabolic behavior 
for both atmospheres. Similar trends were observed in low Cr–Ni steel A and high 
Cr–Ni steel at lowest test temperature.

The reaction kinetics completely changed when the oxidation test was performed 
for the low and medium alloyed steel A and steel B at the higher temperature. They 
had orders of magnitude higher measured weight of the spalled scale; however, 
a decrease in the total weight of a specimen plus collected spalled scale was also 
observed. There is only one conceivable explanation of the total weight loss of the 
system which consisted of both specimen and spalled scale after oxidation test: this 
loss is due to intensive vaporization. The mechanism of vaporization is linked to 
formation of chromium hydroxide from reaction of chromia with water vapor at 
high temperatures [24]. Such compound has a relatively high partial gas phase pres-
sure which could be vaporized during long exposure time at high temperature while 
being exposed to a water vapor environment. Figure  17a illustrates experimental 
data for steel A, performed at 1000 ℃ in a combustion atmosphere. The specimen 
loss of weight was near 80 mg/cm2 during the 400 h test, which is approximately the 
same amount as was gained by spalled scale; however, the total weight change in the 
system was negative.

In this work, we used stochastic modeling of spallation assisted oxidation. 
This modeling used the experimentally determined amount of oxygen reacted to 
form adherent oxides and spalled scale. Two measurements were used—changing 
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weight of a specimen with adherent scale and weight of spalled oxide. Additional 
information about topology of spalled spots was used to predict a frequency of 
spallation and also the “actual oxidation constant” to form an adherent scale was 
simulated. This methodology allowed one to simulate experimental results and to 
determine these parameters for moderate oxidation conditions.

However, data from Fig.  17 illustrated that a combination of three factors 
(low Cr/Ni alloying level, high temperature and water vapor) potentially initiated 
active vaporization in addition to form adherent and spalled scale. In addition, 
collected from thermo-gravimetrical analysis two values (weight of specimen 
with adherent scale and spalled scale weight) were not enough to calculate three 
processes. Three mechanisms (actual parabolic oxidation with forming adherent 
scale, scale spallation, and vaporization) were present during high temperature 
oxidation in water contained environment and minimum one additional experi-
mental parameter is needed to simulate such processes with a stochastic model. 
Because weight or volume of vaporized phases were not determined from experi-
ment, an indirect method was used to estimate the vaporization by adjustment 
of weight of adherent scale from it thickness. Because the spalled scale has low 
Cr and it was collected after each time step, it could be assumed that a minimal 
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effect of vaporization on measured weight of spalled scale occurred, and the pri-
mary vaporization loss was from the adherent oxidation to the specimen Cr-rich 
layer. To quantify the amount of oxygen in adherent scale, a conversion of the 
SEM measured residual scale thickness to oxygen in adherent scale was deter-
mined in this study. Figure  17b illustrates the experimental results for the tests 
where vaporization had a minimal effect (solid markers) and approximation line 
for SEM measured thickness and oxygen which resides in the adherent layer 
from weight data. Using this approximation, SEM measured thickness for steel 
A at 1000 ℃ exposed in the combustion atmosphere (circle) was converted to the 
amount of oxygen.

The experimental thickness of adherent layer correlated to the amount of total 
oxygen in adherent layer obtained from thermo-gravimetrical analysis. However, 
there was a large amount of scatter observed due to the uncertainty related to deter-
mination of density of defected scale and multi-phase structure. The weight change 
presented the 3D volume averaging while SEM thickness results were obtained 
from several one-dimensional measurements. Scale brittleness is one more fac-
tor increasing data scattering. Therefore, it could be concluded that for such severe 
oxidation conditions, thermo-gravimetrical analysis can provide a more consistent 
data as compared to the data from sectioning and scale thickness measurements. In 
this work, measurement of adherent scale thickness was used to roughly estimate 
all these processes and special experimental methods may be required in future. An 
adjustment on vaporization spallation assisted oxidation for these test conditions are 
shown in Fig. 17c.

Such adjustments were needed only for higher temperature tests in the combus-
tion atmosphere when the total weight losses were observed. For all other test condi-
tions, tight correlations were observed between the predictions from the stochastic 
model and experimentally measured weight changes after 400 h. For such condition, 
these did not need a correction due to Cr vaporization (Fig. 18).

The summarized spallation assisted oxidation parameters for all test conditions 
are shown in Fig. 19. A suggested methodology enabled us to clearly identify two 

(a) (b)

0

1

2

3

4

0 1 2 3 4

Ad
he

re
nt

 s
ca

le
 (c

al
c.

), 
m

g/
cm

2

Adherent scale (exp.), mg/cm2

0

10

20

30

40

50

0 10 20 30 40 50

Sp
al

le
d 

sc
al

e 
(c

al
c.

), 
m

g/
cm

2

Spalled scale (exp.), mg/cm2

Fig. 18  Correlations between predicted from stochastic model of spallation assisted oxidation and exper-
imentally determined oxygen in adherent a and spalled b scale for all test conditions where vaporization 
was not influenced



96 Oxidation of Metals (2023) 99:79–99

1 3

processes: actual oxidation with formation of an adherent layer and the intensity of 
the spallation. The oxygen amount was used for this characterization, while these 
data could be recalculated in scale thickness.

Figure  20 shows the calculated values for the actual oxidation constants for 
adherent scale vs reciprocated absolute temperature (Arrhenius plot). It supports 
the conclusion that Cr–Ni alloying level has a stronger protection effect at higher 
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temperatures and especially in a water vapor environment. However, significantly 
larger values of the activation energy (> 400 kJ/mol) were determined from this 
plot for all studied conditions when compared to the results for a typical activa-
tion energy for pure diffusion-controlled oxidation (200–280 kJ/mol). This indi-
cated a mutual effect of multiple processes during the studied high temperature 
exposures, which included the intensification of the adherent layer defectiveness 
by thermal stress and vaporization. Multi-layered scale structure contains oxides 
having different coefficients of thermal expansion. In addition, there is a signifi-
cant difference in thermal expansion of oxides and austenitic steel. These pro-
cesses have their own activation energy and influence on the calculated activation 
energy of forming the adherent layer during the spallation assisted process.

A stochastic model, used in this work, considers topology of spalled scale 
and spallation intensity. The model allows to calculate and to specify different 
degradation processes occurred during high temperature oxidation of studies 
austenitic steel. Based on experimental study and stochastic simulation results, 
the schematic of different surface degradation processes taking place in heat-
resistant Cr–Ni austenitic steels was suggested for different Cr–Ni alloying lev-
els (Fig. 21). The general sequence of oxidation processes with increasing tem-
perature includes diffusion-controlled formation of well adherent scale (stage 1), 
spallation assisted oxidation (stage 2), and finally intensive oxidation with spalla-
tion and partial Cr-oxide vaporization (stage 3). For different working conditions, 
stage 1 could be recommended for extremely long lifetime because it is governed 
by the declining parabolic law. Stage 2 could be accepted for a component with 
medium time exposure to harsh environments. Stage 3, occurs only during peak 
temperature and short time conditions. The temperature window for these stages 
depends upon the type of environments and alloy compositions. Specifically, in 
studied steels additionally alloyed by Si, TEM study indicated that amorphous 
silica film was formed during oxidation on air at 950 ℃ and below (Fig. 7). This 
silica film could help Cr oxide to suppress diffusion of oxygen into the matrix. 
However, both the increase in the oxidation temperature and water vapor sig-
nificantly influenced the topology of the adherent to the matrix oxides (Fig. 8). 
Pieces of amorphous silica films were randomly located near the metal matrix/
scale interface. Examples of approximate temperatures for these working stages 
are shown for Steel A oxidized on air and water vapor containing combustion gas 

Mechanism Diffusion controlled + Spallation                  + Vaporization

Working stages               #1                                     #2                      #3 Alloy

Amorphous SiO2

Cr oxide

Mn/Fe oxide

Spoiled scale

Vapor (Cr hydroxide)

Defects

Steel A, air     9000C                  950-10000C             >10000C
Steel A, comb.  < 9000C                  9000C-9500C >9500C 

Steel C, comb. 9000C          9500C-10000C >10000C

Fig. 21  Schematic of temperature- and atmosphere-dependent mechanisms of surface degradation of Cr–
Ni heat-resistant steels below and above critical oxidation conditions
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atmosphere in comparison with high Cr–Ni alloyed steel C. Such recommenda-
tion could be used for alloy design for specific working conditions.

Conclusions

An experimental study of high temperature oxidation on air and combustion gas, 
containing water vapor, was performed for three cast heat-resistant steels with 
varying Cr–Ni concentrations. For studied critical conditions, spallation assisted 
oxidation was simulated using a stochastic approach. The following assessment 
has been concluded:

• Scale spallation was present for all temperatures between 900 ℃ and 1000 ℃, 
in both air and combustion environments for all three heat-resistant austenitic 
steels;

• At 900  ℃, the steel composition showed minor effects during the thermal 
exposure on air, while less alloyed by Cr–Ni steel was more prone to spalla-
tion assisted oxidation in the combustion atmosphere. It was found that the 
actual oxidation constant and spallation intensity were higher when compared 
to the other steels;

• While being thermally exposed on air, at 950 ℃, it appeared to intensify the 
spallation for all steels and this process dominated at 1000 ℃, when major 
oxidation products were detached from steel surface;

• Both high and medium Cr–Ni alloying steels, had a significant advantage 
to prevent spallation at maximum test temperatures on air and combustion 
atmospheres;

• The surface degradation process was determined for different working condi-
tions with establishing temperature boundaries for steels with varying Cr/Ni 
concentrations

The authors are hoping that the results might aid in appropriate alloy selection 
for service conditions.
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