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Abstract: The surface oxide scale formed on T91 steel after exposure to deaerated supercritical water (SCW) at
600 °C for 100-1500 h are characterized in detail to reveal the oxide evolution over time. A triplex structure with
outer, inner and internal oxide layers has been confirmed. The thickness of each oxide layer increases with the
exposure time following the power law kinetics. The different oxide phases in each oxide layer are the results of the
decreasing partial pressure of oxygen inwards the depth of oxide scale. The inner and internal oxide layers are not
uniform in Fe and Cr contents. The internal oxide layer consists of Cr-rich oxide precipitates surrounded by metal
matrix in the grain interior, which could be explained by the internal oxidation mechanism. After a further long-
time exposure, a continuous thin Cr-rich spinel oxide layer is formed at the internal oxide layer-metal matrix
interface, which is the result of transition from internal to external oxidation when the outward diffusion of Cr
exceeds the inward diffusion of oxygen. The inner oxide layer consists of Cr-rich spinel oxide precipitates
surrounded by Fe-rich spinel oxide. The formation of the inner oxide layer is the result of further oxidation of the

internal oxide layer where the metal matrix in the grain interior is oxidized into Fe-rich spinel.
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1 Introduction

The supercritical water (SCW) cooled reactor has been considered as one of the most promising Generation
IV nuclear reactors due to its high thermal efficiency and simplified design [1,2]. The outlet temperature in the
designed SCW reactors is in the range of 500 °C to 600 °C [2-4], and one of the largest challenges for commercial
use is the long-term performance of the cladding and structural materials at such high temperature [5]. Ferritic
martensitic (F-M) steels, such as T91, were selected as candidate fuel cladding and core structural materials in SCW
reactors because of their high radiation resistance, good high-temperature strength and creep resistance, high thermal
conductivity, and low susceptibility to stress corrosion cracking (SCC) [6-8]. Under SCW conditions, the resistance
to environmental degradation of structural materials depends critically on the formation and long-term stability of
protective surface oxide in contact with corrosive environments [9]. Regardless of the various advantages, the
common issue of F-M steels is the severe oxidation at elevated temperatures [10]. Therefore, the corrosion process
and related oxidation mechanisms under SCW condition must be fully understood in order to better evaluate and

control the in-service behavior of F-M steels.



The oxidation behavior of F-M steels at elevated temperatures has been widely studied, and the results obtained
in SCW are very similar to that in high-temperature steam, supercritical CO,, and liquid lead-bismuth eutectic (LBE)
[10-12]. The typical oxide shows a duplex structure consisting of a defective magnetite outer layer and a protective
spinel inner layer [13,14]. The outer oxide layer has been well known as Fe;O4 and the inner layer consists of
(Fe,Cr);04. Tracer studies have confirmed that the original metal surface corresponded to the outer-inner layer
interface [15-17]. That means the outer and inner oxide layers develop simultaneously, and the outer layer grows by
the outward diffusion of Fe cations, while the inner layer grows by the inward diffusion of oxygen [18-21].

In addition to the duplex oxide structure, an internal oxide layer beneath the inner oxide has been frequently
observed with selective oxidation along the grain/lath boundaries and nanometric Cr-rich oxide precipitates in the
grain interior [10,22-30]. The formation mechanism of the internal oxide layer is still unclear, and more efforts have
been made to reveal the evolution of the internal oxide layer in recent years. To date, the selective grain/lath
boundary oxidation is the results of preferential oxygen penetration along the grain/lath boundaries, where the Cr
carbides were firstly oxidized to form Cr-rich oxides [24-26,28,31-33]. In comparison, there are debates on the
formation of the nanometric Cr-rich oxide precipitates in the grain interior. Bischoff et al. [33] attributed the
formation of nanometric Cr-rich oxide precipitates to the prior oxidation of Cr when the oxygen diffused inside the
grains because of the negligible oxygen solubility in iron and high oxygen affinity of Cr. While Ye [10] proposed
“internal oxidation” to explain the formation of nanometric Cr-rich oxide precipitates, where the presence of oxygen
induces the short-range diffusion of Cr at the nanoscale to promote the formation of nano-clusters enriched in Cr
[34,35]. The internal oxide layer locates at the metal-inner oxide layer interface and is the origin of the inner oxide
layer, which makes it more critical in understanding the oxidation mechanisms. Therefore, further studies are needed
to reveal the formation and evolution process of the internal oxide layer, especially the presence of the nanometric
Cr-rich oxide precipitates inside the grains.

Except for the various explanation on the formation of the internal oxide layer, a continuous thin Cr-rich oxide
layer is sometimes observed at the metal-internal oxide layer interface [26,28,33], which has not received enough
attention. Bischoff [33] observed a thin Cr,0Os5 layer at the metal-oxide interface in 9Cr oxide dispersion strengthened
(ODS) steel and HCM12A steel after 4 weeks exposure to SCW at 500 and 600 °C, but this thin Cr,0j3 layer did not
show up after 2 weeks exposure in the 9Cr ODS steel. In comparison, Ye [10] observed a Cr-depletion zone instead
of a Cr-rich oxide layer at the metal-oxide interface of T91 in LBE, and attributed it to the micron-scale diffusion
of Cr from the matrix into the internal oxide layer. The occurrence of the thin Cr-rich oxide layer seems to depend
on the environmental parameters, as well as exposure times. To date, the formation of this thin Cr-rich oxide layer
at the oxidation front has not been studied either experimentally or theoretically. It is well known that Cr-rich oxide
is more protective than Fe-rich oxide [33], and could play a key role in determining the oxidation process of F-M
steels. Thus, more works are needed to study the initiation and evolution mechanisms of the Cr-rich oxide layer at
the metal-internal oxide layer interface.

To date, various oxidation mechanisms and models have been proposed to interpret the formation and evolution
of the surface oxide for F-M steels in different environments. The “available space model”, which was firstly
proposed by Bruckman and Romanski in 1965 [18], has been recognized as the most successful one. This model
considers the outer-inner oxide layer interface as the original metal surface. The outer and inner oxide layers grow
simultaneously due to the outward diffusion of Fe and inward diffusion of oxygen. The outward diffusion of Fe is
considered as the rate-limiting factor for the overall oxidation process, which leaves behind vacancies and pores at
the metal-oxide interface. These vacancies and pores would finally condense into voids, also called “available
space”, and act as nano/micro-channels to permit the inward diffusion of oxidants. Although the widely accepted
“available space model” [18-21] well predicts the oxidation kinetics, and gives rational explanations for the
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observed oxide structures in the macro-scale, the in-depth micro-scale or nano-scale oxide evolution, especially the
oxide transformation between different oxide layers, is still unclear and under debates. To clarify the oxidation
mechanism in SCW, the surface oxides of T91 with different exposure times in 600 °C deaerated SCW were

carefully characterized by various advanced characterization techniques in this work.

2. Experimental

The material used in this study is T91 steel with the chemical composition of 0.092 C, 0.45 Mn, 0.012 P, 0.002
S, 0.25 Si, 0.23 Ni, 8.93 Cr, 0.82 Mo, 0.18 Cu, 0.21V, 0.048 N (wt. %). Rectangular specimens (15 x 10 x 2 mmS)
were machined from the as-received plate material, followed by surface polishing up to 1.0 um diamond suspension
solution. The dimension and weight of each specimen were measured prior to the SCW exposure.

Corrosion test was carried out in an SCW environment at 600 °C with the pressure of 25 MPa. An argon
deaerated pure water was maintained by a circulating water loop at a water flow rate of 2-3 L/h. The continuously
monitored conductivity and dissolved oxygen at the outlet of the water loop showed values below 0.2 uS/cm and
10 ppb, respectively. More details about the testing system can be found in [36-41]. The corrosion test was
interrupted after 100 h and 600 h to remove several specimens from the autoclave, and the whole test was terminated
after 1500 h exposure.

After the test, the weights of the specimens with different exposure times were measured, and the surface oxide
was carefully characterized. Specifically, the weight was measured by a Mettler Toledo AL104 Analytical Balance
with the resolution of 0.1 mg. The morphology, element distribution, and phases of the cross-sectional surface oxide
were characterized by a Zeiss Field Emission Gun (FEG) Scanning Electron Microscope (SEM) equipped with
Oxford Instruments X-max 150 Energy Dispersive X-ray (EDX) detector and NordlysMax 3 Electron Backscattered
Diffraction (EBSD) detector systems. Transmission Electron Microscope (TEM) lift-outs were prepared and further
thinned by a dual beam Zeiss NVision 40 Focused Ion Beam (FIB). High-resolution Transmission Kikuchi
Diffraction (TKD) and Analytical TEM (ATEM) analyses on the TEM foils were conducted by a Zeiss Merlin FEG-
SEM equipped with an Optimus TKD detector and an aberration-corrected JEOL ARM200F equipped with a

Quantum Gatan image filter spectrometer, respectively.

3. Results

3.1 Microscale analysis: EDX and EBSD characterization

After exposure to 600 °C SCW for 1500 h, the sample developed a triplex surface oxide scale (Fig. 1): a
continuous outer oxide layer with high density defects (voids and cracks), underneath which is a relatively dense
inner oxide layer followed by an internal oxide layer (also referred to as diffusion layer [26,33,36] or transition layer
[2,28] in literature) closest to the metal matrix. The SEM-EDX results in Figs. 1c-e show that the outer oxide layer
is made of Fe-rich oxide. The inner oxide layer is enriched in Fe and Cr, which could be Fe-Cr spinel. Compared
with the inner oxide layer, the internal oxide layer contains much less O and more Fe. The O distribution (Fig. 1¢)
is not uniform in the internal oxide layer with some precipitates enriched in O. Similar triplex oxide structure has
been observed in F-M steels after exposure to SCW, supercritical CO,, liquid LBE, and high-temperature water
vapor [10-12], but the morphology and thickness of the oxide layers varied from study to study, depending on the

testing parameters and exposure times.
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Fig. 1. Cross-sectional SEM-EDX elemental distribution maps of the surface oxide film on T91 exposed to SCW
for 1500 h at 600 °C. (a) SEM image, (b) Fe, Cr, O overlapping image showing the triplex oxide structure, and (c-
e) O, Cr and Fe elemental maps of the surface oxide.

Fig. 2 shows the SEM-EBSD results of the cross-sectional oxide scale on T91 after exposure to SCW for 1500
h at 600 °C. The pattern quality and inverse pole figure (IPF) images clearly distinguish the triplex oxide with face
centered cubic (FCC) structure from the metal matrix with body centered cubic (BCC) structure. The EBSD images
also reveal the grain morphology in each oxide layer. The outer oxide layer shows large columnar grains parallel to
the growth direction of the surface oxide scale. The grain size is smaller near the inner-outer layer interface, while
it is larger and more uniform near the oxide-water interface. The outer oxide layer also shows a high density of
voids and large cracks (see Figs. l1a and 2a), which agrees well with the observed surface cracks as marked in
Supplementary Fig. 1.

The inner and internal oxide layers show much smaller grain size than the outer oxide layer and matrix. The
inner oxide layer is believed to consist of Fe-Cr spinel, while there is debate on the structure of the internal oxide
layer. Several studies showed that oxygen diffused along the grain/lath boundaries and mainly oxidized the carbides,
and the grain interior remained as matrix in the internal oxide layer [23,26]. Additionally, some other work [10,26,33]
also revealed nanometric Cr-rich oxide precipitates inside the grain interior in the internal oxide layer. The structure
of the internal oxide layer is more complex than the inner and outer oxide layers, thus further high-resolution TEM
characterization of the internal oxide layer were conducted and will be given below to reveal the detailed oxide
structures.

The cross-sectional SEM-EDX and EBSD results of the surface oxide after exposure in SCW for 100 h and
600 h are shown in Supplementary Figs. 2 and 3. Regardless of the exposure time, all the oxide films show similar
triplex structure, but with different oxide thickness. Each oxide layer grows thicker simultaneeusty-with the longer
exposure time. Despite the large defects in the outer oxide layer, considerable porosity in the inner oxide has also

been revealed, which decreases with increasing exposure time. This densification of the inner oxide layer with
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increasing exposure time could be explained by the “available space model” [18-21]. At the beginning of the
oxidation process, the outward Fe diffusion leaves abundant vacancies and voids behind, also called as “available
space”. With increasing exposure time, the oxidant diffuses inward to form new oxide in this “available space”, thus
decreases the porosity of the inner oxide layer.

o _6W°C-1500h M

Matrix

Internal oxide layer

Inner oxide layer

Outer oxide layer

Fig. 2. Cross-sectional SEM-EBSD images of the surface oxide film on T91 exposed to SCW for 1500 h at 600
°C. (a) SEM image, (b) pattern quality image, and (c-¢) IPF images of the surface oxide.

3.2 Surface oxide scale after different exposure times

Figs. 3a-c compares the SEM-EDX line-scan results across the surface oxide with different exposure times. The
thicknesses of different oxide layers are summarized in Table 1. The composition profiles show that the oxygen
content remains nearly constant in the outer and inner oxide layers. The outer oxide layer is predominantly Fe oxide
with an O/Fe ratio of ~1.31, corresponding to the composition of magnetite Fe;O4. The inner oxide layer shows a
similar oxygen-metal (O/M) ratio, confirming the oxide structure of Fe-Cr spinel (Fe,Cr);04. The internal oxide
layer shows gradients of Fe and O with high undulations. The relative Cr contents in inner and internal oxide layers
are close to the bulk metal value, which means that the diffusion of Cr across the oxide is negligible. Several peaks
in Cr content are observed in the oxide and matrix, and it is supposed to come from the Cr-rich carbides along the
grain/lath boundaries.

It has been widely accepted that the outer-inner oxide interface corresponds to the original metal surface, and
the outward diffusion of Fe is oxidized to form the outer oxide layer [15-21]. The outward diffusion of Fe is believed
to originate from the internal oxide layer rather than the inner oxide layer or matrix, since the concentration gradient
of Fe is only observed in the internal oxide layer. According to the “available space model”, when Fe diffuses out
and leaves abundant vacancies behind, the oxidant diffuses inward to the metal-oxide interface to form new oxide
in this “available space”. It suggests that the growth rates of the outer and inner oxide are the same, which agrees
well with the relatively constant thickness ratio of the inner to outer oxide layers (Table 1). The slightly lower ratio
for 1500 h (0.61) might be related to the denser inner oxide with a longer exposure time.

Fig. 3d shows the weight change and oxide thickness change as a function of exposure time. The growth
exponent of weight gain is ~0.4, indicating that the oxidation follows a growth behavior in between parabolic and
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cubic growth kinetics models [42]. Although the thickness of each oxide layer is different, similar oxide growth
behavior is identified with the growth exponent of 0.35-0.48. This further confirms that the oxidation in the three
oxide layers eeeurs—simultaneeusly—keeps increasing with increasing exposure time, contributing to the overall
growth of the surface oxide. This is also evident in the proportional correlation between the weight gain and the
thickness of each oxide layer as shown in Fig. 3e.

The widely accepted oxidation model of F-M steels is the “available space model” [18-21], which believes that
the outward diffusion of Fe and inward diffusion of O are the evolution process of oxide growth. The relatively
constant Fe and O contents indicate that the diffusion of Fe and O is not limited in the inner and outer oxide layers,
while the gradients of Fe and O in the internal oxide layer show that the internal oxide layer is crucial for the
diffusion of Fe and O. That means the internal oxide layer should be the regulation of the overall oxide growth
during high-temperature oxidation process for T91. Thus, detailed characterization of the internal oxide layer is

carried out in the following sections.

600°C - 1500h

600°C - 100h 600°C - 600h
(@) ) © .
2 ) Vog
gy ¢
S S > i
& & & £
S S $ &
S § 8§ S

T ‘
= |

I
! WL;.*'.M

Mfwﬁm‘ el

|
it

i
o sifio i

e It

60 80 20

40
Distance (pm)

60
Distance (um)

20 100 120 140

60 80
Distance (pm)

(d) 0 T91 in 600°C/25MPa SCW with Oppb DO 12 (e) 60 T91 in 600°C/25MPa SCW with Oppb DO
—DO—Weight gai!1 Y = 55.12x0-394 B Internal oxide
50 —&— Internal lede R2=0.997 110 ® Inner oxide

—@—Inner oxide 507 A Outer oxide
—A— Outer oxide / ‘ E

= Y =222x &

E 40 o RP<0 {08 E 340

2 )

@ = 8

2 30 / Jos £ ¢ 30

X a [ ﬁ

5 Y =2.19x0358 o 2

L - -

£ 5] / R=099 1o, £ 2

2 g 32

= S

O 10 Y=0.45x0475-+0.2 10 (]

R2=10.970
0 0 T

(=]

Fig. 3. Cross-sectional SEM-EDX line scanning results of the surface oxide film on T91 exposed to SCW for (a)
100 h, (b) 600 h and (c) 1500 h at 600 °C; (d) the oxide thickness and weight gain as a function of exposure time;
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(e) the oxide thickness as a function of weight gain in each oxide layer.

Table 1 Summary of the oxide features of T91 with different exposure times

Oxide thickness (um) O/M ratio *
Exposure time Inner/Outer thickness
Outer Inner Internal Total Outer Inner
100 h 16.0 11.1 4.5 31.6 1.31 1.26 0.69
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600 h 323 222 8.6 63.1 1.31 1.29 0.69

1500 h 48.8 29.8 14.7 933 1.32 1.31 0.61

* Atom ratio, M = Fe + Cr

3.3 Nanoscale analysis: ATEM and TKD characterization

Although the internal oxide layer has been observed by many studies [10,22-30], its effect on the oxidation
process has not been well understood. To reveal the microstructure evolution of the internal oxide layer during the
exposure, two TEM foils were lifted out at the inner-internal oxide layers and internal oxide layer-matrix interfaces
after exposure for 1500 h. The locations of the TEM foils are indicated in Fig. 4. The characterization results
obtained from these two foils are believed to help to understand the transformation of matrix to internal oxide layer

and internal to inner oxide layers, thus revealing the oxidation process.
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Fig. 5 shows the TEM high angle annular dark field (HAADF) images at the matrix-internal oxide layer
interface in TEM foil #1. It is very clear that the internal oxide layer has not been fully oxidized and nano-metric to
sub-micron oxide precipitates are observed, which agrees well with the non-uniform O distribution in the SEM-
EDX results (Fig. 1c). Large oxide precipitates seem to locate along the grain/lath boundaries, while small oxide
precipitates tend to form in the grain interior. This oxide precipitation morphology in the internal oxide layer has
also been observed in HCM12A steel exposed to 600 °C SCW [26], and in T91 steel after exposure in 550 °C liquid
LBE [10]. Moreover, a continuous thin oxide layer is identified in front of the internal oxide layer with the thickness
of about a half micrometer. This layer has also been reported in [26,28,33], but it did not receive enough description
and discussion. Further electron energy loss spectroscopy (EELS) analysis in Fig. 6 confirms that the oxide
precipitates in the internal oxide layer and the continuous thin oxide layer are enriched with Cr, which are believed
to be Cr-rich spinel oxide. The rest part in the internal oxide layer is pure matrix without being oxidized. To confirm
this hypothesis, high-resolution TKD technique was utilized to reveal the grain and phase distributions at the metal-
oxide interface, and the results are shown in Fig. 7. The non-oxidized region in the internal oxide layer is identified
to have a BCC structure, which is the same with the unaffected metal matrix. The oxide precipitates in the internal
oxide layer and the continuous thin Cr-rich oxide layer have an FCC spinel structure. The IPF images show that the
oxide is randomly oriented without specific orientation. In summary, the internal oxide layer is confirmed to consist
of a mixture of Cr-rich spinel oxide precipitates and metal matrix. Both the continuous thin Cr-rich oxide layer at
the internal oxide layer front and Cr-rich oxide precipitates are revealed to have an FCC Fe-Cr spinel structure,
instead of hexagonal close packed structure (Cr,03).

Similar morphology of the internal oxide layer after 100 h exposure is also observed by HAADF (see
7



Supplementary Fig. 4). However, the continuous Cr-rich oxide layer beneath the internal oxide layer after 1500 h
exposure in Fig. 5 is very unique, and did not show up in the sample with 100 h exposure (see Supplementary Fig.

4a). It seems that the exposure time has a critical effect on the formation of this continuous Cr-rich oxide layer,

which will be discussed later.

Fig. 5 (a) TEM foil #1 and (b) TEM HAADF image at the matrix-internal oxide layer interface of T91 after
exposure in SCW at 600 °C for 1500 h.

Fig. 6 EELS analysis results (a) at the matrix-internal oxide layer interface, (b) in the internal oxide layer of T91
after exposure in SCW at 600 °C for 1500 h.
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Fig. 7 TKD analysis results at the matrix-internal oxide layer interface of T91 after exposure in SCW at 600 °C for
1500 h. (a) SEM image, (b) pattern quality map, (c¢) phase map and (d-f) IPF maps.

Fig. 8 shows the HAADF images at the internal-inner oxide layers interface of TEM foil #2. There is a high
density of defects (voids and micro-cracks) at the interface between the inner and internal oxide layers as shown in
Fig. 8b. These defects are also observed for all the specimens with the exposure time of 100 h, 600 h and 1500 h as
shown in the SEM images, thus they were not caused by the milling or thinning during the preparation of TEM
samples by FIB. Distinct defects have also been revealed at the inner-internal oxide layer interface on P92 exposed
in SCW for 1000 h at 550 °C and for 600 h and 1000 h at 600 °C [22]. The authors believed that the formation of
these defects is related to the internal stress within the oxide, which originates from the oxide growth during the test
and the thermal stress during the process of specimen cooling. Also, a high density of defects in the inner oxide
layer has also been revealed after 100 h exposure as shown in Fig. 3a and Supplementary Fig. 2a. It seems that these
defects originated at the inner-internal interface due to outward Fe diffusion, and transformed into defective inner
oxide layer. With increasing exposure time, the density of defects in the inner layer decreases (Figs. 3a-c) because
new Fe-rich oxides continue to form inside these defects.

Fig. 8a shows the internal oxide layer morphology adjacent to the internal-inner oxide layers interface.
Oxidation along the grain/lath boundaries as well as oxide precipitates in the grain interior are observed. The
grain/lath boundary oxidation is more pronounced than that near the metal-internal oxide layer interface (Fig. 5b).
The grain/lath boundary oxidation in the internal oxide layer has also been revealed in previous research [10,22-30],
which is believed to be the result of enhanced oxidant diffusion along the grain/lath boundaries. Comparing with
the partially oxidized internal oxide layer, the inner oxide layer is 100% oxidized, as shown in Fig. 8c. However,
the oxide in the inner oxide layer is not very uniform with different contrast. There seems to be more than one type
of oxide in the inner oxide layer. To confirm this, EELS and TKD analysis were carried out at the internal-inner
oxide layer interface.
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Fig. 8 TEM HAADF images at the internal-inner oxide layer interface of T91 after exposure in SCW at 600 °C for

1500 h.

Fig. 9 shows the EELS images around the internal-inner oxide layers interface. Part of the region in the internal
oxide layer is enriched with Fe, and remains un-oxidized as matrix (Fig. 9a). Although the inner oxide layer has
been fully oxidized as indicated by the O distribution in Fig. 9b, Cr-rich oxide precipitates are still observed in this
layer. The rest part in the inner oxide layer is enriched in Fe and nearly exhausted in Cr. Consequently, the inner
oxide layer consists of Cr-rich oxide precipitates surrounded by Fe-rich oxide. Since the morphology and
distribution of the Cr-rich oxide precipitates in the inner oxide layer is very similar to that in the internal oxide layer,
it is sensible to postulate that the inner oxide layer is developed from the internal oxide layer when more O diffuses
into it and further oxidize the matrix into Fe-rich oxide.

Fig. 10 shows the TKD results at the internal-inner oxide layer interface. The non-oxidized region in the
internal oxide layer is identified as BCC metal matrix, while all the other parts in the inner and internal oxide layers
shows an FCC spinel structure (Fig. 10c). In the internal oxide layer, the original grain boundaries are preferentially
oxidized and decorated by the continuous oxide lathes. Small oxide precipitates are observed within the grains.
Although the inner oxide layer consists of two kinds of oxide enriched in Fe or Cr (Fig. 9b), both the Cr-rich and
Fe-rich oxides show an FCC spinel structure of (Fe,Cr);04 (Fig. 10c¢).
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Fig. 9 EELS analysis results (a) in the internal oxide layer, (b) in the inner oxide layer at the internal-inner oxide
layer interface of T91 after exposure in SCW at 600 °C for 1500 h.

TEM foil #2

Fig. 10 TKD images at the internal-inner oxide layer interface of T91 after exposure in SCW at 600 °C for 1500 h.
(a) SEM image, (b) pattern quality map, (c) phase map and (d-f) IPF maps.
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4. Discussion

4.1 The evolution of oxide over exposure time

The oxide structure of T91 steel in 600 °C SCW exhibits very limited microstructural variations with different
exposure times, but mainly shows the increases in weight gain and oxide thickness. The weight gain as a function
of time follows a power law with the time exponent of 0.394 (Fig. 3d), which deviates from the expected parabolic
kinetics with the time exponent of 0.5. Most of the literature data also show lower time exponents in the range of
0.29-0.45 [7], and this deviation from the theoretical parabolic law is believed to be caused by the inhomogeneous
surface oxide structure [7,43-45]. Theoretically, the parabolic law is derived from the transport of either vacancies
or interstitials of ions through a uniform oxide film [7]. However, the oxide film consists of defects, such as voids
and cracks (Figs. 1 and 2), and the density of defects also changes with exposure time. These defects act as short-
circuit paths for diffusion of ions, thus increase the effective diffusivity and affect the time dependence of oxidation
behavior.

In addition to the triplex oxide layers, a continuous thin Cr-rich oxide layer is observed just at the matrix-
internal oxide layer interface after 1500 h exposure (Fig. 5), but it is not observed in the specimen with the exposure
times of 100 h (Supplementary Fig. 4). The EELS and TKD results (Fig. 6 and Fig. 7) confirmed that this Cr-rich
oxide layer has a FCC spinel structure ((Fe,Cr);04), and is enriched in Cr and depleted in Fe. The main difference
between the oxide films with different exposure times is the oxide thickness, which could affect the inward diffusion
of oxidant and outward diffusion of Fe. For the specimen with a longer exposure time (such as 1500 h), the oxide
film grew thicker to highly slow down the inward diffusion of oxidant, resulting in a very low corrosion potential
at the metal-oxide interface. It is reported that Cr is more active than Fe to react with oxygen to form oxide [33].
Thus, mainly Cr and much less Fe was oxidized at such low corrosion potential to form the continuous Cr-rich
spinel oxide layer at the metal-oxide interface. In comparison, the oxide film with the exposure time of 100 h is
about three times thinner, and the inward diffusion of oxidant creates a high corrosion potential at the metal-oxide
interface that could oxidize both Cr and Fe to form the internal oxide layer. Further discussion on the formation of
the internal oxide layer and the continuous Cr-rich oxide layer at the metal-oxide interface will be given in the
following sections.

4.2 Dependence of oxide phases on the partial pressure of oxygen

According to the SEM and TEM results, the surface oxide film formed on T91 steel after exposure in 600 °C
SCW for 1500 h has a triplex structure as well as a thin continuous Cr-rich spinel oxide layer at the matrix-internal
oxide layer interface. Different oxide layers show different oxide structures and morphologies. In contrast to the
well-understood outer and inner oxide layers, the formation and evolution of the internal oxide layer, especially the
continuous Cr-rich oxide layer has not been fully studied experimentally or theoretically.

At thermodynamic equilibrium, the formation of oxide phases depends on the partial pressure of oxygen [7].
The oxide phases can be predicted when the oxygen partial pressure (PO,) is given. Fig. 11 shows the calculated
PO, as a function of metal oxide composition in a Fe-Cr-O system at 600 °C using the FactSageEdu program [46].
At high PO, (>10™"" atm), the stable oxide of corundum (M,03) will form, which agrees well with the observed
Fe,03; in the outer oxide of F-M steels in oxygenated SCW [2,11]. As the PO, drops to a lower level, such as in
deaerated SCW, M304 will form. In the current study, the PO; in the bulk deaerated water should be at the levels
between 102 —10" atm, thus magnetite (Fe;04) was formed in the outer oxide layer. Due to the inhibition effect

of oxide layers, the PO, at the oxide-metal interface is very low at the beginning of the test (10'32 — 107

atm),
and an internal oxide layer with spinel precipitates (M304, with M = Fe + Cr) tends to form. As the exposure time

increases, the PO, in front of the internal oxide layer further drops to 10°°—107* atm due to the diffusion barriers
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of thicker oxide layers, and a continuous Cr-rich spinel oxide layer forms at the matrix-internal oxide layer interface.
The internal layer will be further oxidized and transform into an inner layer with (Fe,Cr);O4 since the PO, is higher
between outer and internal layers. whileEe;-CrspinelH(Fe;Cr);0.) wasformed-in-the inneroxidelayer-As-the-oxide
gfewﬁhiekekehePQQﬂ%hﬁm%&Leﬂdeﬂﬁeffaee%eﬁ&mwﬁefkeﬁmﬁmveﬂa% — 10 ﬁmg_aﬂd_teﬁds
toformaninternal-oxidelayer-with-spineHM3 O with M—Fe 4+ Cr) preeipitates-Asthe-expesure-time-inereases;
%he—P@;m—freﬁFeﬁfhe—ﬂ%em&Peﬂde—Layer—f&Pﬂ&er—e&epps—te% — 1072 atm-due-to-the-diffusion barriers-of thicker

ace: These
predicted oxide phases agree well with the observed oxide layers in this study, and are indicated in Fig. 11 for better

comparison.

Except for the defective outer oxide layer, all the other oxide layers seem to serve as protective barriers to slow
down the inwards diffusion of oxygen. As the diffusivity of oxygen decreases over the depth of surface oxide, the
PO, also decreases, resulting in the formation of different oxide phases. Although the high density defects in the
oxide and the grain/lath boundaries are fast diffusion channels for oxygen, they will not change the decreasing PO,
over depth of the oxide. It should be noted that the PO, only determines the phase of formed oxide, but does not
reflect the oxidation rate, nor the transformation process between different oxide layers. The formation and evolution
of the oxide layers, especially the internal oxide layer and the continuous Cr-rich oxide layer, are discussed in the

following sections.
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Fig. 11 Calculated oxygen partial pressure versus composition diagram of the Fe-Cr-O ternary system at 600 °C
using the FactSageEdu program [46]. M represents Fe+Cr.

4.3 Evolution of the internal oxide layer

In literature, the inner oxide layer has been widely studied, and is mostly described as Fe-Cr spinel (Fe;_,Cr,O4
with x between 0.6 and 0.8) [47-50]. However, the high-resolution EELS results (Fig. 9) confirmed two kinds of
oxide with Fe-Cr separation, one of which is Cr-rich oxide precipitate. TEM analysis of the inner oxide layer in
HCMI12A steel after exposed in 600 °C SCW for 2 weeks also showed inhomogeneous Fe and Cr distributions with
nanometric separation of Cr and Fe [26]. Thus, attempts to obtain a single x value in the stoichiometry of Fe; xCr,O4
are meaningless in the inner and internal oxide layers. Since the formation of the inner oxide layer is the result of

further oxidation of the internal oxide layer, it is more reasonable to understand the evolution of the internal oxide
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layer in order to explain the formation of Cr-rich oxide precipitates.

Despite the results in this study, TEM results of the internal oxide layer in literatures [10,26,33] also revealed
the presence of Cr-rich oxide precipitates for F-M steels. An internal layer containing a mixture of oxide precipitates
and metal grains was reported for HCM12A steel at 600 °C [51]. Bischoff [26,33] also observed the nanometric Cr-
rich spinel oxides in the internal oxide layer in 9-12% Cr F-M steels. The formation of Cr-rich oxide precipitates
along the grain/lath boundaries is expected because the grain/lath boundaries are fast diffusion channels for oxygen
where Cr-carbides are present [52]. But the formation of nanometric Cr-rich precipitates inside the grain interior
(Figs. 5-7) has not been well explained. Bischoof [26,33] proposed that Fe-Cr segregation would occur once the
oxygen diffuses into the grain interior in the internal oxide layer due to the negligible solubility of oxygen in Fe,
following by the formation of FeCr,O4 precipitates within the metal. Ye [10] proposed internal oxidation as the
feasible explanation, in which the diffusion of oxygen into an alloy caused sub-surface precipitation of Cr-rich
oxides in an Fe-Cr alloy. An essential condition for the occurrence of internal oxidation is that the Cr concentration
is lower than a critical value below which the outward diffusion of Cr is lower than the inward diffusion of oxygen
to prevent the establishment of an external continuous scale of oxide [10,53]. The explanations by Bischoof [26,33]
and Ye [10] are very similar, and are based on the assumption of negligible Cr diffusion that the inward diffusion of
oxygen is faster than the outward diffusion of Cr in the matrix. This is true at the beginning of the test when the
inward diffusion of oxygen is fast due to the thin oxide layers. At this time, the internal oxidation could readily
occur at the front of the oxide in the grain interior, and well explains the formation of Cr-rich oxide precipitates.
Thus, the development and advancement of internal oxide layer at the early stage are contributed by the oxidation
of grain/lath boundaries and the formation of Cr-rich oxide precipitates in the grain interior.

4.4 Transition from internal to external oxidation

However, a continuous thin Cr-rich spinel oxide layer formed at the front of the matrix-internal oxide layer
interface after 1500 h exposure, which did not show up after 100 h exposure. Different from the discrete Cr-rich
oxide precipitates formed in the inner and internal oxide layers which are the results of internal oxidation as
discussed above, this continuous Cr-rich oxide layer is the obvious evidence of external oxidation. According to the
high-temperature oxidation theory [10], the transition from internal to external oxidation would readily occur when
the outward diffusion of alloy element exceeds the inward diffusion of oxygen. As the oxide thickness grows with
exposure time, both the oxygen concentration and diffusion rate decrease dramatically over the oxide depth due to
the impediment effect. In comparison, the nano-scale Cr diffusion rate in the grain interior remains unchanged due
to the constant Cr concentration. Once the oxygen diffusion rate into the grain interior decreases to a certain value
that is lower than the nano-scale diffusion rate of Cr, the internal oxidation would be interrupted, and a continuous
Cr-rich oxide would form eventually at the matrix-internal oxide layer interface [10].

The above discussion demonstrated the internal oxidation process at the early stage, and the transition from
internal to external oxidation after a long-time exposure. To better understand this phenomenon, the diffusion rate
ratio of O and Cr over the depth of oxide when a thick oxide is established after a long-time exposure is illustrated
in Fig. 12. Due to the high-density defects in the outer oxide layer, the diffusion rate of oxygen (Do) is supposed to
remain almost unchanged across the outer oxide layer. As the oxygen diffuses into the inner and internal oxide
layers, the Do drops dramatically due to the impediment effect of oxides. When the Do drops to a critical value
below which the inward diffusion of oxygen is slower than the outward diffusion of Cr, the internal oxidation will
be interrupted to form a continuous Cr-rich oxide layer at the front of the metal-oxide interface.
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Fig. 12. Illustration of the diffusion rate ratio (O over Cr) across the depth of a thick oxide showing the transition

from internal to external oxidation.

The Cr-rich oxide precipitates in the internal oxide layer have been reported by several studies for F-M steels
in supercritical water/steam and in liquid PBE [10,22-30], but the continuous Cr-rich oxide layer at the metal-oxide
interface was rarely observed. Part of the reason is that the continuous Cr-rich oxide layer was too thin to be observed
by SEM imaging, and most of the literature work did not conducted high-resolution TEM work to reveal the
presence of this continuous Cr-rich oxide layer. The other main reason is that this continuous Cr-rich oxide layer
would not always form, and only develop under some certain circumstances. Table 2 summarizes the oxidation
phenomena for some F-M steels under various conditions. Some studies [26,28,33,54], including the current work,
observed the continuous Cr-rich oxide layer at the matrix-internal oxide layer interface for the same alloy only under
some certain circumstances. It seems that the occurrence of this continuous Cr-rich oxide layer depends on the
testing parameters, oxidation time, and Cr content. Results in Table 2 show that F-M steels with higher Cr content
exposed at higher temperature for a longer exposure time with less dissolved oxygen tended to form the continuous
Cr-rich oxide layer at the matrix-internal oxide layer interface.

As discussed above, the continuous Cr-rich oxide layer would readily occur when the inward diffusion of
oxygen decreases to a certain value that is lower than the outward diffusion of Cr where the transition from internal
to external oxidation occurs. The inward diffusion of oxygen is affected by the oxygen concentration in the bulk
environment, the environmental temperature, and the oxide thickness. In the environment with a high oxygen
concentration and at a high temperature, the inwards oxygen diffusion will be fast to establish the internal oxidation
at the front of the oxide. In comparison, the transition from internal to external oxidation occurs when the inward
diffusion of oxygen is slowed down to a very low value at the metal-oxide interface after a long-time exposure. That
means the Cr-rich oxide precipitates in the internal oxide layer induced by the internal oxidation will always occur
at the early stage of oxidation, while the continuous Cr-rich oxide layer at the oxidation front may form later
depending on the testing parameters and oxidation time.

The other method to facilitate the formation of the continuous Cr-rich oxide layer is to increase the Cr content
of the alloy. Meier and Jung [54] studied the required Cr content to form a continuous external Cr-rich oxide layer
on a simple binary Fe-Cr alloy based on experiments and calculations using the classic Wagner model. After
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exposure in Ar-20%H;0 at 650 °C for 96 h, a thin Cr,0; layer was formed in Fe-22Cr alloy, but not in Fe-10Cr or
Fe-13Cr alloys. It was found that the critical Cr concentration for continuous Cr-rich oxide layer formation in this
temperature is ~16 wt% in water vapor, and 10 wt% in dry air. However, their work only considered the effect of
Cr content on the outward diffusion of Cr, and ignored the effect of environmental parameters, such as temperature
and dissolved oxygen. After all, the formation of the continuous Cr-rich oxide layer at the metal-oxide interface is
more complex than the other oxide layers and is affected by various factors, which still needs further investigation.

Table 2 Summary of the oxidation phenomena for F-M alloys under various conditions

Cr o Observation of the
Alloy content Environment Temperature Oxtliclligon g?(ril(tllen;f glse(f;:rtl;l}} Ref.
oxide interface?
8.93% Argon This
T91 600 °C 100 h No
deaerated SCW study
8.93% Argon This
T91 600 °C 1500 h Yes
deaerated SCW study
10.83% SCW with
HCMI2A 500 °C 2-6 weeks No [33]
10~20 ppb DO
HCMI2A 10.83% SCW with
600 °C 2 weeks No [33]
10~20 ppb DO
HCMI2A 10.83% SCW with
600 °C 4-6 weeks Yes [26,33]
10~20 ppb DO
P92 8.63% deaerated SCW 560-600 °C 400 h No [28]
P92 8.63% deaerated SCW 620-650 °C 400 h Yes [28]
Fe-10Cr 10.0% Ar-20%H,0 650 °C 96 h No [54]
Fe-13.5Cr 13.5% Ar-20%H,0 650 °C 96 h No [54]
Fe-22Cr 22.0% Ar-20%H,0 650 °C 96 h Yes [54]

4.5 Regulation of the oxidation rate

The surface oxide of T91 shows a triplex structure, and not all the oxide layers have protective effect to
determine/control the oxidation rate. The outer oxide layer shows high density of defects with almost no protective
effect for the ion diffusion. The inner and internal oxide layers are denser to slow down the diffusion of Fe and
oxidant. The main difference between the inner and internal oxide layers is that the un-oxidized matrix in the internal
oxide layer is further oxidized into Fe-rich oxide in the inner oxide layer (Fig. 9). Although part of the internal oxide
layer develops into inner oxide layer over time, the thickness of the internal oxide layer is still growing with
increasing exposure time (Fig. 3d), which means that the formation rate of the internal oxide layer is faster than the
inner oxide layer. Thus, we believe that the formation rate of the internal oxide layer reflects the overall oxide
growth rate of the whole surface oxide scale.

There are debates on the controlling factor of the oxidation rate for F-M steels. According to the “available
space model” [18-21], the outward diffusion of Fe determines the oxidation rate, while other researchers [7] believed
that the inward diffusion of oxygen along short circuit paths, such as grain/lath boundaries and defects, controls the
oxidation rate. Whether the diffusion of Fe or oxygen controls the oxidation rate, the concentration gradients of Fe

and oxygen are only observed in the internal oxide layer, while they remain constant in the inner and outer oxide
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layers, as shown in Fig. 3a-c. That means the diffusion of Fe and oxygen are slowed down dramatically in the
internal oxide layer due to the block effect. As a result, the growth of the internal oxide layer regulates the overall
oxidation rate of the whole surface oxide. Additionally, a continuous Cr-rich oxide layer at the front of the oxide
will readily form when the oxide is thick enough under some circumstances. It is well known that the Cr-rich oxide
has better protective effect than Fe-rich oxide because Cr is much more stable in the octahedral sites than Fe [33],
and this would further decrease the diffusivity of Fe and oxygen through oxides [54], thus slowing down the
oxidation rate. The formation of this continuous Cr-rich oxide layer after 1500h exposure certainly slows down the
overall oxidation rate, and could also be part of the reason for the lower time exponents (Fig. 3d) deviated from the
theoretical parabolic law. In this way, it is recommended to increase the Cr content and decrease the oxygen
concentration in the bulk environment to facilitate the formation of a continuous Cr-rich oxide layer at the oxidation
front, thus increasing the oxidation resistance.

However, above discussion is based on the formation of a uniform and stable surface oxide without exfoliation.
In some cases, the oxide film would spall when it is thick enough, and lead to severe localized oxidation regardless
of the formation of protective oxide layers. Zhang [55] studied the effect of dissolved oxygen (100-2000 ppb) on
the corrosion behavior of P92 steel in 550 °C SCW, and found that high dissolved oxygen content tended to facilitate
the formation of cracks and exfoliation of oxide scale, which might be attributed to the formation of a volatile phase
CrO; or CrO,(OH); at oxide-metal interface. Meier and Jung [54] reported that excess oxygen could greatly increase
the oxidation rate of Fe-22Cr alloy by accelerating reactive evaporation of the protective Cr-rich oxides. However,
exfoliation never occurred when the continuous Cr-rich oxide layer was formed in this study and in literature
[26,28,33,54]. This is because the continuous Cr-rich oxide is more compact and protective to greatly slow down
the diffusion of oxygen, thus inhibit further oxidation into the base metal. As a result, the formation of volatile Cr
phases decreases remarkably. While in oxygenated water at high temperature, the oxygen diffusion into the oxide
is fast and could easily over-oxidize Cr at the oxide-metal interface to facilitate the formation of volatile Cr phases,
which contributes to the exfoliation of oxides.

5 Conclusions

The surface oxide films of T91 F-M steel after exposure to deaerated SCW at 600 °C for 100-1500 h were
characterized in detail through SEM, TEM, and TKD. The results and discussion lead to the following conclusions
concerning the oxide evolution over time.

(1) A triplex oxide scale is formed on T91, consisting of an outer Fe;04 oxide layer, an inner (Fe,Cr);04 spinel
layer and an internal oxide layer. Each oxide layer grews—stmultaneeusly—keeps growing with increasing
exposure time, and follows a growth behavior in between parabolic and cubic laws with the exponent of 0.35-
0.48.

(2) Cr-rich oxide precipitates along the grain/lath boundaries as well as in the grain interior are observed in the
internal oxide layer. The former ones are the result of preferential oxidation along the grain/lath boundaries,
while the later ones are the result of internal oxidation.

(3) The inner oxide layer consists of Cr-rich spinel oxide precipitates surrounded by Fe-rich spinel oxide. The
formation of the inner oxide layer is the result of further oxidation of the internal oxide layer where the metal
matrix in the grain interior is oxidized into Fe-rich spinel.

(4) A continuous thin Cr-rich spinel oxide layer is observed at the oxidation front after 1500 h exposure, but did
not show up after 100 h exposure. The formation of this Cr-rich layer is believed to be the result of the transition
from internal to external oxidation, where the nano-scale outward diffusion rate of Cr exceeds the inward

diffusion of oxygen when the oxide is thick enough to dramatically slow down the inward diffusion of oxygen.
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