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Oxidation behavior of the HT9 steel exposed to 700 °C —900 °C steam was investigated with gravimetry, X-ray diffraction and
scanning electron microscopy. It was found that the oxidation kinetics of the HT9 steel followed the parabolic law. The mass
gain increased with a decreasing temperature. The steam oxidation of the HT9 steel at 800 °C and 900 °C was selective. The ox-
ides formed on the HT9-steel surface displayed a double-layer structure, consisting of an outer columnar Fe,O3 layer and an in-
ner (Fe, Cr);04 layer.
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Avtorji so raziskovali oksidacijo jekla HT9 izpostavljenega vodni pari, ki je imela od 700 °C do 900 °C. Raziskavo so izvajali z
gravimetrijo, rentgensko difrakcijo in vrsti¢no elektronsko mikroskopijo. Ugotovili so, da kinetika oksidacije poteka v skladu s
paraboli¢nim zakonom. Prirastek na masi je narascal s padajoco temperaturo. Oksidacija jekla HT9 pri 800 °C in 900 °C je bila
selektivna. Oksidi nastali na povrSini jekla HT9, imajo dvoplastno strukturo, sestavljeno iz zunanjega stebricastega sloja Fe,O;
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in notranjega (Fe, Cr);04 sloja.

Kljuc¢ne besede: jeklo HT9, oksidacija z vodno paro, mehanizmi oksidacije

1 INTRODUCTION

With the depletion of traditional energy and the in-
creasing environmental pollution, the nuclear energy
plays a more important role to satisfy the urgent energy
demand.!

To guarantee the safety of a nuclear generator, fuel
cladding materials are required to withstand the extreme
working conditions, such as high temperature, high pres-
sure, strong radiation and strong corrosion.”® With the
advantages of good resistance to a high radiation dose,
high thermal conductivity, high creep-rupture strength,
and excellent oxidation and corrosion resistance at high
temperatures, the HT9 steel has a great potential for the
application in the components of nuclear reactors.*’

In steam environments, about 9-12 % Cr ferritic
steels exhibit an anomalous temperature dependence of
the oxidation behavior.®® Several studies indicate that
multilayered oxide layers are formed on 9-12 % Cr fer-
ritic/martensitic steels in steam atmospheres. Moreover,
some defects, such as pores, voids and cracks, are pres-
ent in the oxide layer.>"'3 The microstructures of the ox-
ide and defects within the oxide layers depend on the ex-
posure temperature and time.3-'%14-17 Therefore, it is
important to evaluate the oxidation behavior in the
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high-temperature steam for the nuclear fuel cladding ma-
terials.'®'® When the supply of a nuclear reactor coolant
is insufficient, the temperature of the fuel cladding of nu-
clear reactors rises rapidly. After severe loss-of-coolant
accidents (LOCAs), a large temperature increase would
lead to severe oxidation of the fuel cladding of nuclear
reactors.!® If the cladding tube cannot maintain its struc-
tural integrity, the release of radio nuclides into the envi-
ronment causes a catastrophic accident. In order to im-
prove the safety and reliability of a nuclear reactor, it is
necessary to evaluate the steam-oxidation resistance of
the HT9 steel.

In the present work, the steam-oxidation properties of
the HT9 steel were investigated at (700, 800 and 900)
°C. The weight gain and thickness of the oxide layers
were utilized to characterize the oxidation properties.
The morphology, chemical composition and microstruc-
ture of the oxides were studied to reveal the oxidation
mechanisms.

2 EXPERIMENTAL PART

HT9-steel cladding is provided by the Nuclear Power
Institute of China. The chemical composition of the HT9
steel is shown in Table 1. Figure 1 displays a TEM im-
age of the HT9 steel, which consisted of tempered
martensite and M»;Cs carbides. Carbides are precipitated
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at the martensitic lath and prior austenite boundaries.
The size of specimens was (10 x 10 x 0.6) mm. Prior to
the oxidation experiment, the specimens were ground
with SiC abrasive paper of up to 1200 grit, cleaned with
ethanol and weighed using a balance (FA/JA*B) with an
accuracy of 0.1 mg. The steam-oxidation experiments
were performed in a tube furnace. Steam was produced
by ebullition of deionized water and it flowed continu-
ously into the furnace at atmospheric pressure. The wa-
ter-vapor flow rate was 10 g/min. The test temperatures
were (700, 800 and 900) °C, respectively. The specimens
were tested at different exposure times of up to 100 h.
The weight variations of the specimens were recorded at
prescribed experiment intervals. The microstructure of
the as-received HT9 steel was studied with a transmis-
sion electron microscope (TEM, Tecnia F30). The
cross-section of the specimens was ground and polished,
and further observed with a scanning electron micro-
scope (SEM, TESCAN MIRA3). The compositions of
the oxide products were determined with an energy dis-
persion X-ray spectroscope (EDX, Genesis XM) at-
tached to SEM. The structures of the oxides were studied
with an X-ray diffractometer (XRD, X pert Pro).

Table 1: Chemical composition of the HT9 steel (w/%)

Element | C |[Mn| Si | Cr [Mo| W | V | Ni | N | Fe
Amount | 0.2 10.69/0.32|11.4/1.02]0.48/0.28|0.54/0.45| bal.

3 RESULTS

3.1. Oxidation kinetics

Figure 2 shows the variation of the weight gain of
the HTO steel with the oxidation time. It is found that the
weight gain increased with the increasing exposure time
and decreased as the temperature increases. In good
agreement with the previous results,®!”7 this phenomenon
suggests that the steel has improved its resistance to
steam oxidation at high temperatures. Plots are also

Figure 1: TEM image of the as-received HT9 steel
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Figure 2: Weight gain of the HT9 steel as a function of exposure time
at (700, 800 and 900) °C in steam

shown in Figure 1 and can be fitted with Equation
(1):361016.18

Am=kt" ey

where Am is the weight gain per unit area in mg/cm?, k
is the oxidation rate constant in mg/(cm? h"), ¢ is the
time in h, and n is the time exponent.

The oxidation kinetics of the HT9 steel at (700, 800
and 900) °C followed the parabolic law. It can be calcu-
lated that the time exponents n are 0.33474 at 700 °C,
0.32948 at 800 °C and 0.13879 at 900 °C. The k values
at (700, 800 and 900) °C are: 0.39564, 0.37599 and
0.21820, respectively. The highest k at the lowest tem-
perature indicates that the HT9 steel displays the highest
oxidation resistance at 900 °C.

3.2. Surface morphology

Figure 3 shows SEM images of the oxides on the
HTO9 steel after 100 h in 800 °C and 900 °C steam. The
oxidation of the HT9 steel in steam is not uniform. Many
separate cellular oxides (Figure 3a) appear on the sur-
face of the HT9 steel at 800 °C. The pox-like morphol-
ogy means that the steam oxidation is selective rather
than uniform. At 900 °C, cellular or flaky oxides can be
found on the surface of oxidized steel. In addition, the
grinding scratches can be observed, as shown in Fig-
ure 3b. By comparing the morphologies of the oxides, it
can be found that the oxidation was more serious at the
lower temperature, in agreement with the results from
Figure 2.

Figure 4 displays surface morphologies of the HT9
steel oxidized at (700, 800 and 900) °C. It can be found
that the spherical oxides develop a flocculent or nee-
dle-like shape at 700 °C with the increasing exposure
time, as shown in Figures 4a and 4b. At 800 °C and af-
ter 50 h, the oxide particles become larger and a flake
sub-structure can be observed, as shown in Figures 4c
and 4d. The flake sub-structure further grows with the
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Figure 3: SEM images of the oxide films on the HT9 steel exposed to steam for 100 h: a) 800 °C, b) 900 °C

oxidation time. The evolutions of the morphology at 800
°C and 900 °C were similar. However, the oxide film had
a cellular structure at 900 °C, and each cell was com-
posed of many small crystal blocks, as shown in Figures
4e and 4f. Moreover, obvious cracks could be seen on the
oxide film, as shown in Figure 4f.

3.3. Cross-sectional microstructure

Figures 5a to 5f display cross-sectional microstruc-
tures of the HT9 steel exposed to (700, 800 and 900) °C
steam. 700 °C and 800 °C oxides are composed of two
different layers, that is, a compact outer layer and a loose
inner layer. Some cracks and voids are present in the ox-

Figure 4: Surface morphologies of the oxidized HT9 steel: a) 700 °C,
50 h, b) 700 °C, 100 h, c) 800 °C, 50 h, d) 800 °C, 100 h, e) 900 °C,
50 h and f) 900 °C, 100 h
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ide layers. The voids may coalesce into a crack after a
long exposure time.>!'! Crack propagation leads to an ex-
foliation of the oxide layer. A breakdown of the oxide
films can be seen in some regions. Both layers grow with
the exposure time. Similarly, double oxide layers are also
found at 800 °C and 900 °C. The outer oxide layer con-
tains columnar grains perpendicular to the surface,
shown in Figure Sc. Figures Se and 5f show images of
the cross-section of the HT9 steel at 900 °C. Localized
corrosion products can be found. These phenomena indi-
cate that a selective steam-oxidation behavior takes place
at 900 °C, like in the previous studies.'”?* Selective ox-
ides also include two layers. The cracks between the
outer/inner layers and inner layers/steel cause the exfoli-

Figure 5: Cross-sectional SEM images of the HT9 steel: a) 700 °C,
10 h, b) 700 °C, 100 h, ¢) 800 °C, 10 h, d) 800 °C, 100 h, ) 900 °C,
5 hand f) 900 °C, 100 h
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ation phenomenon, as shown in Figure 5f. Sometimes,
debonding of the outer layer makes it peel off from the
inner layer.

Figure 6 shows SEM images of cross-sections and
elemental distribution of the oxide films on the HT9 steel
exposed to steam. It shows that the outer layer contains
Fe and O and the inner layers are rich in Fe and Cr. The
O content is almost the same in the outer and inner oxide
layer. The inner layer is determined as Fe-Cr spinel, in
which the Cr content is higher than that in steel, and the
Fe content is lower than in steel and the outer layer. To
further confirm the composition of the oxides, six points
in the cross-section were examined with EDS; they are
listed in Table 2. The metal-to-oxygen ratio (M/O) for
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Figure 6: Cross-sectional SEM images and elemental distribution of
the oxide layers on the HT9 steel exposed to steam: a) 700 °C, 100 h,
b) 800 °C, 50 h and c) 900 °C, 50 h

Table 2: EDS results corresponding to the points on the cross-section
from Figure 6 (a/%).

Element Fe Cr 0 M/O
Point
1 39.58 _ 60.42 0.66
2 30.97 12.40 56.63 0.77
3 40.63 _ 59.37 0.68
4 2424 18.80 56.96 0.76
5 40.52 _ 50.48 0.68
6 30.82 12.11 57.06 0.75
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Figure 7: XRD patterns of the HT9 steel tested in a steam atmosphere
for 100 h

points 1, 2, 3, 4, 5 and 6 are 0.66, 0.77, 0.68, 0.76, 0.68
and 0.75, respectively. M/O in the outer layer is close to
0.67, consistent with that of Fe,Os;. M/O in the inner
layer is about 0.75 and consistent with (Fe, Cr);0..

3.4 XRD analysis

Figure 7 shows XRD patterns of the outer-layer ox-
ide film formed on the HT9 steel exposed to steam oxidi-
zation for 100 h between 700 °C and 900 °C. Fe,O; and
the HT9 matrix are present. The reasons for this may be
the facts that the steam oxidation of the HT9 steel was
selective and the outer oxide layer was so thick that the
inner Fe-Cr spinel oxide could not be detected. The de-
creasing intensity of Fe,Os with the increasing tempera-
ture means that the amount of Fe,Os reduces at the
higher temperature. In other words, the steam oxidation
was more serious at the lower temperature and the outer
layer was Fe,Os, indicating s superior resistance to steam
oxidation of HT9 at the higher temperature.

4 DISCUSSION

The above results indicate that the steam oxidation
kinetics of the HT9 steel followed the parabolic law at
the temperatures between 700 °C and 900 °C, suggesting
that the oxide has a protective effect. Moreover, the
steam oxidation of the HT9 steel was localized and a
higher resistance to steam oxidation was observed at the
higher temperature. A double-layer oxide, composed of
the Fe,Os outer layer and (Fe, Cr);O, inner layer, can be
generated on the HT9 steel in 700-900 °C steam, which
is similar to the results for the HT9 steel exposed to
supercritical water.!*1

As the oxygen affinity for Cr is higher than that for
Fe, Cr is more likely to be oxidized to Cr,0Os at the initial
stage of oxidation.!®'*2! The Cr content is not high
enough to form a complete oxide layer; thus, discrete

Materiali in tehnologije / Materials and technology 53 (2019) 5, 705-710
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Cr,05 forms at the metal/steam interface according to
Equation (2), leading to a Cr depletion in the metal sub-
strate. Therefore, the Cr content in the inner oxide layer
is higher than that in the steel substrate, as shown in Fig-
ure 6. The diffusion coefficient of Fe is higher than that
of Cr in both oxide and metal matrix. Iron diffuses to the
oxide/steam interface and reacts with H,O following
Equation (3). It is known that iron oxide is more easily
reduced by hydrogen than chromium. Fe;O;, is reduced to
Fe according to Equation (4). Then, Fe reacts with Cr,O3
and steam through Equation (5). Fe;0, is oxidized to
Fe,O; at the oxide/steam interface according to Equation
(6). Therefore, a double-layer structure is formed on the
HTO steel. The process of oxidation is similar to that of
the P92 steel in aerated supercritical water. The outer
layer Fe,O; and inner layer (Fe, Cr);O4 grow at the ox-
ide/steam and oxide/metal interface, respectively. The
growth rates are controlled by the outward diffusion of
Fe across the oxide layer.

2Cr + 3H,0 = Cr,0, + 3H, 2)
3Fe + 4H,0 = Fe;0, + 4H, (3)
Fe,O, + 4H, = 3Fe + 4H,0 4)
Cr,0; + Fe + H,0 = FeCr,0, + H, (&)
2Fe,0, + H,0 = 3Fe,0; + H, (6)

Exfoliation of the oxide layer depends on the stress
state and relative strength of the oxide and oxide/metal
interface.!' Crack initiation and crack propagation result
in two different types of spallation. The oxidation layer
exfoliates due to non-penetrating longitudinal cracks in
the oxidation layer, or it humps and bends until it breaks
and exfoliates due to interface cracks between the steel
matrix and the oxidation layer.?>?* A thicker oxide layer
indicates a higher possibility of exfoliation for the oxide
layer.!-24

Figure 8 shows the exfoliation of the oxide layers on
the HT9 steel after exposure to steam. Some obvious ex-

Figure 8: Exfoliation of the oxide scale formed on the HT9 steel in a
steam environment: a) to b) 700 °C, 100 h, c¢) 800 °C, 20 h and d) 900
°C,20h
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foliation can be observed in the local areas of the oxide
scale. The exfoliation of the oxide scale from the HT9
steel was probably due to the growth stress taking place
when the oxide formed and grew on the specimens and
the thermal stress due to the temperature variation
caused by the difference in the thermal expansion coeffi-
cient between the oxides and the substrate.? If the oxide
layer spalls at the interface between the inner and outer
layers (Figures 8a to 8c), the oxidation rate of the HT9
steel and the thickening rate of the oxide layer after exfo-
liation do not change substantially. The formation and
growth of the oxide layer is still controlled by the diffu-
sion of Fe and O through the inner layer. When the oxide
layer exfoliates at the oxide/metal interface (Figure 8b),
the oxidation rate of the steel becomes much higher than
that before the oxide exfoliation. As can be seen in Fig-
ure 8c, the outer Fe,O; layer was columnar. The oxide
layer of the HT9 steel exposed to steam exfoliated by
way of both non-penetrating longitudinal cracks and in-
terface cracks penetrating the oxide scale.

5 CONCLUSIONS

Steam oxidation behavior of the HT9 steel up to
100 h at 700-900 °C was investigated. The weight gain,
phase constituents, morphologies and chemical composi-
tions of oxide layers were investigated. It was found that
the oxidation kinetics at (700, 800 and 900) °C followed
the parabolic law and the mass gain increased with de-
creasing exposure temperatures. Double-layer oxides
were produced on the steel, consisting of outer layer
Fe,O; and inner layer (Fe, Cr);O4. Obvious cracks and
exfoliation could be observed in the oxide scales. The
formation and growth of the oxide layer can be explained
with the diffusion of Fe and O. The oxide scales exfoli-
ated due to non-penetrating longitudinal cracks and in-
terface cracks penetrating the oxide scale.
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