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Abstract

This study investigated the effect of a preformed nanostructured surface on the cor-
rosion behavior of 9Cr2WVTa reduced activation ferritic/martensitic (RAFM) steel
and 9Cr+AlSi steel (9Cr2WVTa with the 0.12 wt.% Al and 0.68 wt.% Si addition)
at 700 °C in air and at 550 °C in liquid lead—bismuth eutectic (LBE) alloys. The
nanostructured surface layer was fabricated by surface mechanical rolling treatment
(SMRT). The results showed that the SMRT 9Cr+AlISi sample has a lower oxida-
tion rate than the SMRT 9Cr2WVTa steel at 700 °C in air, due to the faster diffu-
sion rates of Al, Cr and Si in the nanostructure and a higher diffusion driving force
increased by Cr. The SMRT 9Cr+AlSi sample at 550 °C in oxygen-saturated LBE
alloy also had a higher oxidation rate, due to the formation of Al and Si oxides in the
internal oxide layer.
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Introduction

Reduced activation ferritic/martensitic (RAFM) steels with 9-12% Cr are the pri-
mary candidate alloys for the first wall and blanket structures of future accelerator-
driven systems (ADS) and fission and fusion energy systems [1, 2] because of their
inherent void swelling resistance coupled with low thermal expansion coefficient
and high thermal conductivity compared with austenitic steels [3-5]. Irradiation
embrittlement is associated with the alloying elements Mo, Ni and Nb in commer-
cial martensitic steels which are able to be replaced by W, V and Ta [6-9]. RAFM
steels show good thermophysical and mechanical properties, especially low sensitiv-
ity to radiation-induced swelling and helium embrittlement under neutron irradiation
[1]. Variant of this steel has been developed in many countries, such as 9Cr2WVTa
steels in USA [10] and the Chinese low activation martensitic steel (CLAM) [11].
Since the RAFM steels are serviced at 550—600 °C or higher, their mechanical prop-
erty and oxidation resistance at higher temperature need concerns. Dunning et al.
[12] investigated the effect of Si and Al additions on the oxidation resistance of aus-
tenitic stainless steels. The results showed that weight gains of the alloys containing
these additions were half of the conventional alloy Fe-16Cr-16Ni-2Mn-1Mo in air at
700 °C and 800 °C. The steam oxidation rate of 9Cr—0.5Mo-1.8 W steel at 700 °C
has been shown to decrease with increasing silicon content [13]. Further, the oxida-
tion resistance of nanocrystalline 304 stainless steel at high temperature is much bet-
ter than that of conventional polycrystalline counterpart [14].

In this work, the effects of a preformed nanostructured surface layer and the addi-
tion of 0.12 wt.% Al and 0.68 wt.% Si on the oxidation of 9Cr2WVTa at 700 °C in
air and at 550 °C in lead—bismuth eutectic (LBE) alloy were studied. It was found
that Al and Si addition improves the oxidation resistance of 9Cr2WVTa in air and in
liquid LBE alloy effectively. The mechanism is also discussed.

Experimental Procedures
Sample Preparation
The measured chemical compositions of the 9Cr2WVTa and 9Cr+AlSi steels stud-

ied are given in Table 1. The initial material was hot-forged, water quenched after

Table 1 Chemical compositions of the 9Cr2WVTa and 9Cr+AlSi RAFM steel (in wt.%)
C Cr W \% Ta Mn Si Al Fe

9Cr2WVTa 0.104 8.61 1.66 0.25 0.08 0.49 <0.10 <0.05 Balance
9Cr+AlSi 0.16 9.01 1.92 0.25 0.12 0.61 0.68 0.12 Balance
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austenitization at 1050 °C for 1 h and finally tempered at 750 °C for 2 h. The tempered
microstructure consists of lath martensite and M,,C, which precipitates along the lath
and prior austenite grain boundaries [15]. Rod samples were cut from the billet and
subjected to SMRT. A detailed description of the SMRT setup and procedure has been
described elsewhere [15], and the same process parameters were used in this study.

Oxidation Tests in Air and in Liquid LBE Alloy

Arc-shaped samples were cut from the cylindrical rod by using the electrospark dis-
charge method, with an arc height of 3 mm, a width of 10 mm and a length of 14 mm.
The surface was carefully ground to a 2000-grit finish using SiC abrasive papers, pol-
ished using diamond paste and then degreased in acetone and finally dried. Isothermal
oxidation tests of the arc samples in static air were carried out at 700 °C for different
durations for up to 500 h. All the samples were placed in a dry crucible in order to
avoid weight loss by spallation. After testing, samples were removed from the furnace,
air-cooled and then weighed at room temperature. The weight change was determined
between the weights before and after oxidation testing divided by the initial sample
surface area.

Oxidation testing of the SMRT and coarse grain (CG) samples was carried out in
a stagnant liquid LBE alloy (45Pb-55Bi, in at.%) filled in a quartz container at 550 °C
for several durations. The liquid LBE alloy was oxygen-saturated. A lead oxide layer
covered the melt surface during oxidation measurements. The detailed test procedure in
LBE can be found in Ref. [15].

Structure, Composition and Phase Characterizations

Weight changes of samples before and after high-temperature exposures were meas-
ured by an electric balance with 0.01 mg accuracy. Cross-sectional morphologies of
the oxidized samples in air and in liquid LBE alloy were observed using a scanning
electron microscope (SEM) on an FEI Nova Nansen 430 instrument. Compositional
distributions in the surface layer were monitored by an electron probe microanalyzer
(EPMA) on a Shimadzu EPMA-1610 system. In addition, X-ray diffraction (XRD)
analyses were carried out to identify the phase constituents in the oxide scale, by a
Rigaku D/max 2400 X-ray diffractometer (12 kW) with Cu K radiation and a step size
of 0.02°. The elemental binding states of oxides were studied by X-ray photoelectron
spectroscopy (XPS) on a Thermo Scientific ESCALAB 250 system, with Al K, radia-
tion and an Ar ion gun of 3 kV X2 pA for sputtering.

Results and Discussion
Oxidation Behavior in Air

The microstructure of SMRT 9Cr2WVTa sample has been reported in detail in Ref.
[15]. A gradient nanostructure was fabricated on the surface layer of the 9Cr2WVTa
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and 9Cr+AlSi steels: The thickness of plastic deformation was~80 pm, and the
grain size of top surface layer was~50 nm. Figure 1 shows the microstructure of
the SMRT 9Cr2WVTa sample. A gradient nanostructured surface layer in SMRT
9Cr2WVTa was present, as shown by the cross-sectional SEM morphology in
Fig. 1. The nanosized grains at the top surface layer are nearly equiaxed with an
average size of ~30 nm, as shown in Fig. 1b and c. The average grain size at a dis-
tance of 30 pm beneath the surface is 80 nm (Fig. 1d, e). The matrix microstructure
was found to consist of lath martensite, as shown in Fig. 1f, g.

Figure 2 shows plots of the weight versus oxidation time of the SMRT and the
coarse grain (CG) 9Cr2WVTa and 9Cr+AlSi samples at 700 °C in air for 500 h. It
can be seen that there are two distinct stages in the weight gain curves of SMRT and
CG 9Cr2WVTa steel. Before 80 h, the weight values were similar and grew slowly,
which is the first stage. After 80 h, it came to the second stage with a rapid rate of
oxidation. The weight of 9Cr+AlSi steel was much lower than that of 9Cr2WVTa
steel. For example, the mean weight of CG 9Cr+AlSi sample is~0.088 pg mm~>
after oxidation for 500 h, less than that for CG 9Cr2WVTa sample (~0.478
pg mm~2). Moreover, the weight gain per unit area of the SMRT sample increased
slower than that of the CG sample, especially for the 9Cr+AlSi steel. The mean
weight gain for the SMRT 9Cr+AlSi sample is~0.024 pg mm~2 after oxidation for
500 h, about one-fourth of that for the CG 9Cr+AlSi sample (~0.088 ug mm~2).

Phase analyses on oxide by XRD on 9Cr2WVTa and 9Cr+AlSi samples after
oxidation at 700 °C for 500 h are shown in Fig. 3. The oxide products on the SMRT
and CG 9Cr2WVTa samples were mostly composed of Fe,O; after oxidation in air
at 700 °C for 500 h, as shown in Fig. 3a, b. The oxide scale formed on CG 9Cr+AlSi
steel was the same as that of 9Cr2WVTa steel in Fig. 3d. Cr,0; and CrMn, s0,
were formed on the SMRT 9Cr+AlISi sample after the same oxidation treatment, as
shown in Fig. 3c. Peaks of a-Fe were on XRD pattern for SMRT 9Cr+AlSi sample,
which indicates that the oxide formed on SMRT 9Cr+AlSi was much thinner than
that on CG 9Cr+AlSi steel.

Figure 4 shows SEM images of the surface oxide formed on 9Cr2WVTa and
9Cr+AlSi steels after exposure in air at 700 °C for 500 h. The microstructure of the

Fig. 1 Microstructure of SMRT 9Cr2WVTa sample a cross-sectional SEM images, b bright-field and ¢
dark-field TEM images of the top surface layer, d bright-field and e dark-field TEM images at a distance
of 30 pm beneath surface, f bright-field and g dark-field TEM images of matrix metal
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Fig.3 XRD patterns of SMRT (a), CG (b) 9Cr2WVTa sample and SMRT (c¢), CG (d) 9Cr+AlSi sample

after oxidation at 700 °C for 500 h in air
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oxides formed on 9Cr2WVTa and 9Cr+AlSi steels is different. The SEM+EDS and
XRD results show that the loose and porous needle-like Fe,O; oxides formed on
9Cr2WVTa steel, as shown in Fig. 4a, b. The granular oxides formed on the surface
of the 9Cr+AlSi steel are Cr- and Mn-rich and compact, as shown in Fig. 4c, d.

SEM images of oxide layer on 9Cr2WVTa and 9Cr+AlSi specimens exposed
at 700 °C for 500 h are shown in Fig. 5. The oxide layer thickness on SMRT
9Cr2WVTa was smaller than that on CG 9Cr2WVTa, which is 112 and 150 pm,
respectively. The element distributions in the oxide scale on 9Cr2WVTa and
9Cr+AlSi steels in air at 700 °C for 500 h are shown in Figs. 6 and 7. The results
revealed the double-layer structure in oxidation layer, with outer layer enriched with
Fe and O and the inner layer enriched with Fe, Cr and O, as shown in Fig. 6a, b.
There are cracks existed in the outer oxide layer, especially in the interface between
inner and outer oxide layer. A continuous and compact Cr,0; layer formed on the
SMRT 9Cr+AlSi steel, as shown in Fig. 7a. Al and Si are enriched beneath the
Cr,0; layer.

The material investigated in the present study is the 9% Cr steel. It has
reported that a duplex oxidation layer forms on the surface of 9% Cr steel in
air at high temperature, which is composed of the Fe—Cr spinel inner layer and
Fe,0; outer layer [16]. For a thick oxide scale, it is difficult to detect all the
oxides in a thick oxide scale by XRD, so only Fe,O; was found in the XRD

Fig.4 SEM images of the surface oxide on SMRT (a), CG (b) 9Cr2WVTa sample and SMRT (c¢), CG
(d) 9Cr+AlSi sample after oxidation at 700 °C for 500 h in air
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Fig.5 Cross-sectional SEM morphologies of SMRT (a), CG (b) 9Cr2WVTa sample and SMRT (¢), CG
(d) 9Cr+AlSi sample after oxidation at 700 °C for 500 h in air

spectra as shown in Fig. 3a, b, d. But according to the EPMA results, it was
deduced that the inner oxide layer consists of the Fe—Cr spinel. So the oxide
scale on SMRT and CG 9Cr2WVTa was double layered in structure, consist-
ing of an Fe,O; outer layer and Fe—Cr spinel inner layer as shown in Fig. 5a,
b. The inner oxide layer is more compact than the outer layer. Moreover, com-
pared with SMRT 9Cr2WVTa sample, the inner oxide layer of CG 9Cr2WVTa
is rather porous and loose and some cracks were found in the inner layer. The
microstructure of the oxide layer formed on the CG 9Cr+AlSi steel is the same
as that on 9Cr2WVTa. However, the oxide layer thickness is thinner that on
CG 9Cr2WVTa, about 35 pm, as shown in Fig. 5d. A thin compact oxide scale
formed on the SMRT 9Cr+AlSi, which was about 4.5 pm, as shown in Fig. 5c.

The outmost region of the oxide scale on the SMRT 9Cr+AlISi sample after
oxidation at 700 °C for 500 h in air was enriched in both Mn and Cr, as shown
in Fig. 8. To verify the existence of Al,0; and SiO,, the elemental binding states
and depth distributions were monitored by XPS. The peaks of Al and Si oxides
were found in a full XPS spectrum of oxide layer, as shown in Fig. 9. The outer
oxide layer of CG 9Cr+AlSi steel consists of Fe oxides. The inner oxide layer
consisted of Fe, Cr, Mn, O, Al and Si, as shown in Fig. 7b.

@ Springer



502 Oxidation of Metals (2019) 91:495-510

100pm

8 100pm

100pm Firi 100pm 100pm < 100pm

Fig.6 EPMA images of oxide scale on a the SMRT 9Cr2WVTa sample and b the CG 9Cr2WVTa sam-
ple after oxidation at 700 °C for 500 h in air

Oxidation Mechanism
The Oxidation Mechanism of 9Cr2WVTa and 9Cr+AlISi

The addition of Al and Si reduced the oxidation rate of CG 9Cr+AlSi effectively,
and the Al- and Si-rich oxides formed in the oxide inner layer. The nanostructured
surface layer fabricated on the surface of SMRT 9Cr+AlSi enhanced the oxidation
resistance significantly, due to a compact and Al-, Cr- and Si-enriched single oxide
layer formed on the surface of SMRT 9Cr+AlSi. But the nanostructured surface
layer had less effect on the oxidation resistance of 9Cr2WVTa sample at 700 °C and
a duplex oxide layer had formed, which consisted of an Fe-enriched external oxide
layer and an Fe—Cr spinel oxide inner layer.

It has been demonstrated that Al has marked effects on the oxidation resist-
ance characteristic of Fe—10Cr [17]. Approximately 8-12% aluminum is required
for a-A1203 formation on binary M—-A1 alloys, where M=Ni, Co or Fe [18].
But a lower concentration of aluminum is needed to establish an A1203 layer if
chromium is present in the alloy [19]. Wagner proposed that chromium acts as an
oxygen getter by forming a Cr,0; scale, thus reducing the activity of oxygen at
the alloy—scale interface to the extent that the internal oxidation of aluminum is
prevented [20, 21]. According to Guan and Smeltzer [22], the effect of chromium
in Ni-Cr—A1 alloys is attributable to thermodynamic interactions, with chromium
both reducing the solubility of oxygen in the alloy and altering the concentration
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Fig.7 EPMA images of oxide scale on a the SMRT 9Cr+AIlSi sample and b the CG 9Cr+AlSi sample
after oxidation at 700 °C for 500 h in air

profiles in the alloy subsurface to the extent that oxygen supersaturation neces-
sary for the onset of internal oxidation is avoided.

A low silicon content of 0.05-1.0% might or might not be sufficient to form
a continuous SiO, layer at the alloy—scale interface, but is sufficient to have a
beneficial effect on oxidation kinetics, particularly by facilitating exclusive Cr203
scale formation [23-26].

It has been proposed that when Si is added to Fe—Cr alloys, a relatively small
amount of silicon is required to form a continuous layer of silica beneath the
chromia scale [27, 28]. Jones and Stringer showed that the oxidation mode for the
Co-25Cr alloy changes from the development of a fast-growing duplex structure
to the formation of a protective Cr,05 scale with the presence of as little as 0.05%
silicon in the alloy [29].
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Fig.8 The EDS line-scanning diagram across the oxide scale on the SMRT 9Cr+AlSi sample after oxi-
dation at 700 °C for 500 h in air

Gulbransen and Andrew reported that the beneficial effects of addition of silicon
to a Ni-20 Cr alloy are optimized if the silicon content is kept low (0.25%) and a
small amount of manganese (0.05%) is added [30].

Mn is inclined to replace Cr to form Mn,O; (for low fraction of Mn) or form
Mn—Cr spinel (for high fraction of Mn) [31]. For instance, a Mn-enriched oxide
layer instead of a Cr-enriched one formed on the surface of SMRT 9Cr2WVTa
sample after oxidation in air at 600 °C [32]. Nanocrystallization has been dem-
onstrated as an alternative approach to increase the preferential or selective
oxidation ability of alloy [33]. It was suggested that reducing grain size will
improve the diffusion rate of atoms and increase the nucleation site of oxides
[34].

Hence, the good resistance to oxidation of SMRT 9Cr+AlSi is due to the high
diffusion coefficient of alloy elements in the nanostructure and the existence of 9
wt.% Cr in the base metal. The selective oxidation of Cr, Al and Si was acceler-
ated to form the protective Al,0; and SiO, layer, which are effective barriers to
stop the transport of oxygen and metal cations. For SMRT 9Cr2WVTa, although
the diffusion rate of Cr is enhanced by the nanostructure, the content of Cr is
not enough to promote the selective oxidation of Cr in SMRT 9Cr2WVTa, so
that a duplex oxide layer formed. Although the amount of Al and Si added to the
CG 9Cr+AlSi alloy appeared to be insufficient to form a continuous silica layer
under the present experimental conditions, the growth rate of the oxide scale
still decreased.
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Fig.9 A full XPS spectrum and curve fitting of Al 2p and Si 2p components by using Al3+ and Si4+
signal of the oxide scale on the SMRT 9Cr+AlSi sample after oxidation at 700 °C for 500 h in air

The Schematic Diagram of Oxidation Mechanism

The alloys researched above can be divided into two groups according to the
oxidation mechanism. The oxide scale on the SMRT 9Cr2WVT, CG 9Cr2WVTa
and CG 9Cr+AlSi alloy failed to stimulate the selective oxidation, as shown in
Fig. 10. Due to the insufficient Cr concentration in SMRT and CG 9Cr2WVTa
steels, a mixture of Fe,O5 and Cr,0; oxides nucleated on the surface at the ini-
tial oxidation stage. The alloy grain boundaries, with high diffusivity paths,
supply sufficient Cr to form Cr,0; oxides. However, the flux of Cr in regions
away from the grain boundaries depends on much slower bulk diffusion. The Cr
flux might not be sufficient to form a continuous chromia layer. Therefore, iron
oxides formed in these regions. After prolonged exposure, the rapid outward
growth of Fe,0; oxide layer formed a continuous layer, while the inner transpor-
tation of oxygen enhanced the inner oxidation of Cr in the matrix. At the final
stage, a duplex oxide layer formed which consist of Fe,O, outer layer and Fe—Cr
spinel inner layer. Al and Si added in the CG 9Cr+AlSi alloy were insufficient
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Fig. 10 Schematic representation showing the formation of oxidation mechanism

to form continuous Al,O5 and SiO, layer, which due to the oxide mechanism of
CG 9Cr+AlSi alloy is similar to that of SMRT 9Cr2WVT, CG 9Cr2WVT alloys.

The oxidation schematic diagram of SMRT 9Cr+AlSi alloy is shown in
Fig. 10b. Due to the nanostructure obtainable by SMRT, the density of alloy
grain boundaries is larger, as shown in Fig. 10b. The higher diffusion coefficient
of Al and Si in nanostructure and the increase in driving force by Cr accelerate
the selective oxidation of Al and Si. Al and Si diffuse quickly through the grain
boundaries to form a continuous alumina and silica layer which lead to undercut
any faster-growing transient oxides. Alumina and silica act as a diffusion barrier,
decrease the diffusion of alloy elements and oxygen and reduce the high-temper-
ature oxidation rate. Cr and Mn diffuse through the alumina and silica layer to
the form of the outer chromia layer and Mn—Cr spinel.

Oxidation Behavior in LBE Melts

The cross-sectional morphologies of different samples after immersion in the lig-
uid 45Pb-55Bi alloy at 550 °C for 500 and 3000 h are shown in Fig. 11. A duplex
structure was presented, with an outer magnetite layer and an internal Fe—Cr spinel
layer. Pb penetration was observed in the outer oxide layer. Oxide diffusion zone
(ODZ) was formed beneath the inner oxide layer. The thickness of oxide layer on
CG 9Cr+AlSi after 500-h and 3000-h oxidation was 10.0 and 28.2 pm, respectively,
as shown in Fig. 11b, e. That on SMRT 9Cr+AlSi was thinner, 8.8 and 24.3 pm,
respectively, as shown in Fig. 11c, f. The oxide layer of SMRT and CG 9Cr+AlSi
is thinner than that of CG 9Cr2WVTa, with the thickness value of about 17.2 and
37.6 pm after 500 and 3000 h, as shown in Fig. 8a, d.
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Fig. 11 Cross-sectional SEM images of (a, d) the CG 9Cr2WVTa, (b, ) the CG 9Cr+AlSi and (c, f) the
SMRT 9Cr+AlSi samples after immersion in oxygen-saturated LBE melt at 550 °C for 500 h (a—c) and
3000 h (d—f)
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Figure 12 shows the oxide scale thickness gain of different samples exposed to
LBE for different times at 550 °C. A parabolic law (hZ:Kpt) fits the experimental
kinetics of the oxide scale growth. The experimental parabolic rate constant K, of
CG 9Cr2WVTa is~1.3x 107! m? s™' [35]. The values of SMRT and CG 9Cr+AlSi
were estimated to be~4.1x107'7 m? s7! and~5.9x107"7 m? s7!, respectively.
The results show that oxide layer in CG 9Cr+AlSi grows slower than that in CG
9Cr2WVTa and the oxidation rate of SMRT 9Cr+AlSi is slowest.

The additions of Al and Si to 9Cr2WVTa reduced the thickness of oxide layer
effectively, which is due to the formation of Al and Si oxides in the internal oxide
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Fig. 13 In-depth composition distributions in the a CG 9Cr2WVTa, b the CG 9Cr+AlSi, ¢ the SMRT
9Cr+AlSi samples immersed in oxygen-saturated LBE melt at 550 °C for 1500 h, measured by EPMA

layer, as shown in Fig. 13. According to the elemental distributions of CG 9Cr+AlSi
after tested for 1500 h, enrichment of Cr, Al and Si in the internal oxide layer is
clear, as shown in Fig. 13b, while only Cr was enriched in the internal oxide layer
of CG 9Cr2WVTa (Fig. 13a). It is demonstrated that the addition of Al is an effec-
tive method to improve corrosion resistance of 16 wt.% Cr-ODS steel in LBE and
the Si addition to T91 steel likely plays the same role [36]. The presence of Si in
EP823 Russian steel promotes the formation of silicon-enriched oxides in the inter-
nal oxide layer leading to lower oxide layer growth, which improves the resistance
to oxidation [36]. Because the growth rates of the external and internal oxide layer
were controlled, respectively, by the Fe diffusion rate in oxide layer and the oxygen
transportation rate in nanochannels, the nanostructured surface layer in the SMRT
9Cr2WVTa failed to enhance the oxidation resistance effectively. Nanostructured
layer in T91 steel has little effect on the oxidation resistance in LBE and also con-
forms to the oxidation mechanism [36].

However, the nanostructured layer reduced the oxide rate of SMRT 9Cr+AlISi
with a certain degree, which is due to the diffusion of Al and Si into the internal
oxide layer promoted by the nanostructured layer, as shown in Fig. 13c. The nano-
structured layer has the same effect on Fe-13Cr steel with adding Al and Si, which
enhanced the oxidation resistance in LBE [36].

Conclusions
The oxidation resistance of the SMRT 9Cr2WVTa sample was faintly enhanced at

700 °C in air. A duplex oxide scale was formed, which is composed of a loose outer
Fe,0; layer and a compact Fe—Cr spinel oxide layer.
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The selective oxidation was accelerated on the SMRT 9Cr+AlSi sample, which was
due to the enhancement of diffusion coefficient of Al and Si in nanostructure and the
increase in driving force Al and Si by Cr. Al and Si were selective oxidized to form
continuous and compact alumina and silica layer. Then, the outer diffusion of Cr and
Mn formed the homogeneous Cr,O5 layer as well as CrMn, 50, particles. The growth
is described by a parabolic law, and the parabolic rate constant Kp of SMRT and CG
9Cr+AlSi was 4.1x107"7 m? s7! and 5.9%107"" m? s7!, respectively. The oxida-
tion resistance decreases in the sequence: SMRT 9Cr+AlSi, CG 9Cr+AlSi, SMRT
9Cr2WVTa, CG 9Cr2WVTa. The Al and Si in the 9Cr+AlSi improved the oxidation
resistance in liquid LBE alloy. The nanostructured layer in SMRT 9Cr+AlSi enhanced
the diffusion rates of Al and Si into internal oxide layer and promoted the formation of
protective oxide scales.
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