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Abstract

Grain boundary engineering (GBE) was applied to INCOLOY alloy 800H by means of thermomechanical processing.
The oxidation behavior of GBE-treated alloy 800H exposed in supercritical water (SCW) with 25 ppb dissolved oxygen at
500 °C and 25 MPa was significantly improved as compared to 800H in the annealed condition. Gravimetry, optical
microscopy, scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD),
and electron backscatter diffraction (EBSD) were employed in this study to analyze the oxidation behavior of control
(annealed) and GBE-treated samples. GBE improves the protective oxidation behavior by enhancing spallation resistance
and reducing oxidation rate. Spallation resistance correlates with a reduction in texture of the oxide layers.

© 2005 Elsevier B.V. All rights reserved.

PACS: 81.65.Mq; 81.40.Gh; 61.14.—x; 61.82.Bg

1. Introduction

Grain boundary engineering (GBE), proposed by
Watanabe [1] in the early 1980s, has been found to
promote a high proportion of low-X (2 < 29) coinci-
dence site lattice (CSL) boundaries (CSLBs) in mate-
rials. GBE has been extensively investigated as an
approach to improve properties such as strength
[2], creep [3], and intergranular corrosion or stress
corrosion resistance [4]. In the CSL model, the newly
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formed superlattice is denoted by X, where the X
value is defined as the reciprocal of the fraction of
lattice points that coincide between the two adjoin-
ing grains across the boundaries. The low-~ CSLBs
contain more coincident lattice points across the
grain boundaries. Thus, there is a low distortion of
atomic bonds and relatively small free volume for
CSLBs and consequently low boundary energy.
Among the low-X CSLBs, the contribution of X3
to property improvement is the most prevalent
[1,5,6]. This is because the energy of 23 boundaries
is extremely low, typically about 1/50 of a general
boundary [7]. Detailed information about the CSL
model and CSL effect on GBE can be found in
Ref. [7].
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Since its introduction to the market in the 1950s,
INCOLOY alloy 800H (UNS NO08810) has been
broadly utilized in furnace components and equip-
ment, petrochemical furnace cracker tubes, pigtails
and headers, and sheathing for electrical heating
elements. Based on its advantages such as high
strength and corrosion resistance at high tem-
peratures, alloy 800H was selected as one of the
potential candidate alloys for Generation IV super-
critical water-cooled nuclear plant designs [§]. Alloy
800H is an austenitic solid—solution alloy with iron
(~45 wt%), nickel (~31wt%) and chromium
(~20 wt%) as major constituent elements. It is gen-
erally used in the annealed condition, with a micro-
structure consisting of the matrix austenite phase
and small amounts of precipitates such as titanium
nitrides, titanium carbides, and chromium carbides.
Alloy 800H has excellent resistance to oxidation due
to its high chromium and nickel contents. The chro-
mium in this alloy promotes the formation of a
protective surface oxide, and the nickel enhances
the stability of the protective oxide, especially dur-
ing cyclic exposure to high temperatures [9]. Otsuka
and Fujikawa [10] studied the oxidation behavior of
alloy 800H exposed in high-temperature steam at
700 °C, and found that a uniform duplex thin oxide
scale formed on this alloy. The outer oxide layer is
composed of Fe;04 with some Fe,03, and the inner
oxide layer is primarily (Fe,Cr);04 spinel. In addi-
tion, trace amounts of oxides, probably Cr,O3 or
Al,O3, were observed dispersed within the metal
substrate ahead of the inward-growing inner spinel
[10,11].

Supercritical water (SCW), with temperature and
pressure above the critical point of water at 374 °C
and 22.1 MPa, has been employed in modern fossil
power plants to improve thermal efficiency and
reduce the release of deleterious gases such as
carbon dioxide, nitrogen oxides and sulfur oxides.
Because of the potential for increased thermal effi-
ciency, SCW has also been proposed as a coolant
for Generation IV nuclear plants [8]. Limited litera-
ture exists on the oxidation behavior of alloy 800H
exposed in supercritical water (SCW). Preliminary
results of SCW-exposed alloy 800H at 500 °C and
25 MPa indicates that severe spallation occurred
after ~333 h exposure [12]. Because spallation of
the oxide scale may cause blockage inside super-
heater/reheater tubes [13] or a severe erosion dam-
age at turbine blades, information about scaling
behavior of alloy 800H is needed. To withstand an
aggressive environment with high-temperature and

pressure in modern and future power plant system,
the properties of alloy 800H are desired to be
improved for extended service lifetime and system
stability.

Grain boundary character distribution in alloy
800H was tuned by means of thermomechanical
processing to improve the stability of the ther-
mally-grown external oxide scale. This paper
presents the effect of GBE on oxidation of alloy
800H by comparing control (annealed) and GBE-
treated samples. Gravimetry, optical microscopy,
scanning electron microscopy/energy dispersion
X-ray spectroscopy (SEM/EDS), X-ray diffraction
(XRD), and electron backscatter diffraction (EBSD)
were used to analyze oxide growth and stability.

2. Experiment

The material used in this study was commercial
INCOLOY alloy 800H with the measured chemical
composition (in wt%): 45.26 Fe, 31.59 Ni, 20.42 Cr,
0.76 Mn, 0.57 Ti, 0.50 Al 0.42 Cu, 0.13 Si, 0.069 C,
0.014 P, and 0.001 S. Rectangular samples (31.7 x
12.7 mm) with a thickness of ~1 mm were cut from
the as-received alloy that had been annealed at
1177 °C for 24 min/cm of thickness followed by
water quench. Some of the rectangular samples were
subjected to a cold rolling with a thickness reduc-
tion of ~7% followed by annealing at 1050 °C for
90 min. This thermomechanical processing, strain-
ing followed by annealing, has been successfully
used to increase the population of low-~ CSLBs in
our previous work [14] while maintaining the mini-
mum grain size requirement of alloy 800H,
~60 um [9]. The control (cut from annealed mate-
rial) and GBE-treated (thermomechanical-pro-
cessed) samples were polished to 1 um finish prior
to exposure in SCW with 25 ppb (part per billion)
dissolved oxygen at conditions of 500°C and
25 MPa for exposure times to 1026 h. The oxidation
behavior of these samples was analyzed in this work
by means of gravimetry, optical microscopy, SEM/
EDS, XRD, and EBSD.

A LEO 1530 field emission gun scanning electron
microscope (FEGSEM) was employed for SEM/
EDS analyses. Secondary electron image (SEI)
mode was employed to study surface morphology
in plan-view and oxide scale structure in cross-
section. To obtain good quality EBSD patterns,
the cross-section samples were ground with SiC
abrasive paper up to 1200 grit followed by polishing
with diamond paste, alpha alumina and colloidal
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silica solutions in sequence. The EBSD investigation
was performed in a LEO 1530 FEGSEM incorpo-
rated with the TSL orientation imaging microscopy
(OIM) system MSC2200. The SEM was operated at
20 kV, and the automatic EBSD area scan was per-
formed using a hexagonal grid with a step size of
0.1 pm. To allow identification of the existing
phases with the EBSD analytical software, crystallo-
graphic data files were established based on the
XRD analysis performed in this work together with
the available database included in the OIM soft-
ware. For phase analysis with EBSD, a voting
scheme and the confidence index (CI) established
by TSL were used [15]. A high number of votes
and high CI values indicate that the phase is
correctly identified with a high probability.

3. Results and discussion
3.1. CSLBs of control and GBE-treated samples

The frequency of low-~ CSLBs in the control and
GBE-treated samples was analyzed by means of
EBSD and is shown in Fig. 1. Similar frequencies
of X1 and 23 were observed in the control sample.
The X1 frequency could be introduced into the
system by texture, the presence of many sub-bound-
aries in the material, and recombination of two like
boundaries impinging on each other. Generally, the
reported total frequency of low-~ CSLBs does not
include the contribution from X1 due to ambiguities
in distinguishing these interfaces from sub-bound-
aries present in materials. The X3 frequency of the
GBE-treated sample was promoted to 59% from
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Fig. 1. CSL frequency as a function of low-% CSLBs (2 < 29b)
of control and GBE-treated samples.

36% in the control sample. Meanwhile, the X3"
(29 and 227) frequencies also were increased com-
pared to the control sample. According to the
results of the EBSD analysis, the total frequency
of low-X CSLBs was greatly increased by thermo-
mechanical processing.

3.2. Gravimetry

The weight gain of control and GBE-treated
samples after SCW exposure is plotted in Fig. 2.
The dashed and solid curves indicate the trend of
the weight gain as a function of exposure time for
control and GBE-treated samples, respectively.
The weight gain data of the control samples has
large fluctuations. Weight gain increased initially
with short-time SCW exposure. After an ~2-week
SCW exposure, sudden weight loss occurred on
the control samples, which may result from oxide
spallation as discussed later. In contrast, the weight
gain of GBE-treated samples gradually increased
due to oxide growth during SCW exposure time
up to ~4-weeks and then mildly decreased due to
the possible occurrence of minor oxide spallation.
Although the weight gain data of the GBE-treated
samples are limited compared to those of the
control samples, their difference, especially after
~4-week SCW exposure, is significant. Therefore,
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Fig. 2. Weight gain of SCW-exposed control and GBE-treated
alloy 800H samples. The error bars indicate the propagated error
for the measurements of weight and exposure area. The dashed
and solid curves indicate the trend of the weight gain change over
exposure time for control and GBE-treated samples, respectively.
The labels, XC and XG, denote approximate weeks of exposure
time (X) for control (C) and GBE-treated (G) samples.
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optical microscopy, SEM/EDS, and EBSD were uti-
lized to analyze the difference in the oxides formed
on the control and GBE-treated samples. Three typ-
ical control samples, 1C, 2C and 3C where the num-
bers and C denote the approximate SCW exposure
time in weeks and control samples (e.g. 3C is a con-
trol sample exposed for ~3 weeks), were chosen to
be analyzed due to their representative oxide thick-
ness change. GBE-treated samples, 2G, 4G and 6G,
where the numbers and G denote the approximate
SCW exposure time in weeks and GBE-treated sam-
ples, were analyzed to compare them with control
samples.

3.3. Oxide morphology

Oxide morphologies, analyzed with optical
microscopy and SEM, are shown in Fig. 3 with
the optical image on the left and corresponding sec-
ondary electron image (SEI) on the right for each
sample. The low magnification optical images indi-
cate that a continuous layer of oxide with distinct
grain contrast formed on short-time SCW-exposed
samples such as 1C and 2G. Oxide spallation
occurred after ~2-week SCW exposure for the con-
trol samples as shown in Fig. 3 (2C sample), and the
spallation area increased with longer exposure time
as shown in the 3C sample. The extensive oxide
spallation resulted in the weight loss of the control

samples after ~2-week SCW exposure as shown in
Fig. 2. In contrast, no obvious spallation was
observed in the optical images of GBE-treated
samples with up to ~6-week exposure time. Another
observed phenomenon in the optical images is that
the grain contrast of the oxide dims with exposure
time for both control and GBE-treated samples.
The grain contrast change can be explained from
the corresponding high magnification SEIs as
shown in Fig. 3. The oxide of the short-time
SCW-exposed samples such as 1C and 2G showed
distinct facets that may effectively influence light
reflection strength giving distinct contrast. With
the increase of SCW exposure time, the oxide topog-
raphy changed to serration (2C sample) and discrete
oxide islands (3C sample) on the control samples,
and mild undulation (4G and 6G samples) on the
GBE-treated samples. The serration, discreteness,
and undulation of the oxide may diminish the differ-
ence in light reflection and thus cause the reduction
of contrast.

3.4. Oxide layer structure

Oxide layer structure is presented in SEIs of
cross-section specimens of control and GBE-treated
samples. As shown in Fig. 4, the oxide on both
control and GBE-treated samples had a dual-layer
structure. The oxide layer on all samples was

Fig. 3. Low-magnification optical images (left) and corresponding high-magnification SEM images (right) of each sample (1C, 2C, 3C,
2G, 4G and 6G) indicate the oxide morphology of SCW-exposed control (C) and GBE-treated (G) samples.
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Fig. 4. Cross-section secondary electron images (SEIs) representing well maintained oxide scale formed on control (1C, 2C and 3C) and
GBE-treated (2G, 4G and 6G) samples indicating a dual-layer oxide scale formed on the metal substrate.

compact without evident pores except for long-time
SCW-exposed control samples, such as sample 3C.
This compact oxide structure is generally not
observed in oxide formed on ferritic/martensitic
alloys [16]. The interface between the outer and
the inner oxide layers of the GBE-treated samples
was not as sharp as that of the control samples.
The SEIs in Fig. 4 indicate that more intermixing
has occurred at the interface between the outer
and the inner oxide layers on the GBE-treated sam-
ples than that which occurs on the control samples.
The increased intermixing that occurred at the inter-
face on the GBE-treated samples may contribute to
stronger adhesion between the outer and the inner
oxide layers and thus alleviate oxide spallation.
Due to the extensive oxide spallation and the
difficulty in maintaining the fairly thin oxide scale
during cross-section SEM specimen preparation,
the oxide scale thickness measured from SEls is
not reliable. Since the oxide scale growth rate (or
oxidation rate) of the alloy is strongly affected by
the inner oxide layer [13,17], oxide scale was evalu-
ated by the thickness of the inner oxide layer. As
shown in Fig. 4, the thickness of the inner oxide
layer of the GBE-treated samples is similar to or
thinner than that of the control samples even
though the SCW exposure time of the GBE-treated
samples was about twice that of the control samples.

The thinner inner oxide layer indicates that GBE-
treated samples experienced a slower oxidation rate
than control samples. Other oxides reported in the
literature [10,11] such as Cr,O; and Al,O; were
not observed in this study.

To further study the oxidation behavior difference
between control and GBE-treated samples in terms
of composition, crystal structure and texture, EDS
and EBSD were employed. Samples 3C and 4G are
used as examples here to illustrate the oxidation
behavior of control and GBE-treated samples,
respectively, because they have thick enough oxides
to be analyzed and similar SCW exposure times.
The EDS line-scan data along the cross-section of
the 3C and 4G samples are plotted in Fig. 5. The
major components (O, Fe, Ni and Cr) and minor
components (Al, Si and Ti) showed similar distribu-
tions in the oxide scale on the control and GBE-trea-
ted samples. As shown in Fig. 5, Fe was depleted in
the inner oxide layer and enriched in the outer oxide
layer. Ni and Cr were maintained in the inner oxide
layer and depleted in the outer oxide layer with a
small Ni-enrichment at the interface of the metal
substrate and the oxide layer. Thus, the outer and
inner oxide layers consisted of Fe-dominated oxide
and complex oxide, respectively.

For minor components, some Al and Si diffused
into the outer oxide layer, while Ti was not observed
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Fig. 5. EDS line-scan over cross-section of ~3-week SCW-exposed control (3C) and ~4-week SCW-exposed GBE-treated (4G) samples.

in the outer oxide layer. Even though the 3C and 4G
samples displayed similar constituent distribution,
the inner oxide layer of the 4G sample was thinner
than that of the 3C sample, which is consistent with
the cross-section SEI results shown in Fig. 4. Gener-
ally, the transport of diffusing species along grain
boundaries is much faster than through the grains.
Low energy boundaries reduce the magnitude of
grain boundary phenomena such as diffusion and
precipitation, because their atomic structure is
highly regular and/or coherent as compared with
random grain boundaries. Therefore, it would be
expected that the transport of diffusing species such
as Fe and O would be depressed in GBE-treated
samples with increased population of low energy
boundaries, which would result in a slower oxida-
tion rate (or thinner inner oxide layer).

EBSD scanning maps of samples 3C and 4G are
shown in Fig. 6(a) and (b), respectively. The crystal
structures of substrate and oxide on the control and
GBE-treated samples were identified as austenite,
magnetite/spinel (Fe;O4 structure), and hematite
(Fe,O5 structure). Magnetite and spinel are not dif-
ferentiated in EBSD analysis for simplification due

(c)

/
RD [100]

I Austenite (800H)
B Hematite

Magnetite/Spinel
I unindexed

Fig. 6. EBSD scanning map of (a) 3-week SCW-exposed control
(3C) and (b) 4-week SCW-exposed GBE-treated (4G) samples.
The specimen layout during EBSD analysis is schematically
shown in (c) with the direction of TD [010]and RD [100] parallel
to oxide growth and oxide surface, respectively.

to their almost identical crystallographic structure.
But they can be differentiated by the combination
of the EBSD and EDS results. Unindexed areas
are marked in black in Fig. 6. Some features in
the substrate and oxide scale are unindexed, which
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may be defects or minor phases not considered in
this analysis. The phase distribution throughout
the oxide layer structure is clearly presented in
Fig. 6. The outer oxide layer is composed of hema-
tite and magnetite. The inner oxide layer is a
mixture of austenite (substrate) and spinel. The
observed oxides, hematite, magnetite and spinel,
were also confirmed by X-ray diffraction, the details
of which are not included in this paper. The inter-
mixing between austenite and spinel in the inner
oxide layer on the 4G sample is stronger than that
on the 3C sample, which increases the adhesion
between substrate and oxide scale. It needs to be
noted that the smaller observed intermixing between
austenite and spinel observed in the inner oxide
layer on the control sample as shown in Fig. 6(a)
may also be due to the amount of austenite phase
being less than the resolution limit of the EBSD
technique. The formation of the fine intermixed
structure in the inner oxide layer needs to be further
investigated. In addition to the layer structure,
Fig. 6 also shows information on phase fraction
and oxide grain size. More hematite with relatively
smaller grain size was formed on the 4G sample
than that on 3C sample.

3.5. Oxide spallation

Gravimetry and optical topographical micros-
copy results showed that extensive oxide spallation

occurred on the control samples but not on the
GBE-treated samples. Oxide spallation is generally
caused by stress generation in an oxide scale. There
are generally two types of stresses in oxide scale:
growth stress (also called intrinsic stress) developed
during the oxidation process, and thermal stress
developed on cooling due to the different thermal
expansion between the oxide scale and the metal
substrate. Although the origin of the growth stress
is complex, it is strongly affected by the crystal
structures, the oxide/metal volume ratio (also called
Pilling-Bedworth ratio [18]), and the growth beha-
vior of the oxide.

Since the austenite substrate has the same FCC
structure as that of magnetite and spinel [19], and
because magnetite and hematite have a similar
Pilling-Bedworth ratio [20], the effect of crystal
structure and volume of oxide and metal on growth
stress is likely to be negligible. Therefore, for alloy
800H the growth stress is mainly affected by growth
behavior of the oxide. To understand the growth
behavior of the oxide, oxide texture was analyzed
based on the EBSD data. Inverse pole figures
(IPF) of magnetite and hematite on 3C and 4G sam-
ples, as shown in Fig. 7, were used as examples to
show the oxide texture for the control and GBE-
treated samples, respectively. According to the
specimen layout during EBSD analysis, which is
schematically shown in Fig. 6(c), the directions
parallel to the oxide growth and oxide surface are

3-week Control (3C) 4-week GBE-treated (4G)
TD [010Q] RD [100] TD [010] RD [100]
111 111 111 111
A max= 12411 \ \
Qo \ 8.157
3 ‘ o
\ 2315
g ‘ e =B
= I 0.657
001 101 001 101
max= 60.068
8 oo
“6 7.750
£ s
% — 0748
0.505 .
J 1210 310 L 1310 L —"1310
0710 o710 0710 0710

Fig. 7. Inverse pole figures (IPF) of magnetite and hematite in ~3-week SCW-exposed control (3C) and ~4-week SCW-exposed GBE-
treated (4G) samples along the direction parallel to oxide growth (TD [010]) and oxide surface (RD [100]). The contrast of the IPFs

indicates corresponding texture intensity scale as shown in the legend.
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defined as TD [010] (transverse direction) and RD
[100] (rolling direction), respectively. As shown in
Fig. 7, both magnetite and hematite have texture
on 3C and 4G samples along the TD [010] and
RD [100] directions. However, the oxide texture
intensity (defined as the ratio of measured intensity
to the intensity of a random orientation) on the 3C
sample is stronger than that on the 4G sample, as
can be noted on the corresponding texture intensity
scale bar.

The maximum texture intensities of magnetite
and hematite on the 3C and 4G samples along the
TD [010] and RD [100] directions are plotted in
Fig. 8 for comparison. The control sample (3C)
had stronger texture than the GBE-treated sample
(4G), and the hematite texture was greater than
the magnetite texture. For the 3C sample, the tex-
ture along the RD [100] direction was stronger than
that along the TD [010] direction, especially for
hematite texture in which the texture intensity along
RD [100] direction was about three times of that
along TD [010] direction. In contrast, the texture
intensity along the RD [100] and TD [010] direc-
tions for the 4G sample was similar. These results
indicate that the oxide formed in the 3C sample
was more anisotropic than that in the GBE-treated
4G sample.

It has been reported that anisotropic energy of
grain boundaries results in anisotropic texture
development [21,22]. In addition, grain boundary

60 | 3C (TD [010])
3C (RD [100])
G (TD [010])
G (RD [100])
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=
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Intensity
w
o
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(=]
T

Hematite

Magnetite

Fig. 8. Maximum texture intensity (defined as the ratio of
measured to random orientation) of magnetite and hematite on
3-week SCW-exposed control (3C) and 4-week exposed GBE-
treated (4G) samples along the direction parallel to oxide growth
(TD [010]) and oxide surface (RD [100]).

energy is related to growth stress (intrinsic stress)
[23]. It is suggested that the strong anisotropic oxide
texture, especially that of hematite as shown in
Fig. 8, developed on the control samples may aniso-
tropically increase the growth stress and thus
promote oxide scale cracking and spallation. GBE
tunes the grain boundary character distribution,
and thus the grain boundary energy distribution.
Grain boundaries with relatively isotropic energy
may be promoted after thermomechanical process-
ing, which results in an oxide growth favoring
improved spallation resistance. Therefore, the lower
level of oxide spallation that occurred on the GBE-
treated samples may be attributed to the relatively
isotropic oxide texture. Moreover, the smaller
hematite grain size on GBE-treated samples as
shown in Fig. 6 could alleviate growth stress
buildup [24] and thus benefit spallation resistance.

In addition to growth stress, thermal stress could
be also alleviated in GBE-treated samples. This is
because the thermal expansion of hematite is
approximately a linear function of temperature,
but the thermal expansion of magnetite is similar
to that of hematite as a function of temperature
up to ~300 °C and then increases with temperature
[25]. The thermal expansion difference between
hematite and magnetite at temperature above
~300 °C can be reduced by the higher hematite frac-
tion in the oxide on GBE-treated samples.

4. Conclusion

Grain boundary engineering (GBE) was applied
to INCOLOY alloy 800H by means of thermome-
chanical processing to improve protective oxidation
behavior. Control (annealed) and GBE-treated
alloy 800H samples were exposed in supercritical
water with 25 ppb dissolved oxygen at 500 °C and
25 MPa. Experimental results indicate that exten-
sive oxide spallation occurred on control samples
but not on GBE-treated samples. A dual-layer
structure of oxide scale formed on both control
and GBE-treated samples with the outer layer com-
posed of hematite and magnetite, and the inner
layer composed of a mixture of austenite (substrate)
and spinel. Relatively mild isotropic texture of
oxide, smaller hematite grain size, larger hematite
fraction in the oxide, and increased intermixing
between the substrate and spinel were observed in
GBE-treated samples by means of EBSD analyses.
All of these features are believed to be beneficial
for alleviating scale cracking and spallation. The
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protective oxidation behavior of GBE-treated sam-
ples represented by the improved spallation resis-
tance and slower oxidation rate is believed to be
attributable to the highly increased population of
low-X~ CSLBs.
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