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Abstract This effort is concerned with developing a quantitative description of
the exfoliation behavior of oxide scales grown inside steam tubes in a pressure
boiler. Consideration of the development of stress/strain in growing oxides has
included expansion mismatch-induced strains during thermal cycling as well as
inelastic mechanical effects from oxide/alloy creep phenomena and volume change
from oxide growth. The magnitude of the parameters used has been closely matched
to actual boiler operating practice. The creep model used was validated against
published data. Representation of oxide growth-induced strain was found to be a
difficult challenge because the processes involved are not fully understood. In
addition to the traditional uniaxial (radial) and dilatational models, ‘lateral’ growth
models are discussed in the context of experimentally-derived criteria, such as the
level of elastic strains involved in oxide exfoliation. It was found that strain vari-
ation in the oxide cannot be neglected.

Keywords Oxide growth-induced stresses - Creep - Growth-induced strain -
Modelling - Boiler tube

Introduction

This study was aimed at developing a mathematical model capable of providing
guidance on the influence of the key variables in the processes that result in the
failure and spallation/exfoliation of oxide scales formed on the steam-touched
surfaces in power generation boilers. The model is based on available constitutive
equations of the numerous contributing processes with the intent that knowledge of
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specific changes among boiler configuration and operating conditions, as well as
differences in alloy properties and oxidation behavior, can be incorporated to allow
the model to use actual variables, rather than to employ a data-fitting approach [1].
As a result, the model is modular in construction, and provides the facility for
revising each module independently as improved understanding of a given area is
developed. This paper is concerned with the considerations involved in establishing
a mechanistic description of the contributions to stress—strain development in oxide
layers from the volume change associated with oxide growth, and relaxation due to
creep that take place during boiler operation. Finally, the inelastic effects resulting
from creep and from volume change due to oxide growth on the processes leading to
the spallation of oxides grown on alloy T22 (Fe-2.25Cr-1Mo, wt%) are evaluated.

Most considerations of the development of stresses in oxide scales have
emphasized those derived from differences in coefficients of thermal expansion and
from phase transformations [1], while stresses arising from the volume change
associated with oxide growth have been considered initially to be substantially
relieved at high temperature (for growth on a flat, infinitely-long specimen) and
therefore to be of lower importance [2]. In a recent review of possible mechanisms
for oxide growth-induced strains, Panicaud et al. [3] concluded that partially as a
result of this focus, as well as the dependence on geometrical considerations and
difficulties in measuring such stresses and strains, the nature and expression of the
stresses associated with oxide growth have not received the same level of attention
and are less well understood. These authors also initiated measurements of oxide
growth-induced (OGI) stresses for scales containing Fe;04 and Fe,O3, although for
relatively thin oxides (oxidation times up to 20 h) [4, 5].

Various approaches for rationalizing the extent of OIG stresses have been
proposed over the years [6]. Rhines and Wolf [7] suggested that no lateral strains
are created when the oxide grows normal to the metal-oxide interface in any of
the following situations: (a) at the oxide—gas interface via outward diffusion of
metal ions, (b) at the oxide/alloy interface via inward diffusion of oxygen ions or,
(c) at grain boundaries lying parallel to the oxide/alloy interface, since rigid
outward displacement of the oxide would accommodate such strain, resulting in
the oxide being stress-free. As oxides thicken, the way in which their
morphologies evolve is strongly influenced by the need to accommodate the
changes in volume of the oxide and metal. For an oxide predominantly growing
by outward cation diffusion, for example, a columnar-grained structure normal to
the metal-oxide interface is often developed. Usually, the oxide grain diameter is
smaller than the length, and this has been attributed to movement of cations from
the oxide (columnar) grain boundaries to the oxide—gas interface due to
diffusional creep caused by compressive (lateral) stresses in the oxide [8]. This
augmented flux of outward-flowing cations also contributes to the grain growth
observed in growing oxides (see, for instance, Tolpygo et al. [9]), such that the
grain diameter increases with increasing distance from the alloy surface.
Expectations that the location of oxide growth will be determined by terminal
local activities in the oxide (i.e. either interface) notwithstanding, and following
Rhines and Wolf’s arguments [7], growth of oxide along oxide grain boundaries
aligned normal to the metal-oxide interface has been proposed as a basis for
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relating the development of lateral stresses to oxide growth [6, 8, 10]. Stott [6]
pointed out that an additional consequence of oxide formation in this location is
sliding at the oxide—metal interface, which has consequences for the development
of wavy interfaces and convoluted oxide scale morphologies.

On the basis of oxide growth occurring on oxide grain boundaries normal to the
metal-oxide interface, Hsueh and Evans [11] suggested that growth-induced
deformations should be taken into account through eigenstrains (&, €0.0x €z.0x)
given by the theoretical volumetric ratio between oxide and metal (& — 1), where @
is the Pilling—Bedworth ratio [12]. However, the eigenstrain based on (® — 1) was
shown to result in the prediction of unrealistically high stresses [13, 14]. Bernstein
[13] used considerations of the effects of physical constraint resulting in preferred
directions of oxide growth (mostly normal to the alloy surface) to argue that that the
effective OGI strain is a fraction of the theoretical value, i.e. ® ((I)l/ 3 1). Evans
and Cannon [15] also proposed a model for stress-driven oxide-growth, which was
extended by Limarga et al. [16] to include the diffusion fluxes of anions and cations
along oxide grain boundaries and the metal/oxide interface. Clarke also considered
sources of OGI strain where oxides grow by short circuit diffusion along grain
boundaries, with inward and outward flux of ions and oxide formation mainly at
interfaces, but also some growth on grain boundaries. They concluded that the mode
and rate of growth of the oxide influence the OGI strain and its location [10, 17].
Recently, Panicaud et al. [18, 19] revisited these ideas, and presented asymptotic
solutions for the differential equations for diffusion and creep relaxation phenomena
in oxides. Experimental data for the stress evolution during the initial oxide growth
of scales containing Fe;0, and Fe,O; were used to estimate a model parameter for
the OIG over a flat plate [19].

The approach of specifying oxide-growth eigenstrains is an ongoing activity in
the research community and some recent studies, such as that by Steiner et al. [2],
have continued to use the eigenstrain formulation based on the theoretical
volumetric ratio between oxide and metal. Oh et al. [20] solved the combined
system of equations for (a) the generalized Hooke’s law in an unknown current
state, (b) the mole balance for the metal between the consumed metal and that in the
oxide formed, and (c) the diffusion of species in the oxide. In this approach, the
combination of the diffusion and mole balance equations allows the widely-used
assumption of specifying a priori eigenstrain due to oxide growth to be discarded.
Rather, the equivalent eigenstrain can be obtained as a function of oxidation time
and, for small oxide thicknesses, this was shown to be a fraction of (® — 1), in good
agreement with the assumption made by Bernstein [13]. Oh et al. [20] indicated,
however, that an oxidation eigenstrain of (O — 1) is appropriate only for the final
stages of oxidation, i.e., when the metal has oxidized almost entirely.

While there have been few reports of the values of actual OGI stresses, Tolpygo
et al. [9] measured the growth stress and strains for a-Al,Oj3 scales by using plates of
FeCrAlY of different thicknesses to take into account thermal expansion and creep
phenomena. They found that significant growth strains (as high as 0.04) could be
developed.

In this study an eigenstrain approach was employed to account for OGI stresses,
while stress relaxation was considered to occur by creep in the metal and oxide.
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In the absence of any published work that explicitly considers the diffusion of
species involved in the growth of the oxides on the stress resulting from the volume
of oxide grown, in this study Bernstein’s correction factor (w) was adopted as an
empirical factor. Constitutive equations were formulated for the solution of the
stress—strain relationships for a plane-strain approximation in axi-symmetrical
geometry. Several cases were evaluated for each formulation of oxidation strains,
and the resulting model for OGI stress (in the absence of creep phenomena) was
validated against published data for a metal tube without an oxide scale [2]. For
creep, a review of constitutive equations for the creep rate for metal and oxide layers
as a function of stress and temperature resulted in the use of a Norton’s law [21, 22]
for the creep rate for both metal and oxide layers considered. The results for the
strains, von Mises stress, and creep strains were used to evaluate various models for
the calculating oxidation strains.

Constitutive Equations

A previously-developed model for stress evolution during oxide growth [23] was
extended to include the eigenstrain formulation for oxide growth and creep
phenomena. The modifications consisted of the addition of terms due to oxidation
Strains, &,y €001 &:.0x and creep strains, &, ., & &~ Lhe oxide growth strains
were considered to be constant in the oxide. The oxide thickness, d,, ), at a given
time, f;, is given by:

di‘(k) = df.n(k—l) + d(d(%X) (1)
where d(d?,) = 2 Atk, [Ty (t),] denotes the usual increment for the scale growth in
a time interval, At = #, — #,_4, at a temperature, T,,(#;), according to the specific
temperatures for the full load and partial load of the boiler cycle for the parabolic
oxidation relationship. k,(T) = A e~%/RT indicates that the parabolic rate constant
(kp) corresponds to the prevailing oxide growth temperature, A is the Arrhenius
constant; Q the activation energy for the rate-controlling process; R is the Universal
Gas Constant; and T is the oxide growth temperature, T,,. The oxidation parameters
used for alloy T22 were: A = 1.51 x 10" um*h and Q = 223 kJ/mole [1, 23].

For a given material specified by the index i, the free thermal strain (&g,) resulting
from a temperature variation (say, 7; to T») is defined as:

1>

(1 T) = / 2(T) dT 2)

T

where o is the coefficient of thermal expansion. The strain—stress equations for a
plane-strain approximation in axi-symmetrical geometry (Fig. 1) are:
Orij = Vi00,j
Erij — €rox T &rer = L + (1 + V[) Sth,i(TRv th) + v (gz,ox + Ezer — 80)

Ei
3)
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Fig. 1 Schematic
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where ¢,;; is the strain in the radial direction; &g ; is the total hoop strain; ¢, is the
constant axial strain, i.e., &, = &, = CONSL.; & ox, €0.ox> Ez.0x are the OGI strains in the
radial, hoop, and axial directions, respectively; &, ., €y €. are the creep strains
in the radial, hoop, and axial directions, respectively; o, is the total radial stress; and
gy is the total hoop stress.

Each i-th layer was discretized with M; number of grid points. Thus, the
displacement in the radial direction is given by u;; = r;&y,;. For the plane-strain
assumption, the effective Young’s modulus (E}) and Poisson’s ratio (v;) are given
by:

€0ij — €0,0x — E0,cr =

E =E/(1-}) (5)
and
vi = vi/(1 =) (6)

Over the range of temperatures considered (400-600 °C), the Young’s modulus
exhibits a small variation (2-3% for the oxide layer [14]), while variation in
Poisson’s ratio is neglected [14], so that for each layer in Fig. 1 both parameters
were considered to be constant. Further details of the integration of these equations
are given in Appendix 1.

Computational Cycle

For the sake of simplicity, the computation of the oxide thickness was decoupled
from that of the stress analysis. First, the oxide thickness (d,,) grown during the
boiler load cycle was found using a few iterative steps [23] that accounted for fact
that oxide growth occurred in a temperature gradient, with the value of Ty,
increasing with oxide thickness. Then, during each boiler cycle (full or partial load),
the state of stress and strain was computed using several iterations, accounting for
the effect of the level of creep strains which are not known a priori. The
convergence criterion depended on the convergence of von Mises stresses, based on
the L,-norm of the von Mises strain increment between the stress at the previous
stress iteration (k — 1) and the stress at the current iteration (k) over the value of
von Mises stresses, as:
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Table 1 Computational cycle

when creep effects are included Start load cycle, m

(D) Tge = Tt
(2) Oxide thickness, d(Tg,)
(3) dimensions, r},
(4) T distribution
(5) Thermal expansion
(6) Start stress loop, k
(6.1) Creep rate, &, (6{:1, T)
(6.2) Creep strain, & ¢, (t + At) = & o (1) + At &,
(6.3) New solution: ak, &
(6.4) Von Mises stress, o'qu
(6.5) Error = ’{T:f;l'k‘z
(6.6) End stress loop if error < 1074

End load cycle after a given time period

(6 e

i=1

The stress iterations consisted of the following steps, which are also summarized in
Table 1:

(a) Obtain the creep rate based on the previous von Mises stress;

(b) Obtain the creep strain for the current time interval using the new creep rate;

(c) Obtain a new solution for the stress and strains using the new creep strains;

(d) Obtain von Mises stresses based on the newly-computed stresses

(e) Evaluate the | |, error based on the ratio between the previous and new von
Mises stresses.

The iterations ended when the | |, error was smaller than the acceptable error
(taken as 10_4).

Creep Properties

This study considers viscoelastic creep in the steady-state creep domain only, since
normally the components are retired before the tertiary creep domain would be
attained under normal boiler operating conditions. The primary creep regime was
not considered since (a) it extends for a very limited time, e.g., from the data
presented in Fig. 1 [22], the duration of the primary creep domain was estimated to
be less than 2,000 h for a 2.25Cr1Mo steel at 550 °C and 40 MPa, and (b) the creep
strain attained in this regime is very small. If available, data for the creep strain as a
function of temperature and stress, similar to those presented in [22] for the primary,
steady-state, and tertiary domains, can be used easily into our approach instead of
the steady-state creep strain rate function used in this paper. For the steady-state
creep domain, the material undergoes creep deformation at a rate given by the
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secondary creep rate, or minimum creep rate. Creep properties usually are specified
as a function of von Mises stress and temperature, éc,.(aeq, T) =f (aeq) g(T) [24].
For Norton’s law, the stress dependence is given as:

(0eq) = Acr(0cq)" (8)

where A, and n are model parameters determined from experimental data. The
temperature effect usually is considered through an Arrhenius law, involving a creep

activation energy, Q.,, as:
QL'V
T) = - 9
g(T) eXP( RT) )

According to the deformation map proposed by Frost and Ashby [24], the creep
mechanism depends on the stress (g,,) and temperature (T). Without including the
creep effects, the computational results for the von Mises stresses indicated that the
0.,/G varies between 2.08 x 10~* and 5.89 x 10~ for the full regime, and
1.09 x 107 and 3.76 x 10~ for the partial regime, respectively. The temperature
results indicated that T varies between 580 and 600 °C for the full regime, and 464
and 466 °C for the partial regime, respectively. The melting point, T,,, for the alloy
considered (T22) is approximately 1538 °C [25] and 7/T,, varies between 0.4 and
0.48. According to the deformation maps proposed by Frost and Ashby [24], at these
temperatures and stresses the alloy is expected to exhibit a combination of low-
temperature creep and power-law creep.

A literature review was conducted to identify the creep properties for T22. Cane
[25] provides experimental data for creep of T22 but does not specify the activation
energy, Q. or the stress exponent. Activation creep energies of 400 kJ/mol (for
low-temperature creep) and 251 kJ/mol (for power-law creep) were obtained from
the literature [24, 26, 27] and were used to identify the parameters for the creep rate
given by the Norton’s law. The data presented by Cane [25] indicated that at 550 °C
andX = 85 MPa,and at575 °Cand X = 59 MPa, ¢, was 2E—6 and 1.765E—6 (1/h),
respectively. These creep parameters for T22 are shown in Table 2.

The oxide scale formed on alloy T22 in steam typically consists of magnetite
(Fe30,4) and Fe—Cr spinel layers [30]. The melting temperature for magnetite is
1538 °C [13] which is very close to that of T22. Thus, for the boiler operating
parameters considered, creep phenomena in magnetite cannot be neglected.

Table 2 Creep parameters

Material Q. /R (1/K) A (1/h) n References

T22 48,100 8.27E+09 5.06 This study based on Qcr: Shi and Endo [26]
Creep data: Cane [25]

T22 30,190 7191.18 3.30 This study based on

Qcr: van der Burg et al. [27]
Creep data: Cane [25]
T22 41,000 4.3E+7 4.57 Mayer and Manolescu [28]
Fe;0,4 3.18E+4 2.29E+07 3 Crouch and Robertson [29]
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Fig. 2 Dependence of creep rate of alloy T22 alloy and magnetite on a temperature (at 100 MPa), and
b stress (at 550 °C), after Crouch and Robertson [29]

The creep properties reported for Fe;O4 by Crouch and Robertson [29] are shown in
Table 2. In the absence of available data, and based on the fact that the Fe—Cr spinel
is iso-structural with magnetite, the creep properties of the spinel were taken to be
the same as those of magnetite. Also, the tension/compression anisotropy of the
oxides is not considered here. In this study, the creep rate for alloy T22 was
considered to be that given in the first line shown in Table 2. The temperature
dependence of the creep rate, at a constant stress of 100 MPa, and the stress
dependence of the creep rate at a constant temperature of 550 °C, are shown in
Fig. 2.

Validation of the Solution Algorithm for the Oxide Growth-Induced Stress
Module

First, the OGI stress model was tested for the same configuration as that of
Steiner et al. [2]. The results for this oxidation-strain case were obtained with
D=2 and w=1, ie, & =P — 1,6, =0, and ¢, =0. The metal
thickness was 990 um, and the thickness of the oxide (which was grown on
the outer surface of a cylinder with ID = 6 mm) was 11 pym. The results
presented in Table 3 are in very good agreement to those of Steiner et al. [2].
Since this study focuses on an oxide scale that grows on the internal surface of a

Table 3 Hoop strain and stresses due to oxide-induced stresses, radial option, in the metal and oxide for
an 11 pum thick oxide grown on the outer surface of a cylinder

Location 1,000 &) a9 (MPa) o, (MPa) o, (MPa)
Metal surface —0.0189 —3.32 0 —0.964
Metal (M-O interface) —0.0130 —2.60 —-0.722 —0.964
Oxide (M-O interface) —0.0130 —2.86 —-0.722 —1.00
Oxide (mid plane) 1.35 265 —0.543 76.7
Oxide surface 2.71 532 0 154
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Table 4 Hoop strain and stresses due to oxide-induced stresses, radial option, in the metal and oxide for
a 10.4 pm thick oxide grown on the inner surface of a cylinder

Location 1,000 &) ag (MPa) o, (MPa) o, (MPa)
Metal surface 0.0172 3.03 0 0.879
Metal (M-O interface) 0.0267 4.19 —1.16 0.879
Oxide (M-O interface) 0.0267 4.77 —1.16 1.01
Oxide (mid plane) —1.71 —336 —0.879 —97.8
Oxide surface —3.45 —678 0 —197

Table 5 Hoop strain and stresses due to oxide-induced stresses, dilatational option &, ,x = €g.ox = &;0x =
®'/* — 1, in the metal and oxide for an 11 pum thick oxide grown on the outer surface of a cylinder

Location 1,000¢p a9 (MPa) g, (MPa) g, (MPa)
Metal surface 4.65 817 0 817

Metal (M-O interface) 3.21 640 178 817

Oxide (M-O interface) —332 —6.52E+04 178 —6.50E+04
Oxide (mid plane) —331 —6.51E+04 88.6 —6.50E+04
Oxide surface —331 —6.50E+04 0 —6.50E+04

cylinder, a test case was run for a 10.4 pm thick oxide grown on the outer and
inner surfaces of a cylinder with ID = 6 mm. For the inner oxide scale, the
results are presented in Table 4, which indicates that the strain and stresses have
approximately the same absolute value, while the axial and hoop strain changes
from compression to tension in the metal.

Another assumption commonly used for OGI stresses is that of dilational oxide
growth. The results of calculations using the dilational assumption of OGI stresses
(8,‘% = Ehox = Erox = o3 — 1) are presented in Table 5. Note that the results for
the oxide hoop strain, hoop and axial stresses are extremely high, indicating that this
assumption is unrealistic.

Validation of the Solution Algorithm for the Creep Module

The creep model was tested for a similar configuration to those of Brown [31] and
Zarrabi and Ng [32]. The growth of an oxide scale was not considered in the
simulations that were conducted for the model validation in order to match the

approach used by Zarrabi and Ng [30]. The creep strain rate of was &, (aeq) =

6.103 x 103 (aeq)ll‘gg [1 + exp (t - 10(367'79*%)/57'774)] The Young’s modulus

was 1.542 x 10° MPa, and the outside and inside diameters of the tube were
considered to be 40 and 33.4 mm, respectively. Although there are some differences
in the assumptions and loading of the tube between this study and that of Zarrabi
and Ng [32] (as indicated in Table 6), a comparison between the results obtained in
this study can be used to assess qualitatively the accuracy of the methodology
employed in this study.
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Table 6 Problem assumptions and loading conditions for validation simulations

Location Zarrabi and Ng [32] This study
Assumptions symmetry at z = 0, g, = const. at z = 50 mm Plain-strain
Solution method 2D finite element method Semi-analytical integral formulation
o, (MPa) inside 28.77 28.77
rb;
0. (MPa) 66.26 S oordr=33.13(rb} — b} )
byt

(a) 3 : T T : r : (b) 3 : T T . T

2} - 1=100h g 2 __sy=100h
& g

<] i

E 1r ]

Y ¢

$ 7]

e g

] =

z | 5.

oLy | o 5 i 1 L 1 1 %) L i L L L i L
165 1.7 175 18 185 19 18 2 205 165 1.7 1.75 18 18 19 18 2 2.05
Radius (cm) Radius (cm)

Fig. 3 Radial distribution of the relative error (100 x (¢ — ozn)/ozn) in calculating a the hoop stress;
and b the Von Mises stress, with respect to the stress values from Zarrabi and Ng [32], as a function of
time since the onset of creep

In Fig. 3 results are presented for the radial distribution of the relative error of the
hoop stress (100 x (¢ — ozn)/ozn) and Von Mises stress with respect to the stress
values that were obtained by Zarrabi and Ng [32]. Results are shown at various
times following the onset of creep. At the onset of simulations (i.e., t = 0) the
relative error was 1%, indicating a systematic error between this model and that by
Zarrabi and Ng [32]. The relative stress error varied between —0.5 and —1% for
times of 5 and 10 h, and stayed below 2% at times of 50 and 100 h in spite of the
dramatic change in the stress distribution due to creep relaxation [32]. Overall, these
results show that the stresses obtained in this study were in very good agreement
with those reported by Zarrabi and Ng [32].

Boiler Operation

The parameters for boiler operation were reviewed based on data published from
experimental and computational studies on the industrial practice of boiler
operation, such as heat flux variation between the full load and partial load
regimes. The boiler tubes of interest were considered to have an outside diameter of
50 mm and a wall thickness of 11 mm. The heat flux at partial load was taken to be
a given fraction (gy) of that at full load. A review of the open literature indicated that
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Table 7 Data on boiler operation

Component Flue gas Ty (°C) Ty (°C) Heat Flux Study References Comments
temperature (W/m?) type
O
Superheater 1090 495-540 437 20-150  Comp. Pronobis  Circumferential
et al. and radial
[33]
Reheater - 525-595 - - Exp-comp Xuetal. Measured
[34] outside wall
at the ‘final
reheater

outlet tubes’

Superheater 900-980 420430 Exp-comp Benyo
et al.
[35]
Superheater 820-1020  520-570 380 Exp Gonzales  Full/partial
(full) et al. load load
510-550 [36]
(partial)

the measured metal temperature (midwall) varies only slightly between partial and
full load (Table 7).

Partial load was assumed to be achieved by decreasing the flows of combustion
gas and steam (subcritical steam boiler). Although in practice at partial load the
combustion gas temperature (7,) would be essentially constant while the heat
transfer coefficients (HTCs) would vary according to the flow conditions, in the
absence of detailed information about actual flow rate variations, for this approach it
was considered that the HTCs do not change with the combustion gas and steam
flow rates from full to partial load. Thus, it was necessary to estimate T, at partial
load in order to attain the imposed heat flux. The boiler operating conditions
assumed are shown in Table 8.

For the values of the boiler operating parameters shown in Table 8, the heat flux
at full load was calculated to be 50 W/m?, and T, at partial load was estimated to be
810 °C. The value obtained for heat flux was close to the 45 kW/m? used by Mayer
and Manolescu [28]. The evolution of the temperatures of the metal outer surface,
metal-oxide interface, and oxide surface as a function of oxide growth are shown in
Fig. 4. It was found that at full load the metal temperature on the outer (inner) side
of the tube wall increased from 586 (560) °C for a new tube to approximately 595

Table 8 Assumed boiler operating conditions

Load Duration (h) qr T, (°C) Ty (°C) P, (bar) Py, (bar)
Full 14 1 1,100 530 2 170
Partial 8 0.5 845 525 1 100
Shutdown 25 N/A 25 25 1 1

Atp_p=Atp_g=1h, Atg_gr =3 h; Atgr_r =6 h
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Fig. 4 a Temperature dependence of the coefficients of thermal expansion for alloy T22 and the oxides
considered (after Armitt et al. [37]), and b evolution of temperature with increasing oxide thickness at the
tube—combustion gas interface, metal-oxide interface, and steam—oxide interface at full load and partial
load conditions

(570) °C at a steam-side oxide thickness of 360 pm, the maximum metal
temperature being very close to the value (596 °C) measured by Gonzales et al.
[36]. At partial load, the corresponding temperatures were 552 (540) °C for a new
tube and 558 (550 °C) for a tube with a 360 pm-thick oxide. The boiler operating
campaign was considered to last approximately 5.5 years with shutdown events
every 11 months. The parameters related to a shutdown event also are indicated in
Table 8.

Numerical Simulation Results

The temperature dependence assumed for the coefficient of thermal expansion of
alloy T22, magnetite, and the Fe—Cr spinel were those of Armitt et al. [37], shown in
Fig. 4a for the range of temperatures experienced by the tube. Figure 4b illustrates
the calculated evolution of temperature with increasing oxide thickness at the tube—
combustion gas interface, metal-oxide interface, and steam—oxide interface at full
load and partial load conditions. Note that the oxide thickness in the abscissae of
these plots is the total scale thickness (magnetite + spinel); the relative thicknesses
of the magnetite and spinel layers are similar, but the spinel layer is approximately
10% thicker because its growth temperature was assumed to be that of the alloy—
oxide interface, which is higher than that of the oxide—steam interface at which the
magnetite was assumed to grow.

In the following figures, numerical simulation results are presented for several
cases in order to investigate the effect of OGI strain and creep phenomena on the
evolution of the state of strain and stress. The results for the elastic hoop strain,
€0.el = €0 — €0.ox — €0.cr — Em» are shown first, as this is the main variable
considered in most studies of criteria for oxide spallation. Unless otherwise
specified, the results shown are for the average strain through the thickness of the
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Table 9 Assumption on oxide-growth-induced strains

Notation Assumption Comments/references

DIL,, Erox = E0,0x = Ezox = O (CDI/ 3 1) o = 1 (Pilling and Bedworth [12])
w < 1 (Bernstein [13])

RAD,, erox =0 (O —1), €gor = &,0¢ =0 @ = 1 (Hsueh and Evans [11])

o < 1 This study
LATBRADw éﬁ,vx = li:z,o}( = d/B Erox = @ ((D - 1) — &hox — &z0x This StUdy

oxide layer, since most studies of oxide strains use approximations that are meant to
evaluate the average strain in the oxide. Several simulations were conducted to
assess the effects of various OGI strain parameters, and in others boiler shut-down
events were included in the schedule as a means of investigating the effect of
temperature (and pressure) drop in the boiler on the evolution of strain, stress, and/
or energy levels in the oxide scale. Finally, the evolution of the hoop strain that
generates stress (sf, = (0'9 — v*a,) / E*), which is traditionally used to predict the
possibility of spallation [23], was investigated during shut-down events after
different time intervals.

Effect of Creep and Oxide Growth-Induced Strains

Several OGI strain models were considered in this study (Table 9). The traditional
dilatational model is referred to as DIL,, where w < 1 is an empirical factor
introduced by Bernstein [6] in order to reduce the unrealistically high OGI stresses
that were obtained with & = 1. The traditional uniaxial model, used by Hsueh and
Evans [11] and Steiner et al. [2], is referred to as RAD,,. By analogy to the DIL,,
model, the empirical factor @ also was considered for the RAD,, cases. The last
series of cases considered represented an attempt to include in the eigenstrain
formulation the latest developments in ‘lateral’ OGI strain models, which were
developed based on microstructural considerations. Essentially, the ‘lateral’ OGI
strain models were intended to relax the uni-axial RAD models by including OGI
strains in other directions. The models for OGI stresses in the ‘lateral’ direction can,
in general, be represented as [7, 9, 10]:

éox = d/B (10)
ie.
é(),ox = d/Ba Ez.0x = €0,0xy Erox = 0 (1 1)

where B is a proportionality constant with units of length. In this study it was
considered necessary to broaden this approach to include the OGI strains in the
radial/normal direction.

One of the main obstacles in integrating the lateral OGI strain models into stress—
strain analyses is the lack of data for the OGI radial strain (¢, ,,) in all the lateral
OGI strain models. In an attempt to include the lateral OGI strains, ¢, ,, was
considered to be obtained such that the total volumetric OGI strain is constrained by
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Table 10 Simulation cases considered

Case OGI strain model Metal creep Oxide creep
NG-NC No No No
NG No Yes Yes
D-NOC DILy Yes No
D DILg; Yes Yes
R1 RAD;, Yes Yes
R2 RADg ; Yes Yes
RL1 LAT20,000RADg 3 Yes Yes
RL2 LAT00,000RADg 1 Yes Yes
RL3 LATs500,000RADg 1 Yes Yes

o(® — 1) [2], using a factor w based on considerations similar to those by Bernstein
[13]. These cases are referred to as LATgRAD,,. To date, there is no methodology to
choose the OGI strain parameters such as @ (and B). The possibility that the OGI
strain parameters may not be constant within the oxide layers also must be
considered. As shown by Oh et al. [20] for the dilatational formulation, it is
expected that OGI strain parameters vary with oxide thickness. It is thus difficult to
obtain OGI strain parameters based solely on experimental results, so that there is a
need to explore methodologies based on experimental results and theoretical
diffusion models. Based on the review of constitutive models presented above,
several OGI strain models were considered in this study (Table 9). These cases were
based on the three main OGI strain models and, as shown in Table 10, included
creep phenomena.

Case NG-NC: OGI Strain Phenomena and Creep Are Not Considered

Figure 5a plots the evolution of elastic hoop strain in the oxide layers (based on
thermal expansion considerations alone) as a function of oxide thickness grown over
a period of four years of boiler operation (using the load cycle shown in Table 8,
with no shut downs). Whereas under full load conditions the strains in the magnetite
and spinel layers are small, tensile and of similar levels, they do not change
significantly with increasing oxide thickness. However, under partial load condi-
tions the strains in both oxides are lower and decrease with increasing oxide
thickness. At partial load the strain in the magnetite layer at 50 um thickness is
approximately 77% of that at full load, and decreases further to 55% at a scale
thickness of 350 um. The corresponding values for the spinel layer are approxi-
mately 26 and 21%, respectively.

The evolution of strain during transition from full load to partial load is shown in
Fig. 5b, which indicates that the strain decreases in essentially a linear fashion as a
function of oxide surface temperature in both the magnetite and spinel layers. As
noted from Fig. 5a the strain levels are tensile and relatively small, i.e., 0.02—
0.005%, since the temperature difference between full and partial load is small.
Sabau and Wright [23] found that differential thermal expansion (due to cycling of
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Fig. 5 Evolution of the average hoop strain for the elastic case (NG-NC): does not include OGI strain
and creep phenomena a over four years of oxide growth, and b during the transition from full load to the
partial load

the steam temperature between 460 and 550 °C) increased these strain levels,
whereas the pressure drop associated with the full-partial load transition yielded a
decrease in the strain levels. Thus, for the boiler conditions considered here, the
pressure variation has a larger effect on the strain level in the oxides than does the
temperature variation.

Case NG: Creep of the Alloy and Oxide Included, but OGI Phenomena Not
Considered

When creep phenomena were not included, both spinel and magnetite layers were in
tension (Fig. 5a) for both full load and partial load regimes. However, the inclusion
of creep phenomena resulted in the magnetite and spinel being in compression for
most part of the operating cycle at both full and partial load, as shown in Fig. 6a.
For new (or clean) tubes at oxide thicknesses up to 50 pum, there was a sharp
decrease in the oxide strains with increasing oxide thickness, followed by a slow
increase. Thus, as expected intuitively, the general effect of creep was to decrease
the value of the elastic strain in the oxides during both full and partial load regimes.
In order to fully assess the applicability of each case, the maximum values for the

creep hoop strain, &' = max Ik &, oy T)dr , and the von Mises stress in
RN =0t

the metal and oxide layers are shown in Table 11.
Cases Involving Dilatational Strains

The first case considered involving OGI strains used the traditional dilational model
(DIL,,). Case DIL, was not considered here as Bernstein [13] indicated that @ = 1
was not appropriate for the dilatational formulation. Instead, following Bernstein
[6], dilatational case DIL ; were considered (Table 10). Case D-NOC (creep of the
alloy, but no oxide creep) was considered first since it is usually assumed that creep
in the metal is more important than in the oxide [2]. However, as shown in Fig. 6b,
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Table 11 Assessment of cases considered based on maximum values for the creep strains, &', and von
Mises stresses

Case 103max(sgyc,) Von Mises (MPa)

Metal Spinel Magnetite Metal Oxide
NG-NC - - - 43 20
NG 3.05 5.03 5.15 44 8
D-NOC 20.7 - - 41 2,089
D 1.36 —24.1 =25 40 7
R1 1.98 —3.64 -17 40 55
R2 1.98 2.68 1.42 40 6.7
RL1 1.61 —16.3 -17.5 40 4.6-7
RL2 1.92 —-1.1 —2.34 40 5
RL3 1.97 1.93 0.67 40 6.5

although the calculated elastic strains for thin oxides were compressive, becoming
tensile at oxide thicknesses greater that approximately 230 um, the values of these
strains were unrealistically large. Also, the von Mises stress in the oxide layers
reached 2,089 MPa, an unrealistically high value (Table 11).

Case D incorporated OGI strains (i.e., DIL ;) together with creep in both metal
and oxide. The oxide strains were acceptably small, similar for both oxides, and
always compressive; the highest strains occurred under partial load conditions
(Fig. 7a). However, as summarized in Fig. 7b, the calculated hoop creep strains
were unrealistically large, approximately —2.5%.

Cases Involving Uniaxial OGI Strains
Cases R1 and R2 used the RAD,, formulation for OGI strains RAD; and RADy 1,

respectively (Table 10). The calculated average hoop strains for these cases
decreased rapidly as the oxide grew to 20 and 50 pm, respectively, and then leveled
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off at negative values (Fig. 8). However, for Case R1 the maximum hoop creep
strain (&g ,.,), which was computed in the magnetite layer at the end of the simulation
(maximum time) was very large, approximately —1.7% (Table 11) while, for Case
R2, the hoop creep strain had values of approximately 0.1-0.2%.

Cases Including Lateral Growth Effects

OGI strains based on the LATgRAD,, formulations were considered next. The w
parameter was held constant at 0.1, since this value was found to yield acceptable
results for the radial models. Three cases, RL1, RL2, and RL3 were conducted for
three values of parameter B of 2 x 104, 1 x 105, and 5 x 10° pm, respectively.
Figure 9 shows the evolution of the elastic hoop strains (gy,;) in the spinel and
magnetite layers for these cases. The strain was found to decrease abruptly in the
initial stages of oxide growth and then to increase asymptotically with increasing
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Fig. 9 The evolution of the average hoop strain, for Cases a RL1; b RL2; and ¢ RL3

oxide thickness. For the three cases considered, the elastic hoop strains were always
negative (compressive). Comparing the results for these RL cases suggests the
following conclusions: (a) an initial stage of decreasing strains occurs over an oxide
thickness that increases with the B factor, (b) the amount of strain decrease in the
initial stages decreases as B increases, (c) the slope of the elastic hoop strain curve,
at large oxide thicknesses, decreases as B increases.

The results for the creep strains for these cases are shown in Fig. 10. For Case
RL1 (Fig. 10a), the hoop creep strain (gy.) in the magnetite layer reached
unrealistically large (negative) values of approximately —1.75% for an oxide
thicknesses of 370 um. For Case RL2 the hoop creep strains in the oxide were
always compressive and increased steadily with increasing oxide thickness to
approximately 250-300 pm, at which point strain in the magnetite layer was
approximately —0.25, and —0.15% in the spinel layer. For Cases RL2 and RL3 the
alloy experienced increasing tensile hoop creep strain with increasing oxide
thickness to a value of approximately 0.2% at an oxide thickness of 370 pm. For
Case RL3 the hoop creep strain eventually became positive for both oxide layers,
with the highest strain in the spinel layer. As shown in Fig. 10b, at a scale thickness
of 370 um the creep hoop strain in the spinel layer was similar to that in the alloy
(approx. 4+0.2%), compared to +0.07% in the magnetite. It seems reasonable to
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expect that the greater level of accommodation required in the spinel layer would

result in ‘damage’ in the form of void formation or other microstructural changes.

Based on the results for the elastic strain, creep strains, and von Mises strain, it

was concluded that Cases NG, R2, and RL3 produced acceptable results. Next, the

maximum spatial values, i.e., & ™ (f) = max [89 (7, t)} , and the corre-
’ ’ r=r1,IN

sponding minimum spatial values, i.e., gg;j“i“(t) = max {80‘31(’3 t)} , were
r=ry,ry

considered in order to assess the amount of variation within each oxide scale. The
amount of strain variation in each oxide layer is virtually unknown, as most studies
considered it to be negligible based solely on the fact that the oxide thickness is
much smaller than that of the metal tube. Figure 11 shows the evolution of the
minimum and maximum values of the elastic hoop strain for the NG-NC and RL3
cases. For Case NG-NC the range of the elastic hoop strain [i.e., max(gg) —
min(eg ;)] increased linearly with oxide thickness and, for the spinel, became
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approximately of the same order of magnitude as the strain itself at oxide
thicknesses larger than 200 um (Fig. 11a). For Case RL3 the range of the elastic
hoop strain was almost constant at approximately 0.005%, while the maximum
strains were —0.01% and —0.015% in the magnetite (>approx. 220 um) and spinel
(>130 pm) layers, respectively. Thus, the variation of the elastic hoop strain was not
negligible, and must be taken into account when oxide strains are calculated.

Effects of Cooling to Room Temperature (Boiler Shut Down)

The evolution of the average elastic hoop strain during cooling to room temperature
was considered in Cases NG, R2, and RL3. Cooling to room temperature was
envisioned as a boiler shut-down event in which the steam pressure also decreases
(see Table 8). In the absence of data on actual pressure variation with time for
superheater boiler tubes (subcritical steam) during a shut down event, the pressure
was assumed to decrease linearly to atmospheric pressure. The temperature at which
the maximum strain was reached was determined by the thermal expansion
properties of the alloy and each oxide layer. In contrast with the results obtained for
the pure elastic case without OGI strain effects (NG-NC), for Cases NG, R2, and
RL3 the average elastic hoop strain was found to reach a maximum at a temperature
of approximately 400 °C for magnetite and 375 °C for the spinel layer (Fig. 12).

For Case NG—NC the evolution of the elastic hoop strain for a shut down event
(Fig. 12a) and full-to-partial load transition (Fig. 5b) were found to be different
since the variations in pressure and temperature were different in each case. At shut
down the maximum strain attained in the magnetite was approximately twice than
that for the spinel layer. Case NG-NC resulted in the largest value for strain among
all the cases considered: the magnetite was at all times in tension, while the spinel
layer switched from tension to compression at approximately 100 °C. When creep
was included (Case NG), the strain curves were moved to lower values overall, and
the strain in the spinel layer became compressive for temperatures lower than
200 °C (Fig. 12b). As compared to the results for the NG-NC case, the maximum
strain value for the magnetite layer was approximately 22% lower, and that for the
spinel layer approximately 40% lower. The results for Cases R2 (Fig. 12¢) and RL3
(12d) yielded slightly lower strain values than for Case NG, but the differences
between R2 and RL3 were negligible. This could be due to the fact that the lateral
OGTI strains were very small.

Summary and Implications

This appears to be the first study to account for inelastic effects on the development
of strain in steam-side oxides formed in boiler tubes that are subject to an actual
operating schedule. For the temperature range considered (500-600 °C, which was
intended to match closely that encountered in boiler service) exploration of stress
relaxation by creep indicated that the oxide layers experienced more creep than the
alloy. In this study an eigenstrain approach was used to formulate oxidation strains
in which the oxidation eigenstrains were prescribed. Several cases were considered
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Fig. 12 Evolution of the average elastic hoop strain, &, within the spinel and magnetite layers during
cooling from the oxide growth temperatures (7y,) associated with full load conditions to room
temperature, for two different oxide thicknesses, for Cases a NG-NC, b NG, ¢ R2, and d RL3

for each formulation. For the dilational strain case, large von Mises stresses in the
oxide layers could not be accommodated by creep in the oxide. It was found that the
oxide growth-induced strain development is a necessary consideration, but that
selection of the particular OGI strain model is a very important factor in
determining the magnitude of the predicted oxide strains. Calculations for different
scenarios showed that the incorporation of the OGI strains has a dramatic effect on
the state of deformation in the oxide. The inclusion of creep considerations yielded a
decrease in the level of elastic strains in the oxides, as expected intuitively.
Overall, when strain accumulation from oxide growth and relaxation from creep
are considered, the net state of strain in an oxide growing on a tube subjected to
routine boiler load cycling conditions appears to be eventually compressive with
relatively low values. As shown in Fig. 11b (Case RL3), in the initial stages of
oxide growth under load-following cycling conditions (but in the absence of a shut
down) the magnetite layer develops a compressive strain, reaching a maximum of
>0.025% at a total oxide thickness of approximately 50 pm, but that the
compressive strain decreases gradually to a value between 0.01 and 0.15% with
further thickening of the oxide. The strain evolution in the spinel layer follows a
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similar path, reaching essentially steady state strain values between 0.015 and
0.19%. The imposition of conditions associated with a boiler shut down yields the
development of strain differentials between the two oxide layers, as indicated in
Fig. 12d.

The predicted maximum and minimum hoop strains that generate stress (&) for
magnetite (obtained from the superimposition of shutdown events on the daily
cycling schedule) are shown in Fig. 13a for the spinel layer, and Fig. 13b for the
magnetite layer, assuming that a shutdown event occurs from the partial load
condition. In this representation, the strains associated with the shutdown event
appear as spikes; for the spinel layer the increase in tensile strain at the start of the
shutdown event is replaced by a compressive strain of about equal magnitude at
room temperature (c.f. Fig. 12d), whereas in the magnetite layer the maximum
increase in tensile strain occurs on cooling through 400 °C, with a smaller residual
tensile strain at room temperature. The maximum differential strain between the
spinel and magnetite layers occurs at room temperature (approximately 0.06% from
Case RL3, Fig. 12d). This differential strain would be expected to raise the potential
for shear between the spinel and magnetite layers; if this were to be concentrated
along the interface between these layers (by, for instance, the presence of flaws such
as voids), separation could occur.

The potential for the application of this model as a predictive tool is illustrate
simplistically in Fig. 14, which shows the ‘strain trajectory’ for the magnetite layer
(from Fig. 13b) superimposed on an Armitt et al.-style damage map of the critical
strains for oxide failure [37, 38] based on fracture toughness concepts for elastic,
brittle materials. On the assumption that these criteria for damage would be the
same for elastic materials, intersection of the ‘strain trajectory’ with the damage
criteria can be used to signal failure (for a single oxide layer). However, for Case
RL3 the strain trajectories based on the maximum strains associated with shut down
events do not predict scale failure within the range of oxide thicknesses considered
whereas, in practice, scale spallation from alloy T22 has been observed at scale
thicknesses less than 400 um. However, as indicated above, relatively small
changes in the values of OIG strain parameters used in this model can effect large
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changes in the calculated strains. Further, the influence of flaws that develop in real
oxide scales and can significantly influence the state of strain and stress has not yet
been incorporated into the model. The recent advances on criteria for failure of
actual scale structures are being summarized in Schiitze et al. [39], but experimental
results are needed to define the conditions for damage initiation, scale failure, and
spallation under well controlled conditions in order to assess the validity of the
inelastic models such as that presented here. Future work should include a
methodology to obtain oxide growth-induced parameters based on experimental
evidence and/or theoretical diffusion models, and provide some quantification of the
evolution of flaws (size, shape, location) in real scales, together with their effects on
the state of strain and stress.

Conclusions

In this study, approaches for evaluating inelastic effects resulting from creep and
from volume change due to oxide growth on the processes leading to the spallation of
oxides grown in steam on alloy T22 (Fe-2.25Cr-1Mo, wt%) were evaluated. Several
formulations for the oxide growth-induced phenomena were critically examined, and
the nature of available approaches for quantifying oxide growth-induced strain was
considered to be contentious. Nevertheless, the solution algorithm used to represent
oxide growth-induced strain (in the absence of creep phenomena) was validated for
the radial model against published data. As noted by others, the level of strain in the
oxide layers was found to depend strongly on the formulation used for the oxide
growth-induced strain model, and the values of strain in the magnetite and spinel
layers were found to be different. Using values of the relevant parameters (including
time) consistent with an oxide grown on the inside of a steam tube subjected to the
varying conditions of boiler operation, strain evolution during cyclic operation and
during shut down events was investigated. It was found that, during cooling from full
load to room temperature, higher levels of strain were developed in the magnetite
than in the spinel layer; the oxide strain was maximum at a temperature of
approximately 400 °C for magnetite and 375 °C for the spinel layer.
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Appendix 1

Solution for the Stress—Strain Equations for a Plane-Strain Approximation
in Axi-Symmetrical Geometry

The solution developed in this study for the thermal stresses in cylindrical
coordinates extended that presented by Noda et al. [40] to a temperature- and
spatial-dependent thermal strain. The equations for the displacement and stresses in
the i-th layer and j-th position are:

d 1
ui,j(rjaTR,iljvTi.j) =C 1 +— r; + tjv I(r]aTRz,/a l.l) +05(uox+ucr)
uf):/v = (1 — V*) (8r7ox - 8070)() r] ln(}':]) (12)
1+ *
MIC; VJVIJ (r]"evc") + (1 - vi) 'yji('yagd,cr)
Ou; j
iy = (13)

Orij _ CitVigo — & d; 1,
= = - + 1:(rj, Tr, Tij) )= — &3
E; L=y 1+ (17 T T) 2o i

F— Vi Eox,z + 0.5 (aox,r + aox.,()) -05 (1 - vl*) (aox,r - 80"70) 11’1(7‘]) (14)

rlJ
_ostmEe) o0,
rzj - }"-2 - Y i(’"j»@i,cr)
J
. . _ 00X
coij  CiTViéo—&y;

d; 1
E,* :T;‘H— (1 + Vi)gth,i(TR7Ti,]') + (m‘i‘li(rhTRzTi,/’))?_ 89,1

3(())2‘1‘ =V &ox; +0.5 (Sox,r + gox,f)) -0.5 (1 - V,*) (‘%x,r - gox,(-?) [1 +1In (r])]

ri, &

- ( i vcr)

SLQ’iJ =&0cr + Vilger — 0.5 2 —05J; (rJ’ Sd,cr)
J

02ij = Vi (0rij + 60,;) + Ei (60 — emi(Tr, Tij) — €oxz — Eer.z) (16)
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,
where j varies between 1 and M. I;(r;,T1,T2) = (1+v;) [ eni(T1,T) rdr,
., rbit
Ji (rj7 é') = f Sd}”, Edcr = @7 and Es,er = (Sr,cr + &0.cr +2 ng,cr) r.
rbiyy

The constant ¢, and coefficients ¢; and d; were determined using equations for the
continuity of radial stresses, o,;y, = 0,411, and displacements in the radial
direction at boundary radii between adjacent layers, ;411 — u; », = Au;. For growth
of oxide at internal interfaces Au; = 0. For oxide growth at the oxide—steam surface
Au; may have to be obtained based on oxide growth-induced strain and mass
transport of species to the surface location where the oxide grows. In the absence of
details of the transporting species, Au; = 0 for growth of oxide at the surface. The

pressure condition on the hot gas side and steam side is given by:

Or1,1 = _Pga and OrNMy = _Pst (17)
where P, and Py are the pressures of the flue gas and steam, respectively. The axial
force equation used to solve for model constants was considered only for the GPS

assumption, i.e., when ¢, was not set, but needed to be evaluated. When the axial
load was known, the condition for a zero axial force was written as:

rby
2n / o, rdr =F, (18)

rby 1

Appendix 2

Creep Model

The creep strains for direction k (i.e., r, 6, and z) at a given time (t) are obtained by

accumulation of creep strain increments within the current time increment (Af):
Ek,cr(t + At) - Sk,cr(t) + A’Sk,cr

()’ —
Ask‘cr =1.5 kP
) Teq

Ageq,cr = At Ecr (Geqv T)

Ageqfr ( 19 )

where p = (0, 4 09 + 0.)/3 is the pressure, and o,, is the von Mises equivalent
stress, given as,

Oeqg = \/(a, —09)*+(0p — 0.)*+(0, — az)z/\/i.
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