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ORIGINAL RESEARCH ARTICLE

Phenomenological Analysis of Surface Degradation
of Metallic Materials in Extreme Environment

SIMON N. LEKAKH and OLEG NEROSLAVSKY

The resistance to surface degradation in metallic alloys plays an important role for the lifetime
of the components working in harsh environments. The mechanisms involved in degradation of
metallic surface in a high-temperature aggressive gaseous atmosphere include the following:
forming adherent to the surface multiphase oxide layer, partial spallation, and possible
vaporization of formed compounds. The governing equation, which describes a parabolic
growth of adherent layer, time-dependent vaporization, and cross-linked to instantaneous
thickness of adherent layer spallation rate, was suggested and analyzed. The several
relationships between the kinetic constants were defined from analysis of the governing
equation. Design of routes for experimental procedures to determine the independent kinetic
constants was discussed and an integrated simulator was used to calculate the kinetic constants
based on experimental results. Two examples of high-temperature oxidation of heat-resistant
Cr/Ni austenitic steel were used to illustrate the capability of the suggested method to determine
the oxidation, spallation, and vaporization kinetic constants from a single experiment. The
suggested methodology could be considered in future for the analysis of different types of
surface degradation of solid materials in gaseous, liquid, or solid environments.

https://doi.org/10.1007/s11661-023-07234-2
� The Minerals, Metals & Materials Society and ASM International 2023

I. INTRODUCTION

THE resistance to surface degradation in metallic
alloys plays an important role for the lifetime of the
components working in harsh environments. There are
several distinguishing categories of surface degradation
of solid metallic materials which depend on the aggre-
gate state of the interacting environment (solid, liquid,
or gaseous). Table I presents a variety of surface
degradation processes of solid metallic materials during
interaction with working environment having different
aggregate states:

– tribological, in the case of forced interaction with a
solid environment, such as wear and microfracture,

– electro-chemical corrosion and erosion in a liquid
environment, such as water solutions, molten salt,
and liquid metals,

– chemical modification in a high-temperature gaseous
environment, such as oxidation, followed by fracture
and spallation of the oxide layer due to

thermo-mechanical stress and possible vaporization
into the surrounding gaseous environment or
vacuum.

Different hierarchies of multiscale experimental study
and simulations, from atomic[13] to microscopic[14] and
macroscopic[15] levels, are used for determination of
metallic surface degradation in harsh environments with
the goals to develop protection methods and improve
metallic component performance. Applications of gov-
erning laws and equations are important for the analysis
of macro-processes of surface degradation and for
finding kinetic constants. A historical review of pioneer-
ing works in micro-kinetics of high-temperature solid-
state diffusion was done in Reference 16. Fick’s diffusion
laws are used to describe the macroscopic growth of
oxide layer on metallic surface. The forming multilay-
ered oxide scale on surface of metallic alloys,[17] grain
boundary diffusion,[18] stress between formed oxide
layer and the metal matrix,[19,20] thermo-mechanical
spallation,[8,21,22] chemical and structural modification
of the formed oxide layer in water vapor environ-
ment,[23] vaporization of formed compounds,[24] and
much more made it difficult to develop the hierarchy of
seamless models from atomic to macroscopic levels.
Therefore, the empirical models and numerical
approaches were used[25–32] to predict the oxidation
kinetics of several alloys as a function of time, temper-
ature, cycle duration. and atmosphere. These models
described oxidation-induced surface degradation during
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high-temperature exposure. However, there is a lack of
an universal physics-based approach to predict the rates
of different surface degradation processes considering
the severity of environmental loading.

The goal of this study is a development of macroscopic
formalism of metallic material behavior in extreme
gaseous high-temperature environments. A formalism
covers the major processes responsible for surface degra-
dation and it is used for planar solid surface geometry, the
case when the dimension of surface degradation is
significantly less than geometrical surface curvature. It
also suits to ‘‘infinity’’ environmental conditions, mean-
ing that surface degradation is not limited or restricted
due to environment exhaustion, for example, decreasing
oxidant concentration during intensive oxidation.
Instead, surface degradation depends on material prop-
erties and the specific environmental conditions (temper-
ature, atmosphere, mechanical load), rather than the
quantity of environment, including the volume and
concentration of gaseous oxidant.

II. ANALYTICAL REPRESENTATION
OF SURFACE DEGRADATION OF METALLIC

MATERIALS

The degradation processes of solid metallic surfaces
have a diversity of mechanisms and driving forces;
however, the overall intensity of macro-degradation of
the metallic surface in contact with an ‘‘infinity’’
environment (solid, liquid, or gas) could be quantified
using the suggested analytical representations. For
infinite-environmental conditions, the rate of surface
degradation (X) could be the result of two categories of
interaction processes. The first category is a surface
modification which has a time-dependent rate (W(s)). An
example of such a category is the formation of an oxide
protection layer during high-temperature oxidation.
Processes which belong to the second category relate
to destruction of modified surfaces. The surface destruc-
tion processes can be as follows: (i) with time-dependent
rate (F(s)), as in the process of the vaporization of
formed species within high-temperature gaseous atmo-
sphere; (ii) cross-depended as a function of instant
surface condition (H(X)), as in process of the oxide layer
spallation due to strain, and dependent on instant oxide
layer thickness X.

The balance of these processes could be presented in
the suggested general form of surface degradation
kinetics (Eq. [1]), where the rate of dense adherent

oxide layer X is expressed through W(s), F(s), and H(X),
which are the rates of oxidation, vaporization, and
spallation correspondingly:

X ¼ WðsÞ � UðsÞ �HðXÞ ½1�

Equation [1] is applicable for different types of surface
degradation of solid material interacting with environ-
ments having solid, liquid, or gaseous aggregate states
(Table I). For example, it could be surface degradation
by oxidation in gaseous atmosphere, erosion in aggres-
sive liquids, or wear by solid particles. The main used
assumptions used in governing Eq. [1] included:

– planar surface geometry when the dimension of
surface degradation is significantly less than geo-
metrical surface curvature;

– process occurred in infinity environment when sur-
face degradation is not limited or restricted due to
environment exhaustion;

– two independent surface degradation kinetics, the
first one is time dependent, such as vaporization, and
the second one is related to instantaneous degraded
surface condition, such as spallation with intensity
depended on instant thickness of oxidized surface.

The subject of this study is limited by the macro-phe-
nomenal representation of surface degradation of metal-
lic alloys in harsh high-temperature gaseous
environments. Depending on the severity of gaseous
environmental loading (temperature, atmosphere, pres-
sure), the surface degradation process could be qualified
as normal, extreme, or uncontrolled destruction of the
internal body, which could be considered as catastrophic
and shown by dotted line in Figure 1. Because of the
different nature, we did not describe catastrophic failure
in this article. The microstructures in Figures 1(c) and
(d) provide an illustration of the oxide layer structure on
the surface of a heat-resistant austenitic Cr/Ni steel at
different gas environment load severity (temperature
and atmosphere), which was studied in Reference 33.
At the normal load severity condition in an infinitely

high-temperature gaseous environment, the rate of
development of oxide layer on metallic surface is
controlled by element diffusion. In this case, the kinetics
of the growing oxide layer with thickness (X) obeys a
parabolic law for time (s) with kinetic constant Kp

(Eq. [2]) and the rate W from Eq. [1] is given in
Eq. [3][25]:

Table I. Different Surface Degradation Processes Described in Referenced Reviews

Aggregate State of
Interacting
Environment Type of Surface Degradation

Typical Temperature
Range Surface Degradation Mechanism

Solid tribological from low to medium wear, microfractures[1]

Liquid (Water, Salt,
Melt)

electro-chemical from room to high corrosion, erosion[2–5]

Gaseous thermo-chemical and thermo-mechanical from medium to high oxidation, spallation, vaporization[6–12]
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X2 ¼ KPs ½2�

W ¼ KP=2X ½3�

In the normal load severity of gaseous environment
(Figure 1), the specimen gained weight equals to the
amount of reacted oxidizer, and it will parabolically
decline with increasing oxide thickness X at the rate W.
Because the thickness of a surface layer declines with
time, such surface modification could be used for
protection and thermo-mechanical stability of formed
oxide can be predicted with Wagner’s theory described
in Reference 35. In the multicomponent metallic alloys,
a multilayered oxide structure is formed, consisting of
the internal and external oxide layers having different
phases. Figure 1(c) illustrates a multilayered structure in
oxidized Cr/Ni steel, where the external layer consists of
iron oxide, and the internal layer includes Cr–Fe–Mn
oxides.[33,34] Such complicated processes could have
deviations from a parabolic law (Eq. [3]) and kinetic
curves observed in experiments were fitted to the models
with linear, parabolic, or cubic[36] time dependencies of
function W. At the normal environmental load severity
(Figure 1(c)), the overall rate of the formed oxide layer
W(s) declined with a process time for all used models.

Increasing severity of gaseous environment (temper-
ature, gas reactivity, pressure) and thermo-mechanical
stress generate different types of imperfections in the
oxide layer, such as point type vacancies, micro-voids,

and cracks (Figure 1(d)). These imperfections initiate
surface degradation processes, such as buckling and
spallation of oxide layer.[8] Relaxation of the strain
energy will take place via plastic or creep deformation of
the oxide scale and the alloy or cracking and/or
spallation of the scale.[21] Continuation of increasing
severity of environmental loading propagates surface
degradation into the metal matrix (Figure 1(e)), which
could lead to catastrophic failure of metallic compo-
nents. The increasing severity of gaseous environmental
loading moves the surface degradation process from the
‘‘normal’’ type, when formed oxide layer protects
component body, to ‘‘extreme,’’ when oxide layer
delamination, buckling, and spallation intensified sur-
face degradation, and to uncontrolled destruction of the
body of metallic component. The micro-mechanics of
oxide layer delamination, buckling, and finally spalla-
tion were reviewed in References 8 and 21. A critical
strain responsible for surface degradation by spallation
was specified for instantaneous thickness of oxide layer
(X), thermo-physical properties, and environmental
loading (thermal gradient and mechanical stress). There-
fore, the rate of function of surface degradation by
spallation of surface oxide layer H in Eq. [1] was
presented as a function of instant oxide layer thickness
KSf(X), or more simply as KSX, where KS is the
spallation constant for a specific severity of environ-
mental loading and X is a thickness of the oxide layer:

H ¼ KSfðXÞ � KSX: ½4�

Fig. 1—Schematic illustration of the effect of severity of gaseous environmental loading on involved phenomena of surface degradation (a),
weight change of specimen due to different surface degradation processes (oxidation, spallation, and vaporization (b), and examples of
multilayered scale structure in Cr/Ni austenitic steel after 400 h tests using different environmental load severity: normal (c), extreme (d), and
uncontrolled destruction of the internal body (e). Steel composition and test parameters are given in Refs. [33,34].
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In many cases, spallation occurred with sporadic
frequency and was not uniformly localized through the
surface. In our publication,[29] the spallation process was
considered as a stochastic process with the frequency
and sizes taken from the experimental measurement. In
this article, the process of spallation was generalized as a
function of instantaneous scale thickness X with spal-
lation constant KS governs a spallation intensity.

The oxide formed during high-temperature oxidation
of metallic alloys typically have a negligibly small partial
gas pressure and oxidized surfaces could be stable at
normal and even low gaseous pressure atmospheres.
However, some reactive gases, for example, water vapor,
can modify formed oxides into other easy volatile
species which will initiate vaporization of the oxide
layer from metal surfaces. For example, austenitic
stainless steels show good oxidation resistance in oxygen
and air, because these steels form a protective Cr-rich
(Cr,Fe)2O3 scale. In the presence of water vapor, the
ability to withstand oxidation is diminished because
Cr-oxide transforms into Cr-hydroxides.[10–12] Experi-
mental measurements supported theoretical predictions
of the effects of intrinsic (material properties) and
extrinsic (temperature, pressure, velocity, atmosphere
composition) factors on Cr vaporization rate.[10,12,24,30]

For a specific severity of environmental loading, the rate
of surface degradation by vaporization can be presented
in Eq. [1] by the vaporization constant KV. In some
cases, the scale structure and composition could be
modified during severe environmental loading, which
will influence on the value of KV value in Eq. [5]:

UðsÞ ¼ KV ½5�

Considering Eqs. [2] through [5], the resulting phe-
nomenological Eq. [1] for high-temperature degradation
of metallic surface in normal and extreme gaseous
environment is shown in Eq. [6], where the rate of
surface degradation (dX/dt) comprised of the parabolic
rate of forming adherent oxide (KP/2X), the vaporiza-
tion rate (KV), and the rate of scale spallation, which
depends on instantaneous scale thickness X and spalla-
tion constant KS:

dX=dt ¼ KP=2X�KV�KSX ½6�

Equation [6] extends Eq. [7], which was suggested by
Tedmon[25] and used in many publications.[24–30] Equa-
tion [7] treats all surface destruction processes, including
spallation and/or vaporization, as a one time-dependent
process with unified kinetic constant Kr:

dX=dt ¼ KP=2X�Kr ½7�

The suggested phenomenological Eq. [1] of surface
degradation of metallic materials was specified for a
gaseous environment (Eq. [6]) and considers two types
of surface destruction processes: the first type F(s)
depends on a process time and the second type H
depends on an instantaneous condition of a modified
surface. Such representation provides a broader analysis

of multiple phenomena involved in surface degradation
of solid surface interacting with gaseous environments at
normal and extreme loading conditions.

III. ANALYSIS OF GOVERNING
EQUATION OF SURFACE DEGRADATION

Solving governing Eqs. [1] and [6] for determination
of kinetic coefficients can be used for:

– lifetime prediction of metallic components for a
known environmental severity,

– determination of a critical environmental severity for
desired metallic component lifetime,

– verification of assumptions used in phenomenolog-
ical description of the surface degradation kinetics,
and

– shed light on the micro-mechanisms of surface
degradation.

Considering at least three possible mechanisms of
surface degradation of metallic materials in severe
gaseous environmental condition (oxidation with form-
ing adherent oxide layer, spallation, and vaporization),
the kinetic constants then can be determined by com-
bining analysis of phenomenological Eqs. [1] and [6]
with experimental data. At least two principally different
experimental approaches could be used to determine the
individual kinetics. The first one is based on experimen-
tal design of such environmental conditions which could
minimize a number of mechanisms, after which the
kinetic constants could be defined for each process
assuming its independence. For example, high-temper-
ature oxidation assisted by vaporization of Cr-oxide was
analyzed by controlling the specimen weight in two
atmospheres: one with air, when only oxidation was
expected, and the second with water vapor, when
oxidation was assisted by intensive vaporization of
Cr-hydroxides takes place.[37] Based on the comparison
of two tests, the oxidation and vaporization constants
were determined, assuming independence of oxidation
kinetics from vaporization and vice versa.
However, it is difficult to design such experiments to

separate more than two possible mechanisms of surface
degradation. In this article, a methodology of determin-
ing the reaction constants for multiple processes of
surface degradation in individual experiments is dis-
cussed and illustrated for several cases. A mass balance
(Eq. [8]) calculates changing weight of the metallic
specimen with adherent layer ðDWÞ when two surface
degradation processes take place, including time-pro-
portional vaporization and integrated weight of spalled
oxide linked to the instantaneous thickness of adherent
oxide (X). A mass balance (Eq. [8]) includes two kinetic
coefficients (KV, cm/h and KS, 1/h), metal oxide density
(qox), and a weight fraction of oxygen-in oxide (fO):

Dw ¼ qoxfOX� qoxð1� fOÞKVs� qoxð1� fOÞ
Zs

0

KSXds

½8�
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The term qox(1 � fO)KVs describes the change of
specimen weight due to vaporization. The actual process
includes several steps: oxidation with increasing weight
of the amount of oxygen, possible oxide to hydroxide
modification in the presence of water vapor and
followed by vaporization of the entire species. Because
the sum of oxygen-in is equal to the sum of oxygen-out,
the vaporization term in the mass balance includes just a
specimen loss. This explains the multiplier (1 � fO).
Integration with spallation constant KS summarized
instantaneous weight loss due to spallation in Eq. [8].
The solution of the differential Eq. [6], under assump-
tion X(0) = 0, which links process time (s, h) to the
thickness of the oxidized adherent layer (X, cm) for the
given set of kinetic coefficients for oxidation KP (cm2/h),
for vaporization KV (cm/h), and for spallation KS (1/h)
presents in Appendix (Eq. [A1]).

A Microsoft Excel numerical integrator was used to
simulate all weight components in Eq. [8] and adherent
oxide thickness X at process time s. Figure 2 illustrates a
mass balance during surface degradation at extreme
environmental conditions, when formation of adherent
oxide layer with kinetic constant KP = 2 9 10�8 cm2/h
was assisted by metal vaporization with constant KV =
2 9 10�6 cm/h, and spallation frequency with constant
KS = 3 9 10�3 1/h. The range of these values was
taken from our experimental study of oxidation of
austenitic Cr/Ni heat-resistant steels.[33,34] A parabolic
oxide growth, predicted for each oxidation time with a
rate related to instantaneous thickness X, decreased due
to spallation and vaporization. The resulting curve for
specimen weight change (DW) had a maximum, which
declined due to metal losses with spallation and vapor-
ization, and each of these processes followed a general
law formulated in Eqs. [1] and [6].

Figure 3 illustrates calculated weight changes of a
specimen with adherent layer (DW) and adherent oxide
layer thickness (X) for normal environmental oxidation
and for severe environmental conditions with spallation
KS = 3 9 10�3 1/h at the same oxidation constant
KP = 2 9 10�8 cm2/h. The thickness of the adherent
layer decreased by spallation reached a limit when the

rate of oxidation was compensated by the rate of
spallation and resulted in a weight change curve which
has a maximum (DWm) at time (sm).
The trend of the adherent layer becomes more

complicated when all three surface degradation pro-
cesses are involved. Figure 4. illustrates a calculated
thickness of adherent layer for the same oxidation
constant KP = 2 9 10�8 cm2/h, as a parabolically ris-
ing to infinity curve for only oxidation, stabilized by
additional spallation (KS = 2 9 10�3 1/h) and
decreased by vaporization with KV = 1 9 10�6 cm/h.

IV. DETERMINATION OF KINETIC
COEFFICIENTS OF SURFACE DEGRADATION

The provided simulation examples illustrate the exis-
tence of several characteristic points on the weight
change curve which could help with the determination of
kinetic constants when it is not possible to experimen-
tally determine the individual surface degradation pro-
cesses. Experimental thermogravimetric analysis (TGA)
with monitoring only specimen weight is often used

Fig. 3—Example of calculated adherent layer thickness and specimen
mass changes for normal oxidation condition with forming adherent
oxide KP = 2 9 10�8 cm2/h and during severe oxidation assisted by
spallation with kinetic constant KS = 3 9 10�3 1/h at the same
oxidation constant.

Fig. 4—Example of calculated adherent layer thickness for oxidation
(KP = 2 9 10�8 cm2/h) assisted by spallation (KS = 3 9 10�3 1/h)
and vaporization (KV = 2 9 10�6 cm/h).

Fig. 2—Example of solving mass balance Eq. [8] for arbitrary values
of kinetic constants KP, KV and KS.
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because it is difficult to collect the weight of spalled and
vaporized materials at high gas flow velocity or during
thermal cycling. However, in the case when the final
amount of vaporized species is determined by condens-
ing vapor, the vaporization constant Kp can be directly
determined from this measurement.

The relationships followed from Eq. [6] at the
characteristic points can be used to determine the
kinetic constant with no need to continuously monitor
all reaction products. When solid reaction product is
determined only at the test end (sf), including the weight
of specimen with adherent oxide (DWf), the weight of
spalled oxide (DWs

f), and the final thickness of adherent

scale (Xf), the vaporization constant (KV) could be
calculated from a final mass balance using Eq. [A2] in
Appendix. The real metal oxide density (qox) and the
weight fraction of oxygen-in oxide (fO) in the adherent
layer are to be experimentally verified because of the
complexity of the layered oxide structure and internal
defects. In our works,[29,34] determination of oxygen-in
oxide (fO) was done with combustion analysis of spalled
oxides and the density of adherent oxidized layer (qox)
from correlation between several measured layer thick-
nesses and specimen weight gains, when tests were done
under the condition of no spallation.

When all three mechanisms were involved, we have
KV> 0, KS> 0 and for any intermediate experimental
time (si), instant thickness Xi of adherent layer can be
analytically calculated for a known weight of specimen
(DWi) and a weight of spalled (Ws

i ) scale using Eq. [A3]
in Appendix. Therefore, for series of observations of si,
DWi , and Ws

i , a series of calculated values Xi can be
determined from Eq. [A3] and this series may be used to
calculate the constant KS.

When only specimen weight was monitored in exper-
iments, the characteristic point of a maximal weight of
specimen with adherent layer (Figure 2; Eq. [3]) can be
used for indirect analysis of two mechanisms using the
relationships followed from Eq. [7]. This equation is
valid for two mechanisms of surface degradation: one
for parabolic oxidation and the other assumed to be
proportional to process time, which could be vaporiza-
tion of spallation.[25] For the three processes described in
Eq. [6], the thickness of adherent layer (Xm) at a time
(sm) when weight change of specimen with adherent
layer achieved maximum (DWm) was found using
Eq. [A4] in Appendix. Unfortunately, it is difficult to
measure the thickness of adherent layer Xm at a
maximum point of weight gain DWm; however, it is
possible to approximate Xm using Eq. [A3] in Appendix.
Table II presents the possible experimental routes to
determine three kinetic constants.

V. KINETIC CONSTANTS FOR SURFACE
DEGRADATION OF AUSTENITIC CR/NI STEEL
IN SEVERE ENVIRONMENTAL CONDITIONS

A. Experimental Procedures

A laboratory cast Nb-bearing heat-resistant austenitic
steel with 20Cr, 11Ni, 1.8Mn, 1.6Si, 0.41C, 1.7Nb, and
0.1N (in weight pct) was oxidized at 950 �C in two
environmental conditions: test #1 was designed for
oxidation assisted by spallation in air and test #2 for
oxidation assisted by spallation and vaporization in
water vapor combustion atmosphere (15 CO2, 2 O2, 15
water vapor, N2—balance, vol pct) to initiate Cr-hy-
droxide volatilization. The used environmental condi-
tions were verified in our previous studies.[29,34] The tests
included static oxidation with periodic monitoring
weight change of a specimen with adherent scale (DW,
mg/cm2) and a weight of spalled scale (Ws, mg/cm2)
during 400 hours test duration. Ten SEM measurements
of the final adherent oxide thickness in cross section
were done for specimens coated by epoxy. The mass
portion of oxygen (fo = 0.33) in the spalled scale was
evaluated using the LECO N/O analyzer of the spalled
scale. The SEM/EDX analysis of as-cast microstructure
showed Nb-carbonitrides (white phase, point #3) and
Cr–Fe carbides (gray phase, point #2) at the boundaries
of primary austenite dendrites (matrix, phase #1) in
Figure 5.

Fig. 5—SEM observed microstructure of studied steel: 1—austenite,
2—Cr–Fe complex carbides, and 3—Nb-carbonitrides.

Table II. Strategy to Define Oxidation, Vaporization, and Spallation Constant from One Experiment

Surface Degradation Process Determined Constant

Experimental Routes

Direct Indirect

Oxidation + Spallation + Vaporization KP KV KS #1: DW = f(s), Ws
i , Xf

#2: DWi, Ws
i , Xf

DWm,, DWf, Xf
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B. Results

After 400 hours duration in test #1, the multilayered
scale structure in cross section had the averaged
thickness within 12 ± 5 lm and consisted of external
Fe–Mn oxides and internal Cr–Fe oxide mixture
strongly adherent to Si-oxides sublayer (Figure 6).
Repeated layer composition indicated old and newly
developed oxide layers after partial spallation.

Therefore, when cracking and spallation occurs at the
boundary between these layers, the spalled scale topol-
ogy can be defined from experimental observation of the
oxidized surface top view using an elemental surface
map (Figure 7) and statistic of diameter of spalled
spaces was used in stochastic simulations as was
described in References 29 and 34.

The experimentally measured weight change of the
specimen with an adherent layer (DW) and the spalled
scale weight (Ws) are shown by markers in Figure 8(a).
Because of intensive spallation, the specimen weight
decreased after a maximum and it had a negative final
value at 400 hours (DWf). The spalled scale weight
increased with test time. The total measured weight
change from the specimen with the adherent layer and
the spalled scale was positive. An experimentally deter-
mined fraction of oxygen-in oxide layer (fo = 0.33) and
the final thickness of adherent oxide (Xf = 12 lm) were
used together with the recorded weights to calculate the
oxidation, spallation, and vaporization kinetics. The
developed integrator with built-in solver in Microsoft
Excel was used to minimize an error between measured
and simulated data (objective) by varying the kinetic
constants and the targeted experimental value of the
final adherent oxide thickness (Xf). The collected data
(Xf, DWf and Ws

f) at the experiment end (sf) indicated

minor vaporization (Eq. [A2] in Appendix). The three
optimized kinetic constants were defined: oxidation
(KP = 8.1 9 10�9 cm2/h), vaporization KV = 3 9 10
7 cm/h), and spallation (KS = 2.1 9 10�3 1/h). Calcu-
lated curves for model (Eq. [6]) were well fit with the
experimental results, indicating two main surface degra-
dation processes: oxidation and spallation (Figure 8(b)).
Test #2 was performed at the same 950 �C, but the

synthetic water vapor atmosphere, to mimic gasoline
engine combustion gas, was used instead of air. The
observed final thickness of the adherent layer was
30 ± 10 lm. The specimen weight loss and the amount
of spalled scale were about twice as large in test #2 when
compared to test #1 at the same time/temperature test
schedule. Combustion atmosphere in test #2 intensified
oxidation and initiated vaporization of modified Cr-ox-
ide to Cr-hydroxide. Figure 9(a) illustrates the recorded
weights and simulated curves at the determined values
of kinetic constants: oxidation (KP = 5.7 9 10�8 cm2/
h), vaporization (KV = 2.6 9 10�6 cm/h), and spalla-
tion (KS = 1.9 9 10�3 1/h). The calculated specimen
weight had a maximum value at 70 hours test time and
then dropped due to joint effect of spallation and
vaporization. Figure 9(b) illustrates calculated surface
degradation processes and experimental point for the
measured thickness of the adherent oxide layer.
In this study, the oxidation, vaporization, and spal-

lation kinetics were determined by using experimental
measurements of at least three parameters (specimen
weight change, weight of spalled scale, and final scale
thickness). Figure 10 compares the intensity of different
mechanisms of surface degradation for two studied
cases. These tests were performed at the same temper-
ature and time duration but in different atmospheric

Fig. 7—Top view and chemical mapping of oxidized surface of studied austenitic steel in test #1 (950 �C, air, 400 h).

Fig. 6—Structure and chemical mapping of adherent oxide layer formed in studied austenitic steel in test #1 (950 �C, air, 400 h).
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conditions. All three surface degradation mechanisms
were accelerated in the presence of water vapor.

The developed integrator has options to include more
parameters if deviations of spallation from oxide layer
thickness or vaporization from time were determined in
experiments. For example, a minimal scale thickness

needed to initiate spallation was determined in
tests,[29,33] which could be included in the integrator.
Finally, the intensity of involved mechanisms of surface
degradation of heat-resistant Cr/Ni austenitic steel
controlled by a severity of environmental loading is
schematically illustrated in Figure 11.

Fig. 9—Experimentally measured and simulated weight change of specimen with adherent oxide layer and weight of spalled scale (a) and
calculated mechanisms of surface degradation with experimental points at the test end (b).

Fig. 8—Test #1 (950 �C, air): (a) experimentally measured and simulated weight change of specimen with adherent oxide and spalled scale and
(b) recalculated surface degradation kinetics (experimental data are shown by markers).

Fig. 10—Comparison of intensity of surface degradation mechanisms for different severity of environmental load: (a) test #1 in air and (b) test
#2 in combustion atmosphere.
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VI. CONCLUSIONS

The surface degradation of metallic materials in
high-temperature aggressive gaseous atmosphere could
be a joint result of several mechanisms:

– forming multiphase oxide layer adherent to the
surface,

– partial spallation of formed oxide layer, and
– possible vaporization of formed compounds.

The governing equation, which describes these pro-

cesses, including a parabolic growth of adherent layer,

time-dependent vaporization, and cross-linked to

instantaneous thickness of adherent layer spallation,

was suggested. Several analytical relationships were

found by solving the governing equation. For practical

applications, the integrator with solver was used to

optimize the values of three kinetic constants: oxidation,

vaporization, and spallation.
The strategy to define oxidation, vaporization, and

spallation constants from one experiment was suggested
and illustrated for two cases of surface degradation of
Cr/Ni heat-resistant steel during severe environmental
conditions: first with oxidation assisted by spallation
and the second when vaporization also occurred in
water vapor environment.

The suggested methodology could be considered in
future for the analysis of different types of surface
degradation of solid materials in gaseous, liquid, or solid
environments with time-dependent and cross-linked
kinetics.
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APPENDIX

A1 The solution of the differential Eq. [6], under
assumption X(0) = 0, links process time (s, h) to
the thickness of the oxidized adherent layer (X,
cm) for the given set of kinetic coefficients for
oxidation KP (cm

2/h), for vaporization KV (cm/h),
and for spallation KS (1/h):

s ¼ KV � G

2KSG
ln

2KSXþ KV � G

KV � G

� �

� KV þ G

2KSG
ln

2KSXþ KV þ G

KV þ G

� �
½A1�

where: G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

V þ 2KSKp

q
A2 When solid reaction product is determined at the

test end (sf), including the weight of specimen
with adherent oxide (DWf), the weight of spalled
oxide (DWs

f ), and the final thickness of adherent
scale (Xf), the vaporization constant (KV) could be
calculated from a final mass balance, assuming
that the metal oxide density (qox), and the weight
fraction of oxygen-in oxide (fO) are known:

KV ¼ foXf

1� foð Þsf
�

DWs
f

qoxsf
� DWf

qoxsf 1� foð Þ ½A2�

A3 When all three mechanisms were involved, we
have KV> 0, KS> 0 and for any intermediate
experimental time (si), instant thickness Xi of
adherent layer can be analytically calculated for a
known weight of specimen (DWi) and a weight of
spalled (Ws

i ) scale:

Xi ¼
DWi

qoxfo
þ KV 1� foð Þsi

fo
þWs

i ð1� foÞ
qoxfo

½A3�

Fig. 11—Effect of environmental load severity from normal to extreme (temperature, atmosphere, mechanical stress) on surface degradation
processes in Cr–Ni heat-resistant steels.
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A4 When only specimen weight was monitored in
experiments, the characteristic point of a maximal
weight of specimen with adherent layer can be
used for indirect analysis of surface degradation
mechanisms. For the three processes described in
Eq. [6], the thickness of adherent layer (Xm) at a
time (sm) when weight change of specimen with
adherent layer achieved maximum (DWm) can be
found:

sm ¼ KV � G

2KSG
ln

Gf � G

KV � G

� �
� KV þ G

2KSG
ln

Gf þ G

KV þ G

� �

Xm ¼ Gf � KV

2KS

½A4�

where G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

V þ 2KSKp

q
and Gf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

V þ 2KSKpfO

q
:
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Chyrkin, D. Grüner, R. Pillai, and W. Quadakkers: Oxid. Met.,
2017, vol. 87, pp. 11–38.

28. D. Poquillon and D. Monceau: Oxid. Met., 2003, vol. 59, pp.
409–31.

29. S. Lekakh, O. Neroslavsky, M. Li, and L. Godlevski: Oxid. Met.,
2022, vol. 98, pp. 239–54.

30. B. Pujilaksono, T. Jonsson, M. Halvarsson, I. Panas, J. Svensson,
and L. Johansson: Oxid. Met., 2008, vol. 70, pp. 163–88.

31. J. Smialek: High Temp. Corros. Mater., 2023, vol. 99, pp. 431–57.
32. S. Sureau, D. Poquillon, and D. Monceau: Scr. Mater., 2007, vol.

56, pp. 233–36.
33. S. Lekakh, O. Neroslavsky, M. Li, and L. Godlevski: High Temp.

Corros. Mater., 2023, vol. 99, pp. 79–99.
34. S. Lekakh, M. Buchely, M. Li, and L. Godlevski: Mater. Sci. Eng.

A, 2023, vol. 873, p. 145027.
35. R. Rapp: Metall. Trans. A, 1984, vol. 15A, pp. 765–82.
3A6. Y. Chen, T. Tan, and H. Chen: J. Nucl. Sci. Technol., 2008, vol.

45, pp. 662–67.
37. N. Jacobson, M. Kuczmarski, and B. Kowalski: Oxid. Met., 2020,

vol. 93, pp. 247–82.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

METALLURGICAL AND MATERIALS TRANSACTIONS A


	Phenomenological Analysis Of Surface Degradation Of Metallic Materials In Extreme Environment
	Recommended Citation

	Phenomenological Analysis of Surface Degradation of Metallic Materials in Extreme Environment
	Abstract
	Introduction
	Analytical Representation of Surface Degradation of Metallic Materials
	Analysis of Governing Equation of Surface Degradation
	Determination of Kinetic Coefficients of Surface Degradation
	Kinetic Constants for Surface Degradation of Austenitic Cr/Ni Steel in Severe Environmental Conditions
	Experimental Procedures
	Results

	Conclusions
	Acknowledgments
	Appendix
	References


