
metals

Article

Oxidation Induced Stresses in High-Temperature
Oxidation of Steel: A Multiphase Field Study

Alireza Toghraee and Mohsen Asle Zaeem *

Department of Mechanical Engineering, Colorado School of Mines, 1500 Illinois St., Golden, CO 80401, USA;
atoghraee@mymail.mines.edu
* Correspondence: zaeem@mines.edu; Tel.: +1-303-384-2260

Received: 24 April 2020; Accepted: 12 June 2020; Published: 16 June 2020
����������
�������

Abstract: Oxide growth and the induced stresses in the high-temperature oxidation of steel were
studied by a multiphase field model. The model incorporates both chemical and elastic energy to
capture the coupled oxide kinetics and generated stresses. Oxidation of a flat surface and a sharp
corner are considered at two high temperatures of 850 ◦C and 1180 ◦C to investigate the effects
of geometry and temperature elevation on the shape evolution of oxides and the induced stresses.
Results show that the model is capable of capturing the oxide thickness and its outward growth,
comparable to the experiments. In addition, it was shown that there is an interaction between
the evolution of oxide and the generated stresses, and the oxide layer evolves to reduce stress
concentrations by rounding the sharp corners in the geometry. Increasing the temperature may
increase or decrease the stress levels depending on the contribution of eigen strain in the generated
elastic strain energy during oxidation.
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1. Introduction

Designs of advanced energy systems such as nuclear power plants, combustion boilers, and steam
and gas turbines, require materials that reliably work in complex and harsh environments under
various mechanical, chemical, and thermal loads and contaminations [1,2]. Steels are one of the
main materials commonly used in these harsh environments due to their unique and exceptional
mechanical properties. However, it is well-known that they suffer from oxidation, especially at high
temperatures, during manufacturing and operation. Different oxide phases, either protective or
non-protective, are formed during the oxidation process [3–9]. The evolution of oxide layers may
result in the generation of stresses that can lead to several forms of failure in the oxide scale [10,11].
This may also affect the successful formation of protective layers as well as the surface structure of the
final products. The large volume change due to metal/oxide phase transformation (Pilling–Bedworth
ratio) accompanied by different thermal expansion of metal and oxide phases are two of the important
sources of stress generation in oxides [12–16]. Many experimental works have investigated oxide
scale failures due to induced stresses and tried to determine the stress states and strain regimes
that lead to decohesion and failure of the various protective and non-protective oxide layers [17–20].
However, most of the experimental and numerical approaches are based on assuming equilibrium
condition and have not considered the interaction between chemical and elastic energies.

Recently, the phase-field method (PFM), due to its ability to combine different physics, has emerged
as a powerful computational method to study the interaction between microstructure evolution and the
resulting stresses [21–25]. Oxidation of metals under dual oxidant and without elastic effects was studied
in by Wen et al. [26]. Nijdam et al. [27,28] developed a coupled thermodynamic-kinetic oxidation model
to predict the composition profiles of each developed oxidation phase. However, their model could
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not capture the strains and stresses generated during the oxidation. In studies by Krishnamurthy et al.,
a sharp-interface approach was used to study stress distribution in growing oxide films in very simple
geometry of single and polycrystalline oxidation [29,30]. High temperature oxidation behavior and
kinetics of steels have been studied by various studies [3,8,9,31–37]. However, investigating the high
temperature oxidation of steels using the phase-field method has only been done by a few works in
the literature. For example, coupling the mechanical and diffusion equations has been considered
in the works of Zhou et al. [38,39] to study the stress—oxidation relation and oxidation induced
metal depletion in metals and Fe-Cr alloys. However, due to a lack of non-conserved variables,
the application of such a model is challenging, especially for multiphase (metal/oxide/fluid) cases.
Yang et al. analyzed high-temperature oxidation of Fe-based alloys using PFM [40]. Even though their
results showed good agreement with experimental results, their work did not consider the effect of
geometry and temperature change on the stress generation, and their model did not also allow the
capture of outward oxidation.

In this paper, a multiphase field model was developed to study the short-time oxidation of steel
at high temperatures. Even though three types of iron oxides can be found in the high temperature
oxidation of steel, several works have reported than during early stages of oxidation (less than 5 min)
only wüstite (FeO) is formed [31,41]. Following the experimental observations by Chen and Yuen [31],
where they observed only the formation of the FeO oxide phase in a short time period of the oxidation of
steel, our model considered only one phase of oxide, but the model was developed in a way that can be
later advanced to study the multiphase oxidation of steels. The model incorporates both chemical and
elastic energies and is capable of capturing outward oxide growth, elemental concentration changes as
well as the evolution of induced stresses. Due to the very short duration of the oxidation, creep is not
considered in this work. Different temperatures and geometries are considered to investigate the effect
of these parameters on the interaction between generated stresses and oxide layer evolution.

2. Multi-Phase Field Model

A diffusion controlled multiphase field model was developed for the oxidation of metals. To mimic
the oxidation process, three non-conserved parameters (η) are considered to represent three phases
of metal (steel), oxide (FeO), and the phase containing oxygen (air). Two conserved parameters (c)
are also considered to track the concentration (amount of material/vol.) of the oxygen and iron as the
elements contributing in the oxidation to form the FeO phase. Including the fluid phase will allow us
to capture the outward oxidation, which is the dominant case in the formation of FeO [11,31].

The total free energy of the system, F, is considered to consist of chemical and elastic free energies:

F = Fch + Fel (1)

where Fch is the total chemical free energy, and Fel is the elastic free energy as follows:

Fch =

∫
V
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where f is the chemical free energy density of the bulk; Ki and βi are the gradient coefficients contributing
to the interface properties between the different phases; n is the number of reacting elements, which was
two in our case for iron (Fe) and oxygen (O); and p is the number of phases which was three for
the metal (m), oxide (ox), and the fluid phase (air). We refer to these phases and elements by their
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mentioned abbreviated forms, O, Fe, m, ox, and air. Following the approach used in the literature [42],
f has the following form:

f =

p∑
i
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where h is an interpolation function that smoothly changes between 0 and 1 as η changes from 0 to 1.
The term g represents the interface barrier, which along with the gradient coefficients control the
interface properties. The last term in Equation (4) acts as a penalty term to enforce that the summation
of non-conserved parameters is unity. The concentration dependent part of the free energy for each
phase is represented by F, which is assumed to be a quadratic function of concentrations. ĉO, ĉFe are
concentration values chosen to be close to the equilibrium values, so the energy will be minimum close
to those concentrations, and for numerical purposes, they have been scaled so that they range between
0 and 1. The concentrations of oxygen and iron in the oxide are cO = cFe = 0.5, and the concentration
of iron in the metal phase is cFe = 0.85. Parameters A and B are used to create common tangent lines
with tangent points close to equilibrium concentrations.

∆G̃ is the difference of Gibbs energy of formation at the desired temperature and room temperature:
∆G̃ = G◦(298) −G◦(T). Temperature dependent relations to calculate ∆G̃ are given in Equation (7),
and parameters A through G can be found in the National Institute of Standards and Technology (NIST)
database [43].

G◦ = H◦ − TS◦

H◦ = At + Bt2/2 + Ct3/3 + Dt4/4− E/t + F

S◦ = Aln(t) + Bt + Ct2/2 + Dt3/3− E/(2t2) + G

t = T[K]/1000

(7)

In the elastic free energy contribution, Equation (3), Ci jkl is the elasticity tensor; εel
i j is the elastic

strain; and
→
r represents the spatial coordinate. The total elasticity tensor or Ctot

i jkl is defined by the
smooth interpolation between the elasticity tensors of each phase as below:

Ctot
i jkl =
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i jkl (8)

The elastic strain itself is defined by
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where ε∗i j denotes the eigen strain, which contains the contribution of both phase transformation and

thermal expansion. ε00
i j is the stress-free phase transformation strain, which is applied in the direction

of the oxidation front and is calculated based on the Pilling–Bedworth Ratio (PBR). Since the transverse
component of phase transformation strains are much smaller in comparison with the thermal expansion
strains, they have been neglected in the transverse direction. PBR is defined by the ratio between
the “volume of the oxide produced” to the “volume of the metal consumed”. The relation between
stress-free transformation strain and PBR is given by the following equation [16,44]:

ε00
i j = ω(PBR1/3

− 1) (10)
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where ω is a correction factor [16,44] and α is the thermal expansion coefficient. Considering small
displacements, Equation (9) can be rewritten as

εel
i j(
→
r ) = εtot

i j (
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r ) − (ε00
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where u(
→
r ) represents the displacements at each spatial coordinate. To be able to validate and compare

the PFM results with the experimental data, the isothermal condition was assumed and oxidation
temperatures similar to experiments in [31] were chosen.

The governing equations of the PFM consist of three sets of coupled partial differential equations
(PDEs) for the evolution of the non-conserved field variables η (Allen–Cahn equation), conserved
variables for tracking concentrations c (Cahn-Hilliard equation), and the mechanical equilibrium
equation to control the evolution of stresses and strains as summarized below:

∂ηi
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= −Li
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where Li is the structural relaxation coefficient and Mk is the mobility. Mobility is proportional to
diffusion coefficients through Mk =

Dk
(d2F/dc2

k )
, which requires fifth order differentiation. To consider

the changes in the mobility in each phase, the mobility is interpolated between phases according to the
following relation

Mk =

p∑
i

Mi
kh(ηi) (15)

where Mi
k is the mobility of element k (O, Fe) in phase i (m, ox, air). Since the concentrations are

scaled, the exact value of the diffusion coefficients cannot be used. However, the ratio between Mi
k

is determined based on the ratio of diffusion coefficients. Since the diffusion coefficients change
with temperature [45] the values for Mi

k are modified proportionally. In this way, as Mi
k changes

based on phase and temperature, Mk is also capable of capturing the changes based on phase and
temperature. To make sure that the main factor in the evolution of the oxide is the diffusion of
elements (diffusion-controlled reaction), relaxation parameters Li were selected to be at least one order
of magnitude larger than the slowest mobility Mi

k in each phase.
Interface properties such as interface thickness λ and interface energy σ are determined through

model parameters Ki, βi and Wi j. Analytical relations to calculate the interface properties based on
the model parameters are not always available, and numerical approaches should be used to match
the simulated interface energy to its actual value. The reported energy for the FeO/air interface is
σox/air = 3 J/m2 [20]. However, to the best of our knowledge, no value for the metal/FeO interface has
previously been reported. Thus, the same interface energy as in FeO/air was used here. Following the
approach by Bair et al. [42] to determine the interface properties, initial tuning of the model parameters
resulted in an interface thickness of λ = 40 nm and interface energy of σ ≈ 3.3 J/m2. However, as it
will be explained in the next section, higher values of λ and σ were used for two-dimensional (2D)
simulations. The material properties and model parameters used for simulations are shown in Table 1.
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Table 1. Material properties and model parameters. Elastic constants are from [20,46], thermal
expansion coefficient is from [47], and ε00

i j is calculated based on PBR = 1.67 for FeO and ω = 0.11 [44].

Property Value Property Value Property Value

Cm
11 275 GPa Cox

11 217 GPa Ki j 0.3
Cm

12 118 GPa Cox
12 121 GPa βi 0.3

Cm
44 78 GPa Cox

44 46 GPa Λ 1 × 106

ε00
i j 0.02 α 1.65 × 10−5 [1/K] Wi j −0.11

Am = Bm 3 Aox = Box 3 Aair = Bair 2
ĉm

O 0.001 ĉox
O 0.5 ĉair

O 0.15
ĉm

Fe 0.8 ĉox
Fe 0.5 ĉair

Fe 0.002
Mair

O 10 Mm
O 100 Mox

O 0.1
Mair

Fe 0.001 Mm
Fe 0.3 Mox

Fe 100
Lair 20 Lm 20 Lox 20

3. Simulation Results and Discussions

To benchmark the model against experiments, we used the data that reported oxide scale growth
versus time of oxidation by Chen and Yuen [31]. The reported oxide phase that formed in short-time
oxidation is FeO with a rock slat crystal structure that formed on the surface of the steel substrate.
Steel will undergo phase transformation from Body-Centered Cubic (BCC) to Face-Centered Cubic
(FCC) above 900 ◦C. However, since the experiments were done at steady-state temperatures below
900 ◦C, there was no phase transformation during the oxidation, hence no phase transformation in the
oxide was considered in the simulations. It should be noted that oxidation temperature and phase
change affect the elastic constants, thermal expansion, and mobilities (diffusion). These effects are
considered by changing the material properties and model parameters accordingly. The composition
of the studied steel is given in Table 2. It is worth emphasizing that even though other elements are
present, only the diffusion of the iron and oxygen were tracked in the simulations since other elements
did not form oxides (or other phases) in the short-time oxidation experiment [31].

Table 2. Steel composition (wt%) used in the experiment [31].

C Mn Si P S Cr Ni Cu Al N

0.05 0.21 0.01 0.01 0.014 0.014 0.009 0.012 0.042 0.0032

We first completed one-dimensional (1D) simulations using an interface energy of σ ≈ 3.3 J/m2.
A narrow layer of oxide with a thickness of 2µm was initially placed in the middle of a 500µm long
simulation domain, where metal and air phases were placed on the left and right side of this initial
oxide, respectively, and the growth of the oxide layer at each time (t) was calculated by the difference
between the instantaneous and initial thicknesses of the oxide layer. Zero displacements (u) and
zero flux for phase-field (PF) variables (η and c) were assumed as boundary conditions. Since in
reality the concentration of oxygen in air is much less than in the solid phases (metal and oxide),
a much larger volume of air is required to provide the amount of oxygen for the formation of oxide.
However, simulating such a large volume of air would be computationally very expensive and is
not feasible. In addition, assuming a larger volume of air will serve no purpose to predict the
stress distribution, which was the main objective of this study. As a result, to address this problem,
a high concentration of cO(t = 0) = 0.3 was considered as the initial condition of oxygen in the air
phase. The coupled governing Equations (12)–(14) were solved in a finite element scheme using the
Multiphysics Object Oriented Simulation Environment (MOOSE) framework. Adaptive meshing was
utilized to create a finer mesh where it was required and to guarantee that there were at least four
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or five elements through the diffusive interface of PFM; also, adaptive time stepping was used to
ensure convergence.

1D simulations were performed at various temperatures ranging from 850 ◦C to 1180 ◦C to be
able to compare the results with the experimental data [31]. As illustrated in Figure 1a, the predicted
oxide growth by the PF model was in good agreement with experimental data for temperatures of
850 ◦C and 1000 ◦C, where a nonlinear (parabolic like) growth rate can be observed. To emphasize the
need for the inclusion of elasticity in predicting the oxide growth, for the cases of 850 ◦C, we plotted
the results both with and without considering elasticity, and the results clearly indicate that elastic
strain energy needs to be considered. When the elastic strain energy is not considered, the effects of
transformation strain and the expansion due to the formation of oxide will be neglected. This makes
the formation of the oxide phase easier, hence an overestimation of oxide thickness was observed.
The PFM simulations for higher temperatures also predicted a nonlinear growth, but the experiments
showed a quasilinear trend. This can be due to the fact that the considered model for the concentration
dependent energy, F(c), has a quadratic form. Thus, as the oxygen and Fe are consumed, the driving
force for diffusion of the species, which is proportional to ∂ f

∂c ∝
∂F
∂c , decreases linearly and therefore a

nonlinear (inverse quadratic like) evolution of oxide is observed. Nonetheless, the PFM simulations
predicted the final thickness of the oxide layer with a −2.3% error for T = 1100 ◦C and −3.9% error for
T = 1180 ◦C when compared to the experiments at the same time of oxidation.
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Figure 1. Oxide layer growth at different temperatures (◦C) for a diffusive interface thickness of
(a) λ = 40 nm and (b) λ = 800 nm. Experimental results are obtained from [31].

The interface energy of σ ≈ 3.3 J/m2 corresponds to a very narrow interface thickness of about
40 nm, which requires a very fine mesh. Although this might not affect 1D simulations, it will make
2D simulations computationally very expensive, especially when the domain size is in the order of
millimeters. Since mechanical equilibrium equations are not time dependent, only the thickness of the
oxide layer will affect the generated stress. Thus, before running 2D simulations, we ran additional 1D
simulations to see if we could increase the diffusive interface thickness without affecting the growth rate
and thickness of the oxide layer. We increased the diffusive interface thickness from 40 nm to 800 nm
(corresponding to σ ≈ 27 J/m2), and without the loss of generality, parameters Li and Mi

k, which act as
time constants, were scaled down to keep the oxide growth rate and the thickness of the oxide layer at
each time, similar to the case with the actual interface energy. This scaling was done while the ratio
between mobilities Mi

k, which are related to diffusion coefficients, were preserved. Results of the oxide
growth rate for this case are depicted in Figure 1b. As can be seen, the patterns were very similar to the
cases in Figure 1a, especially for lower temperatures. For higher temperatures, the prediction of PFM
simulation for the final oxide layer thickness only had a −3.5% error for oxidation at T = 1100 ◦C and
+2.1% error for T = 1180 ◦C. This similarity between the oxide growth rates and the oxide thicknesses
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for thin and thick diffusive interfaces allowed us to use a thicker diffusive interface for the prediction
of oxide induced stresses in 2D simulations.

Figure 2 shows the evolution of metal, oxide, air phases, and the corresponding concentrations
with respect to their initial condition at the isothermal oxidation temperature of 850 ◦C. It is evident
that the outward oxidation is dominant. Following the concentration evolution of Fe (Figure 2b),
the concentration at metal/oxide interface dropped from cFe = 0.85 at t = 0 s to the cFe = 0.75 at
t = 60 s, accounting for the migration of Fe atoms from the metal phase to oxide phase. Likewise, for the
evolution of oxygen concentration, Figure 2c shows the reduction from cO = 0.3 to cO = 0.19 at the
oxide/air interface due to the consumption of oxygen to form the oxide. This is one of the advantages
of this model since the duration of oxidation can be controlled by adjusting the difference between the
initial oxidant concentration and its equilibrium value.
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(b) concentration of Iron (c) concentration of oxygen.

Even though 1D simulations can be used to study simple oxide growth, they are not sufficient
for determining stresses, especially for different geometries. Simulations beyond 1D are required to
account for thermal strains caused by mismatched thermal expansion coefficients of metal and oxide,
stress-free transformation strains as well as mechanical constraints depending on geometries and
boundary conditions. Since in our case the oxidation time was very short and creep did not happen,
elastic 2D models can be used to study the oxide evolution and the induced stresses. Thus, to study the
stresses generated by the oxidation, 2D simulations were performed. The effect of geometry was studied
by considering oxidation in flat (planar) and corner-shape geometries. In addition, to investigate the
effect of temperature, two extreme oxidation cases at 850 ◦C and 1180 ◦C were considered. Plane
strain condition is imposed assuming the dimension in the z direction is much larger than the x- and
y-directions. For the planar oxidation case, a narrow strip in the middle of a steel plate is considered
with the x-direction representing the oxidation direction. No-flux boundary condition for PF variables
were assumed and the mechanical boundary conditions are shown in Figure 3. It should be noted that
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due to the symmetry in the y-direction, only the top half was simulated to save the computational
costs. Figure 3 summarizes the results for oxidation at 850 ◦C.
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Domain size is 0.5 mm × 0.5 mm. Top left snapshot also shows the mechanical boundary conditions.

As the oxide layer forms, it tends to expand due to the stress-free phase transformation and
thermal strains, but the interaction with the metal phase prevents this expansion to be free of stress.
In the case of planar oxidation, the expansion of oxide in the y-direction is constrained by the metal.
Thus, the oxide goes under compression and the metal goes under tension. The compressive stress
in the y-direction, σyy, in the oxide phase, is the maximum at the bottom of the domain in Figure 3,
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which is the furthest away from the upper free edge and where the expansion in y-direction is prevented
the most. This stress gradually decreases toward the upper free edge. On the other hand, since
the stress generated in the metal is induced by oxide expansion, the maximum tensile stress in the
y-direction in the metal increases toward the top edge. In the x-direction, since the oxide can expand
freely, there generated stress, σxx, is negligible (less than 10 MPa) in the oxide phase.

At the metal/oxide interface near the upper free edge in Figure 3, the expansion of oxide in the
y-direction on one side and the prevention of movement in the x-direction by metal on the other side
create a local counterclockwise bending of the metal/oxide interface. This causes the metal phase to
experience a highly localized compressive stress in the x-direction. The trend of stress evolution shows
that as the oxide layer evolves, the force it applies on the metal phase increases, hence the generated
stresses increase. Looking at the stress maps in Figure 3, these incremental increases in stresses were
more noticeable. According to the stress maps, two critical regions could be detected. The first is the
metal/oxide interface at the top edge, which shows the maximum equivalent (von Mises) (σeq) and
the maximum shear stress (σxy). Additionally, maximum compressive (σxx) and tensile (σyy) normal
stresses were observable at this region. In addition, the other criterion that makes this region critical is
the transition between compression and tension in the normal stresses. Since the strength is usually
lower at the interface of two phases, this region is susceptible to failure and delamination/separation of
oxide from the metal substrate may occur. The other critical region that is at risk of failure is at the
bottom edge of the oxide phase, which experiences the maximum compressive normal stress σyy as
well as high levels of von Mises stress. Since this compressive stress acts on a plane parallel to the
oxide/metal interface and perpendicular to the oxide growth direction, any small surface irregularities
can initiate spalling and buckling of the oxide scale [19].

To investigate the effect of geometry on the oxide growth and generated stress, oxidation at a sharp
corner of a steel plate was considered. In this case, the oxide front is in both the x- and y-directions,
and the z direction represents the long dimension along the edge of the steel plate. The results for this
case are illustrated in Figure 4. In terms of stress state, the oxide and metal phase undergo compression
and tension, respectively, which is similar to the planar case. However, as the oxide layer grows and
becomes thicker, the stress levels decrease, which is different from the observed pattern in the planar
case where the stress levels increase as the oxide grows. The reason for such behavior can be explained
by the shape of oxide growth. Stress distribution at the initial stage of oxidation revealed high levels of
stress at the metal/oxide interface right at the sharp corner, where expansion of the oxide in both the
x- and y-directions, accompanied by the sharp corner geometry, led to stress intensity at this region.
As oxidation continues, instead of keeping those sharp corners, the oxide evolves to round the sharp
corners at both metal/oxide and oxide/air interfaces, which reduce the stress concentrations at those
areas. This smoothing and rounding of the corners have also been observed in the oxidation of Si [48].

In Figure 4, in terms of critical areas, the inner corner of the metal/oxide interface is one of the
zones where the highest level of equivalent (von Mises), shear and normal stresses occurred in both
the oxide and metal phase. This high level of stress with a sharp transition between compression and
tension from one side to the other side of the interface makes this region prone to failure and makes it
possible to separate the oxide from the base metal. A high level of compressive stress along the oxide
layer and far from the corner was observed, which increased the chance of buckling, similar to the case
of planar oxidation. It should be noted that in all of these cases, the highest level of stress was observed
in the oxide layer, which did not show plastic behavior. Stress levels in the metal phase were also less
than 1 GPa in this short-time oxidation, which was below the yield strength of several steels [49].
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The effect of increasing the oxidation temperature on oxide growth and the induced stresses was
considered by repeating the simulation for 1180 ◦C. It is expected that increasing the temperature
increases the oxidation kinetics, thus thicker oxide layers form. The results showed that elevating
the temperature did not change the pattern of stress distribution and stress states, and the maximum
and minimum stresses occurred at the same regions as in the lower oxidation temperature of 850 ◦C.
The trend of increasing or decreasing of stress versus time also remained unchanged for both planar
and sharp corner oxidation. However, the stress values varied as the temperature increased. For the
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purpose of comparison, variations of the extremum values of stresses are presented in Figure 5, for both
planar and sharp corner oxidation.

Metals 2020, 10, x FOR PEER REVIEW 11 of 14 

 

were also less than 1 GPa in this short-time oxidation, which was below the yield strength of several 
steels [49]. 

The effect of increasing the oxidation temperature on oxide growth and the induced stresses was 
considered by repeating the simulation for 1180 °C. It is expected that increasing the temperature 
increases the oxidation kinetics, thus thicker oxide layers form. The results showed that elevating the 
temperature did not change the pattern of stress distribution and stress states, and the maximum and 
minimum stresses occurred at the same regions as in the lower oxidation temperature of 850 °C. The 
trend of increasing or decreasing of stress versus time also remained unchanged for both planar and 
sharp corner oxidation. However, the stress values varied as the temperature increased. For the 
purpose of comparison, variations of the extremum values of stresses are presented in Figure 5, for 
both planar and sharp corner oxidation. 

 
Figure 5. Variations of stress levels for oxidation at 850 °C and 1180 °C for (a) planar oxidation, and 
(b) sharp corner oxidation. 

Increasing the temperature resulted in increasing the stress levels in both the metal and oxide in 
the case of planar oxidation, while stress levels were decreased in the oxidation of a sharp corner. 
Increasing the temperature has effects on both elastic constants ijklC  and thermal expansion strains. 

This increase in oxidation temperature from 850 °C to 1180 °C resulted in about a 30% reduction of 
the elastic constants. For the planar oxidation, the oxide could move freely in the x-direction, but it 
was constrained in the y-direction due to its interface with the base metal. Additionally, for planar 
oxidation in the y-direction, the main dominant component of the eigen strain was thermal 
expansion. Comparing the eigen strains of oxide in the y-direction ( *

22ε ) for planar oxidation showed 
a significance increase of 54% from 0.013 to 0.02 when the temperature increased from 850 °C to 1180 
°C. Thus, the increase in eigen strain in the y-direction was more dominant than the decreases in 
elastic constants, which led to elevated stress levels. On the other hand, in the case of oxidation of a 
sharp corner, there were two oxidation fronts in both the x- and y-directions. Furthermore, the 
contribution of phase transformation strain (0.02) was added to the same thermal expansion strain in 
the case of planar oxidation, resulting in a change of eigen strain from 0.033 to 0.04 when the 
temperature increased from 850 °C to 1180 °C. This resulted in only a 21% increase in the eigen strain 
and makes the reduction in elastic constants more dominant, hence reducing the stress levels. 

4. Conclusions 

Stress evolution during the short-time oxidation of low alloy steels at high temperatures was 
studied utilizing a phase-field model. The phase-field model was capable of capturing the outward 
growth of the oxide layer (FeO) on the steel substrate in contact with air as well as variations in iron 
and oxygen concentrations during oxidation. By incorporating elastic strain energy in the model and 
coupling mechanical equilibrium equations to the phase-field equations, the evolution of stresses 

St
re

ss
 [G

Pa
]

0 20 40 60
Time of oxidation [s]

-3

-2

-1

0

1

2

3

St
re

ss
 [G

Pa
]

(a) (b)

Figure 5. Variations of stress levels for oxidation at 850 ◦C and 1180 ◦C for (a) planar oxidation,
and (b) sharp corner oxidation.

Increasing the temperature resulted in increasing the stress levels in both the metal and oxide
in the case of planar oxidation, while stress levels were decreased in the oxidation of a sharp corner.
Increasing the temperature has effects on both elastic constants Ci jkl and thermal expansion strains.
This increase in oxidation temperature from 850 ◦C to 1180 ◦C resulted in about a 30% reduction of the
elastic constants. For the planar oxidation, the oxide could move freely in the x-direction, but it was
constrained in the y-direction due to its interface with the base metal. Additionally, for planar oxidation
in the y-direction, the main dominant component of the eigen strain was thermal expansion. Comparing
the eigen strains of oxide in the y-direction (ε∗22) for planar oxidation showed a significance increase of
54% from 0.013 to 0.02 when the temperature increased from 850 ◦C to 1180 ◦C. Thus, the increase in
eigen strain in the y-direction was more dominant than the decreases in elastic constants, which led to
elevated stress levels. On the other hand, in the case of oxidation of a sharp corner, there were two
oxidation fronts in both the x- and y-directions. Furthermore, the contribution of phase transformation
strain (0.02) was added to the same thermal expansion strain in the case of planar oxidation, resulting
in a change of eigen strain from 0.033 to 0.04 when the temperature increased from 850 ◦C to 1180 ◦C.
This resulted in only a 21% increase in the eigen strain and makes the reduction in elastic constants
more dominant, hence reducing the stress levels.

4. Conclusions

Stress evolution during the short-time oxidation of low alloy steels at high temperatures was
studied utilizing a phase-field model. The phase-field model was capable of capturing the outward
growth of the oxide layer (FeO) on the steel substrate in contact with air as well as variations in iron
and oxygen concentrations during oxidation. By incorporating elastic strain energy in the model and
coupling mechanical equilibrium equations to the phase-field equations, the evolution of stresses
during the oxidation was investigated. The effect of geometry on the interaction between oxide
evolution and induced stresses was studied by considering oxidation on a flat substrate (planar
oxidation) and a sharp corner. Results revealed that in the case of planar oxidation, the growth of oxide
increased the stress level in both the oxide and base metal. However, stress intensities in the sharp
corners may change the shape of oxide evolution, and the oxide layer evolves so that it rounds the
sharp corners in order to reduce the stress levels.

In addition, the effect of temperature elevation was investigated by considering two extreme
temperatures of 850 ◦C and 1180 ◦C. Results showed that increasing the temperature changes the stress
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levels by altering the elastic constants and eigen strains, and depending on which one is dominant,
the stress level may increase (planar oxidation) or decrease (sharp corner oxidation). Using the stress
distribution map, critical zones that are prone to different modes of failure such as delamination and
buckling can also be detected. The developed multiphase field model has the flexibility to be extended
for the study of multiphase oxidation. Additionally, plasticity (especially for long-time oxidation) and
crack propagation equations [50] can be incorporated to develop a more comprehensive model to
study oxidation induced cracks and deformations.
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