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High-temperature corrosion is generally known as a material degradation process that occurs
at the surface of engineering components. In the case of internal corrosion, the corrosive species
penetrates into the material by solid-state diffusion leading to the formation of internal pre-
cipitates, for instance, oxides (internal oxidation), nitrides (internal nitridation), and carbides
(carburization). It is known from numerous publications and technical failure cases that inter-
nal corrosion results in a strong deterioration of the properties of a material (i.e., near-surface
embrittlement or the dissolution of strengthening phases). The present article introduces the
classic theory of internal oxidation and reviews some recent research on internal corrosion
phenomena that are closely related to the failure mechanisms of thermally grown protective
oxide scales on several commercial high-temperature alloys (e.g., single-crystalline and poly-
crystalline Ni-base alloys and Cr steels). The mechanisms and Kkinetics of internal corrosion
processes are determined by the temperature, the local chemical composition of the material, the
solubility and diffusivity of the corrosive species, as well as the mechanical loading conditions.
These influence factors are taken into account by means of a computer model combining a
numerical finite-difference approach to solve the diffusion differential equations with the ther-
modynamic tool ChemApp. Using several examples, it is shown that the model has been applied
successfully to simulate the internal nitridation, carburization, and oxidation of high-

temperature alloys.

1. Introduction

Internal corrosion is a generic kind of material degrada-
tion occurring at high temperatures that is driven by the
inward diffusion of a corrosive species (i.e., oxygen, nitro-
gen, carbon, or sulfur, followed by internal precipitation of
the respective oxides, nitrides, carbides, and sulfides).[']
Contrary to the formation of superficial scales, which in the
case of Cr,05 and Al,O5 protect the substrate against ex-
cessive corrosion attack,m internal corrosion may result in
a deep deterioration of the physical properties of the mate-
rial (e.g., creep resistance and high-temperature fatigue
strength).”**! Figure 1 shows an example of internal oxida-
tion (Al,0O5) and nitridation (AIN; penetration depth § =
600 wm) underneath a thin Cr,0O5 scale.

The mechanism of internal corrosion depends on the lo-
cal concentrations and the diffusivities of the corrosive spe-
cies and the metallic elements in the substrate. For the ex-
ample shown in Fig. 1, a low oxygen partial pressure, p(O,),
relative to the nitrogen partial pressure p(N,) in the com-
bustion gas leads to conditions in the material interior, for
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Fig. 1 Internal oxidation and nitridation attack of a failed natural
gas burner tube of alloy 601 operated at 7 = 1100 °C

which AIN instead of Al,Oj; is the thermodynamically most
stable compound.*

Even in the case of Al,05-scale-forming Ni-base super-
alloys designed for the use at very high temperatures and
mechanical load, repeated failure of the protective oxide
scale by spalling and cracking can result in a transition from
external to internal oxidation and hence, in the occurrence
of breakaway oxidation in combination with massive inter-
nal corrosion (Al,O5, Cr,05, AIN, and TiN). Due to the
high specific volume of the internal corrosion products
compared with that of the alloy, mechanical stresses arise
that may lead to crack formation (Fig. 2).1!
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Fig. 2 Internal oxidation and nitridation as a consequence of
oxide-scale failure in a wedge-type specimen of the single-
crystalline Ni-base superalloy CMSX-4 at T = 1100 °C'!

2. The Classic Theory of Internal Oxidation

A very fundamental and frequently used treatment of
internal oxidation representing many internal corrosion
problems was published by Wagner'® in 1959 in an article
discussing some special features of the oxidation of alloys
compared with the oxidation of pure substances and has
been termed the classical theory of internal oxidation.

Assuming that internal oxidation of BO, in an alloy AB
is governed by diffusion processes as described by the dif-
ferential equation for the time-dependent and location-
dependent concentration c:

dc 3
i V(DVc) (Eq 1)

or simplified for only one dimension x, and concentration-
independent diffusion coefficients for oxygen and the ox-
ide-forming metallic solute B D 5:

dcomp azcofB
at — OB axz

(Eq2)

the depth of the internal-oxidation reaction front & can be
given by a parabolic relationship:

&) =2y /Dot

where vy is a parameter to be determined. The differential Eq
2 can be solved by taking boundary conditions into account
(Fig. 3): (1) the oxygen concentration cg, at the surface (x =
0) is constant (¢, = c¢§), while (2) ahead of the internal-
oxidation depth x = & it is zero; (3) the solute concentration
cg is 0 within the internal-oxidation depth x = &; (4) at the
beginning (r = 0), cy is everywhere (x = 0) equal to the
initial solute concentration ¢3. Hence, according to Fig. 3,
the oxygen concentration ¢ and the metal concentration cg
can be written as follows:

(Eq3)

concentration ¢

A
Cs
alloying element B
5 CB
(&5
oxygen
Co alloy AB
BO,
CISLI .
3 — distance from surface x
mternal oxidation
depth &

Fig. 3 Concentration profiles during internal precipitation of
BO, according to the classic theory of internal oxidation

s [1 - erf(x/2\/ Dot)]

Co=Co erf y (Eq4)
Y erfc(x/2\/ Dgt) (Eq5)
erfc (y\/Dy/Dg)

Because at the reaction front (x = §) the oxygen flux
must be equivalent to the metal flux:

dco dcg
li —Dy | — = -—
slamoli 0(8x> VDB(Gx) j|
x=t—¢ x=+e

the problem can be solved, and Eq 3 to 6 yield, together
with a few simplifying assumptions (see Ref 6 for details),
the governing equation for internal oxidation, where k, is
the internal oxidation constant:

(Eq 6)

D,c;
£=2kr=2—01 (Eq7)

Cp

under the condition Dp/D, << cj/c% <<I. If the solute dif-
fusivity Dy is not negligible with respect to the oxygen
diffusivity D, (i.e., c/cy << Dg/Dy << 1), the following
expression for the internal-oxidation penetration depth £ is
valid:

2
™ Dych)
£= S ! (Eq8)
v-cg Dy

Then, the solute B might become enriched within the
internal-oxidation zone, and the oxides tend to grow to-
gether. Transition from internal to external oxidation can be
expected when the initial B concentration in the alloy ex-
ceeds a value given by Eq 9, which depends on a critical
volume fraction of oxide g*, having in the case of internal
oxidation of Ag-In alloys'” a value of g* = 0.3.
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Fig. 4 Schematic representation of complex internal corrosion
processes as a consequence of oxide scale failure

ﬂg*DOV

=20 DV, - (Eq9)

Despite the perspicuity and the versatility of Wagner’s
theory, there are several limitations that restrict its applica-
tion to the solution of simple internal-corrosion problems
and allows merely an estimative treatment of more complex
cases. Consequently, the theory of internal oxidation was
permanently extended and critically discussed™ (e.g., with
respect to the simultaneous occurrence of superficial oxide
scale formation and internal precipitation of one'®! or more
compounds of high or low stability and various morpholo-
gies''")). In the latter case, the assumption of the solubility
product being 0 is an oversimplification (i.e., the local ther-
modynamic equilibrium needs to be taken into account).
Furthermore, diffusion through the internal oxidation zone
cannot necessarily be set equal to bulk diffusion through the
substrate lattice. As proposed by Stott et al.,'"'! the diffusion
flux depends substantially on interfacial transport mecha-
nisms, which of course may vary with the substrate micro-
structure or the morphology and density of the precipitates
themselves.!'?! The internal-corrosion situation as a conse-
quence of oxide scale failure schematically represented in
Fig. 4 summarizes the physical phenomena that have to be
taken into account within mechanism-based modeling con-
cepts.

3. Numerical Modeling of Internal
Corrosion Processes

The combination of multicomponent bulk and grain-
boundary diffusion with computational thermochemistry re-
quires a numerical solution of the diffusion differential
equation (Eq 1) in the following equation, which has been
simplified for two-dimensional problems:

dc 0’c o’c

5= D5ty p~ (Eq 10)
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Fig. 5 Schematic representation of the two-dimensional finite-
difference mesh (Crank-Nicolson scheme) applied in combination
with ChemApp

According to the Crank-Nicolson scheme of the finite-
difference method,* Eq 10 can be expressed by replacing
the derivatives by difference quotients using time steps of
length Az and location steps of flexible widths Ax and Ay,
respectively (I = left-hand side; r = right-hand side, ac-
cording to Fig. 5):

c,y,t+Af)—c(x,y,1)
Ar

D, (x,y) {c(x—Ax,y,1) = 2c(x,y, 1) + c(x+ Ax, y, 1)
T2 ( Ax; (x, y) - Ax, (x, )
c(x—Ax, y, t+ At) = 2¢(x, y, t + Af) + c(x + Ax, y, t + At)
! A (0y) - Ax, (x.y) >

D, (x,y) [clx,y=Ay, 1) =2c(x, y, 1) + c(x, y + Ay, 1)
T2 ( Ay, (x, ) - Ay, (x, )
c(x y—Ay, t+ At) = 2¢(x, y, t+ At) + c(x, y + Ay, t + Ar)
Ay, (x, y) - Ay, (x, y)

(Eq 11)

Equation 11 allows the stepwise solution of diffusion
problems in a two-dimensional area of the size n x Ax x m
x Ax using location-dependent diffusion coefficients D,(x,y)
(x direction) and D,(x,y) (y direction), respectively, to ac-
commodate for bulk and interfacial diffusion at the same
time.

The set of concentrations c(x,y,t + Ar) for all of the
species participating in the corrosion process is obtained by
an array of concentrations at the preceding time step ac-
cording to Fig. 5 and Eq 11. Prior to the continuation of the
calculation for the time step ¢ + 2Atz, the concentrations at ¢

Journal of Phase Equilibria and Diffusion Vol. 26 No. 5 2005 489



Section I: Basic and Applied Research

+ At are corrected according to local thermodynamic equi-
librium at x,y by means of ChemApp (GTT Technologies,
Herzogenrath, Germany) subroutines. ChemApp is a com-
mercial thermodynamic software package that is based on
the concept of Gibbs energy (G) minimization for multi-
phase systems according to:

G = 2 Cj (Gj,pure + Gj,id + Gj,non—id) = min (Eq 12)
j=1

where for the sum of the phases j present in the system the
minimum of G is determined in an iterative way for an
initially unknown chemical composition of the system. "
The contributions of the pure substances G; ., the ideal
mixing G; 4, and the excess energy of nonideal mixing
Gjnon-ia are calculated by means of tailor-made thermo-
chemical databases.

The computer model, which was originally developed for
internal carburization'"®! and internal nitridation,''®’ has
been implemented in a parallel-computing MatLab (The
MathWorks, Inc., Natick, MA) environment enabling the
treatment of complex corrosion processes that are governed
by interfacial and bulk diffusion in combination with chemi-
cal reactions of the diffusing species.

The next section gives examples of how internal-
corrosion problems can be treated by both experimental
methods and computer simulations.

4. Internal Nitridation of Ni-Base Alloys

The most common way to study high-temperature cor-
rosion is a combination of thermogravimetric kinetics mea-
surements (i.e., weight change versus time) and microstruc-
tural analysis of corrosion products [e.g., by analytical
scanning electron microscopy (SEM), transmission electron
microscopy, or x-ray diffraction].

Figure 5(a) shows SEM micrographs of cross sections
through the near-surface layer of two Ni-Cr-Ti alloys that
were exposed to a nitrogen-based atmosphere at 1100 °C
(50 vol.% N,, 45 vol.% He, 5 vol.% H, + Ti sponge as an
oxygen getter => p(N,) = 0.5bar, p(O,) =10~"*bar).!"”!
Even though the concentration of the internal nitride-
forming element Ti was constant, the internal precipitation
depth of TiN in the Ni-20wt.%Cr-2wt.%Ti alloy is substan-
tially higher than that in the Ni-5wt.%Cr-2wt.%Ti alloy.
Similar results were obtained for the Ni-xwt.%Cr-2wt.%Ti-
2wt.%Al alloys studied. Cr-nitride formation was not ob-
served for alloys having an initial Cr concentration of ¢, =
20 wt.%. Only in the case of Ni-30wt.%Cr-2wt.%Ti the
formation of internal Cr,N and the ternary m phase
(Cr,¢Ni; ,N,), in addition to internal TiN precipitation,
was observed.'®!

A summarizing evaluation of internal nitridation kinetics
for TiN precipitation in Ni-xwt.%Cr-2wt.%Ti is shown in
Fig. 6(b), where the experimentally measured TiN penetra-
tion depths are represented as nitridation constants ky ac-
cording to the parabolic rate law in Eq 7 versus the initial Cr
concentration.

1 5wt%Cr |

= Ni-xCr-2Ti
NE m :
= eNf ¢ 90T
<& gpf W 100C
2 gqpf 4 MOT
g ¢
S 20}
=
S 10t
‘_§ O T —'—r.”.".'_—._,’. L1
E c 10 20 <) 40
= .
(k) Cr concentration x [wt.%]

Fig. 6 (a) Internal nitridation of Ni-5wt.%Cr-2wt.%Ti and Ni-
20wt.%Cr-2wt.%Ti alloys (100 h, 1100 °C, N,) and (b) corre-
sponding nitridation constants ky (according to the internal oxida-
tion constant in Eq 7)M'71
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Fig. 7 Arrhenius-type plot of the maximum dissolved N concen-
tration in various Ni-Cr alloys versus the reciprocal temperature!'®!

The strong effect of the Cr content on the internal ni-
tridation behavior of Ni-base alloys was attributed to an
increase in the maximum nitrogen solubility. This is shown
by the Arrhenius plot in Fig. 7 representing results obtained

490 Journal of Phase Equilibria and Diffusion Vol. 26 No. 5 2005



TiN penetration depth [um]

300
A experiment -
20| —— finite difference calculation
e \Wagner model

200 B

150

100

50

0&

0 50 100 150 200 250 30 3350

time [h]

Fig. 8 Experimentally determined and calculated TiN penetra-
tion depth in Ni-20wt.%Cr-2wt.%Ti alloy (100 h, 1100 °C, nitro-
gen-based atmosphere)

by thermodynamic calculations using the commercial soft-
ware ChemSage/FactSage (GTT Technologies, Herzo-
genrath, Germany) in combination with a database for the
system Ni-Cr-Al-Ti-N. The various lines correspond to dif-
ferent concentrations of Cr in Ni. The concentrations of Al
and Ti within the zone of internal nitridation are negligible
as a consequence of the rather high stability of the TiN and
AIN formed, so that the effect of these elements on the
nitrogen solubility can be neglected.

By setting the surface concentration of the solute ¢j in Eq
7 equal to the maximum N concentration soluble in Ni-base
alloys, as calculated by ChemSage/FactSage, the diffusion
coefficient was estimated by:

k CO 2C0
Dy= NQB;‘E 2 (Eq 13)
co 2ty

yielding, for example, an effective diffusion coefficient Dy
for N within a TiN precipitation zone in Ni-20wt.%Cr" " of:

m>  —125.72kJ/mol

Dy=4.7-10"° ~exp RT (Eq 14)

The estimated diffusion coefficients together with the
thermochemical database served as input data for the finite-
difference computer simulation of internal nitridation of Ni-
base alloys. Figure 8 demonstrates the excellent agreement
between experimentally measured TiN precipitation depths
and the simulated internal nitridation kinetics. It is worth
mentioning that, in the case of the internal precipitation of
TiN as a very stable compound, the restrictions for the
applicability of the classic theory of internal oxidation are
fulfilled (i.e., the experimental data points in Fig. 8 can be
fitted by the parabolic rate law in Eq 7).

The exposure of quaternary alloys of the system Ni-Cr-
Al-Ti to the nitrogen-based atmosphere led to simultaneous
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Fig. 9 Simultaneous internal precipitation of TiN and AIN in
Ni-20wt.%Cr-2wt.%Al-2Ti alloy (100 h, 1000 °C, nitrogen-based
atmosphere): (a) cross section; and (b) corresponding simulated
concentration profiles!'®!

internal nitridation of Al and Ti. Within the precipitation
zone of TiN as the most stable nitride compound, less stable
Al nitrides are formed decreasing the nitrogen flux to the
TiN reaction front. Such a situation is not covered by the
fundamental Eq 4 and 5 of internal oxidation, and hence,
this kind of multiphase internal corrosion should be a rep-
resentative example for the useful application of a numeri-
cal treatment. Figure 9(a) shows an SEM micrograph of a
nitrided cross section of a Ni-20wt.%Cr-2wt.%Al-2wt.%Ti
alloy in comparison with the concentration profiles of the
species involved in the nitridation process calculated by the
finite-difference model introduced in section 3 (Fig. 9b).
Obviously, the rate of internal nitridation is again mainly
determined by the diffusion of dissolved nitrogen within the
zone of internal precipitation. The effect of the counterdif-
fusion of Al and Ti seems to be small, and hence, the
well-known enhancement of the interdiffusion of Al in com-
mercial Ni-base alloys containing Cr and Al seems to be not
of significance with respect to the progress of the internal
nitridation front.

The simulation results are in reasonable agreement with
the measured nitride penetration depth (compare Fig. 9a).
The overestimation of the AIN precipitation depth can be
attributed to the simplifying assumption that the nucleation
and growth kinetics of the precipitates are negligible.
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Fig. 10 Cross section of the low-alloy steel X60 (¢, = 1.44
wt.%) after 72 h of exposure to air at 550 °C!2°!

The large and blocky morphology of the AIN precipitates
compared with the TiN precipitates and the fact that the
measured precipitation depth is lower than the calculated
depth can be seen as some evidence that the interfacial
energy is a vital factor to be taken into account to under-
stand and to precisely predict internal corrosion kinetics.

5. Intercrystalline Oxidation of Boiler Steels

At very high temperatures in the range between approxi-
mately 900 and 1100 °C, the role of grain-boundary diffu-
sion within internal corrosion processes can be neglected, as
is shown in Fig. 9, and although the grain boundaries act as
the preferred nucleation site, the depth of the internal TiN
precipitation zone is uniform. However, in the moderate
temperature regimen between approximately 500 and
900 °C, grain-boundary diffusion might be the rate-
determining step for many high-temperature corrosion pro-
cesses. Hence, the simulation of such processes requires the
implementation of the microstructural parameters of the ma-
terial.

The oxidation of Cr-containing steels, which are used,
for example, as superheater tubes or waterwalls in power
plants, is an example for corrosion processes that depend
strongly on interfacial diffusion. By applying an inert gold
marker on the surface of unexposed samples, it was shown
that oxidation of low-alloy Cr steels (c¢, = 1...2.5 wt.%) at
a moderate temperature of 550 °C is a combination of out-
ward growth of hematite (Fe,O5, outermost) and magnetite
(Fe;0,), and inward growth of magnetite, which gradually
enriches in Cr forming the complete FeCr,O, spinel phase
at the scale-substrate interface. This is shown in Fig. 10 for
the example of the tube steel X60.2”! Underneath the scale-
substrate interface, preferential oxidation attack along the
grain boundaries can be observed. Hence, it is proposed that
inner scale growth is driven by an intercrystalline oxidation
mechanism that requires oxygen transport via anion diffu-
sion, pores, or cracks through the magnetite scale, estab-
lishing an oxygen concentration at the scale-substrate inter-
face that corresponds to the Fe;O, dissociation pressure.
Initially, intercrystalline oxidation is assumed to be re-

stricted to the formation of the most stable Cr,O; and
FeCr,0,, respectively, driven by the inward diffusion of
oxygen along the substrate grain boundaries and the bulk.

In the computer model introduced in section 3, this pro-
cess is described by a two-dimensional finite-difference
area, where the elements of the location-dependent oxygen
diffusion coefficient matrix are set to the grain-boundary
diffusion coefficient D, which is assumed to be larger by
a %ﬁtor of 100 than the bulk diffusivity of oxygen in Fe
of =

m’>  —251kJ/mol pa

Do ore =2.8 - 10_4?exp »T (Eq 15)

The oxygen transport from the outer-inner scale interface
[p(O,)'] to the scale-substrate interface [p(O,)"’'] has been
treated by an approximate effective diffusion coefficient
D i that was derived from the measured inner oxide-scale
thickness data, by which the parabolic rate constant k, was
obtained, in combination with Wagner‘s theory of oxida-

tion.[??!

P(02)"
b= J "o Do n p(0) (Eq 16

p(02)’

Using the diffusion coefficients for the grain-boundary
and bulk transport of oxygen into the substrate and for ef-
fective oxygen transport through the inner oxide scale, as men-
tioned above in combination with a tailor-made database for
high-temperature corrosion of boiler steels,’**! the concen-
tration profiles of the oxidation products during the inward
oxide scale growth can be predicted by means of the finite-
difference approach introduced in section 3. Figure 11(a)
shows as an example the calculated magnetite concentration
in a two-dimensional area with one grain boundary. Once a
row of elements of the grain interior is completely oxidized,
it is treated as part of the inner oxide scale (i.e., the thick-
ness of the oxide scale has been grown by an increment of
width Ay).

Figure 11(b) shows the predicted inner-oxide thickness
versus the experimental data, which are in excellent agree-
ment. In addition to this, the two-dimensional finite-
difference approach allows the simulation of corrosion pro-
cesses in materials of various grain sizes. Hence, it is
capable of describing the experimentally observed increase
in the oxidation rate of low-Cr steels with decreasing grain
size (higher fraction of grain boundaries as fast-diffusion
paths; see Ref 20 and Fig. 11b).

6. Conclusions

Even though Wagner’s classic theory of internal oxida-
tion can be used to estimate the kinetics of many internal
corrosion processes, its applicability is limited when (a) one
or more compounds of moderate thermodynamic stability
are involved, (b) the surface concentration of the corrosive
species is not constant due to the growth and failure of an
outer scale, or (c) if various diffusion paths (e.g., bulk and
grain-boundary diffusion) have to be taken into account.
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Fig. 11 (a) Simulated Fe;O, concentration profile, and (b) com-
parison of experimentally determined and calculated inner-oxide
scale thickness for exposure of the steel X60 to air at 550 °C">"!

These limitations can be overcome by a numerical ap-
proach combining the finite-difference technique for the
treatment of diffusion processes with computational ther-
modynamics.

The two examples given in the present article for the
application of such a numerical simulation model to internal
nitridation of Ni-base alloys and intercrystalline oxidation
of Cr steels are representative for many technical internal
corrosion problems (e.g., internal carburization or internal
sulfidation), which can be treated in a similar manner.
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