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Abstract: The high-temperature steam oxidation(HTSO) expeartnu
FeCrAl alloy was carried out at 100@0 and 1200C by simultaneous
thermal analyzer. The oxidation kinetics curves @haracteristics of
generated oxide layer were analyzed. The resulbsv dheCrAl alloy
exhibits remarkable HTSO resistance with an oxahationstant (§ over
three orders of magnitude lower than that of zinmonalloy. By XRD
and XPS, the oxide layer consists of FeO anDAand a little FgO; and
Cr,0Ozat 1000C. When steam oxidized at 1200 there is only AlO; on
the surface with the volatilization of C§Orhe micromorphology shows
the generated oxide layer at 12Q0is thicker than that at 1080 due to
the accelerated growth of A;at high temperature. The oxide layer at
1200 C presents distinct folds and peeling because oficcyisermal
stress, oxidation of chromium matrix, reductiorogide adhesion and the
gap crack between oxide layers.

Keyword: FeCrAl Alloy; Al,Os; high-temperature steam oxidation; oxide

layer; nuclear fuel element

1. Introduction

Nuclear fuel elements, the core components of éeauceactor, are
mainly comprised of cladding materials and nuclasl cores. The
lifespan and safe reliability of nuclear fuel elaentse are significantly

determined by the performance of cladding materiaig]. It is well



known that the disastrous Japan nuclear leaka@®1id was caused by
the brittle fracture of fuel claddings resultingrin the loop water loss|[3].
From then on, cladding materials for good accideigrant fuel have
been regarded as important research topics, whiatiude the
exploitation of advanced coating technology and ehoeladding
materials.

FeCrAl-based alloy have been widely used in manysitrial fields
due to their excellent high-temperature oxidatesistance [4]. Extensive
high-temperature oxidation and mechanical experimmér commercial
alloy conducted by Oak Ridge National Laboratorggast that FeCrAl
alloy are potential anti-accident cladding materif3-8]. The FeCrAl
alloy exhibits anti-oxidative capacity under highmperatures by virtue
of the rapidly generated AD; passivation layer with the aid of the “third
element effect” of Cr [9, 10] and the “selectivaidation” of Al [11] at
the early stage of steam oxidation. However, ineord guarantee the
high-temperature oxidation resistance, the chromiand aluminum
contents in traditional FeCrAl alloy are requiredréach up to 20% and
10% [12], respectively, which, to some extent, aggtes the irradiation
hardening of alloy and greatly reduces the prodai#ya13], restraining
the widespread application of high-Cr and high-ACFAl alloy in
nuclear reactors.

In this study, the chromium and aluminum contewtstfaditional



FeCrAl alloy are adjusted to a lower level basedeosuring that the
alloy can not only reserve prominent high-tempertwxidation

resistance but also improved reactor stability g@ndcessability. The
performances of high-temperature steam oxidaticsistance for the
modified FeCrAl alloy at 100@ and 1200C were investigated. The
formation mechanism and stability of oxide layersrev analyzed in
details. The results are expected to supply comdudechnological
guidance and theoretical basis for the study ofanded anti-accident

cladding materials used as nuclear fuel elements.

2. Experiment

The composition of FeCrAl alloy is shown in TableSpecimens of
FeCrAl alloy for oxidation, which were hot-rolledjere cut into slices
with dimension of 10x10x1 mm and a pore with a dtanof 2 mm in
the corner of slice by hot-rolling (Fig.1). The HDSexperiment was
conducted in a simultaneous thermal analyzer (SeEsyo, Setaram,
France) equipped with a steam generator (Wstsy§¢r #he specimens
were fixed, the system was pre-heated at 78nd was simultaneously
filled with hybrid steam of LD and Ar (Rh=70%). The reaction furnace
was then heated at a rate of 10 K- min-1 and thpdemture of specimens
was real time measured by B-type thermocouples.speeimens in two

groups were respectively heated up to I008nd 120QC for 4h. The



weights of specimens were real time recorded bliagelectric balance
with a precision of 0.lug. The grazing-incidence X-ray diffraction
analysis for oxide layer was performed on a PANedytdiffractometer at
an incidence angle of 1.5° within a scanning range 15° to 90°. X-ray
photoelectron spectroscope (XPS, XSAMB800) was tsetbtermine the
chemical valence state of oxide layer. The morpdie of oxide layer
were observed by scanning electron microscope (SHkchi S4800),
which was equipped with energy dispersive specttem@&DS) for the
semi-quantitative elements analysis. The oxideydbyer was observed

by laser scanning confocal microscope (LSCM, OlysapEXT).

Fig.1 Microstructures of specimens :(a) microsuuetof FeCrAl alloy-typical
running water hot rolling state; (b) scanning el@ctphotograph of FeCrAl alloy, in
which the elliptical second phase particle is Laplease Fe2Nb based on EDS

analysis.

Table 1 Composition analysis of FeCrAl alloy (wt) %

Fe Cr Al Mo Nb C N

Bal 13.09 4.33 2.27 1.04 0.004  0.0036




3. Resultsand discussion
3.1Weight increase after steam oxidation

Fig. 2 shows the oxidation kinetics of FeCrAl allogder HTSO at
1000C and 120QC, respectively. The oxidation kinetics of
Zr-4(Zr-1.5Sn-0.3Fe) under HTSO at 1000 is shown in Fig.2 as a
reference. FeCrAl alloy has better HTSO resistati@n Zr-4 alloy.
According to Wagner’s theory of oxidation [14], tbridation process of
FeCrAl alloy and Zr-4 alloy fit with parabolic lawhen diffusion of ions
and electrons through oxide layer are the raterohatéeng step of
oxidation process. The weight gain of oxidation @y oxidation time (t)

can be expressed as follows:

W2 =k, *t (1)

where k (o-cm* s is the parabolic rate constraint of oxidation

process, demonstrating the oxidation rate of alloy.
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Fig. 2 The oxidatioikinetics of FeCrAl alloy and Zr-4 alloy

Here, the values of;lare obtained by linear fitting the curves in Fig.

1 according to Equation (1), as shown in Tableyc&8mparison, we can
see that thearabolic rate constraint of FeCrAl alloy at 10Q0is three
orders of magnitude lower than that of Zr-4 all&ood oxidation
resistance of FeCrAl alloy can be attributed to fitmenation ofa-Al,Os
layer, which isthermostable and reduces the diffusion rate of mmd
electrons through oxide layer and keeps the oxidatite at a low value.
When the oxidation temperature rises up to 120@he parabolic rate
constraint (k) accordingly increases due to the diffusion fldxAbions
increasing. C. Badini thinks the growth mechanism of the oxitte of
FeCrAl is different at different temperatures. A09C the main diffusion
mode for oxidation is the diffusion of Al ions, vdiat 1200°Cthe main

difftusion mode for oxidation is that of O ions. i obvious that the



diffusion rate of O ion is higher below 12030, so k is higher. [15]

Table 2 The parabolic rate constraint of specinadioy

Specimens TemperaturéC ) Time (h) k, (g*cm*sh
FeCrAl alloy 1000 4 9.77E-13
FeCrAl alloy 1200 4 2.01E-11

Zr-4 alloy 1000 4 1.33E-10

3.2The composition of oxide layer

Fig. 3 shows the grazing-incidence XRD patternsspécimens
steam-oxidized at 100@ and 1200C. It is seen that the phases of oxide
layer formed at 1000 were FeO(ICSD#49-1447) ando-
Al,O5(ICSD#73-2294), while those at 12Q0Dwere mainlya- Al,Oszand
FeAlL(ICSD#45-1203) solid solutions. At the early stagjeoxidation
[16, 17], the initial products such as iron oxidesO, FgO;, FeO,) and
Cr,O3 grew up at the interface of gas/matrix with aightrate. With the
increase of temperature, g layer was formed between matrix and
initial layer, which reduced the diffusion flux @ikxygen ions and the
concentration of aluminum ions. Benefiting from thhird element
effect” of Cr [18], the critical concentration teAl,O; layer formed at
the interface of GOs-layer/matrix. Because-Al,O; layer was passive
and thermostable, oxidation rate decreased seyicustl occurred as

a-Al,O3 instead of iron or chromium oxides.



At high temperature, the oxides of iron and chramneact with the
high-temperature steam to generate volatile hydesxiand thus peel off
from alloy surface [19]. Additionally, the Algsolid solutions are formed
due to the external diffusion of Al atoms by exafiag with Fe atoms as

well as the defects in the ferrite [20].
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Fig.3 Grazing-incidence XRD patterns of FeCrAl glidter steam oxidation at
10000J and 1200

It is well known that XRD technology is not suitabfor the
characterization of surface layer. In order to stigate the initial product,
XPS technology is used to determine the elememneal state of oxide
layer. The results are shown in Fig. 4 and 5. Gn gbrface layer of
FeCrAl alloy there are F®;, Cr,0; and FeCGiO,, which are not found in
the XRD patterns. F®; and CyO; are oxidation products generated at

low temperatures at the early stage of the oxidatiballoy. FeCyO, is



one of the oxidation products of FeCr-base alloyigh temperatures.
The oxidation products are formed on gas/scalefate as early as the
start of the oxidation. But because of their podinesion with matrix or

easy formation of volatile hydroxide, oxidation somption continues in

the process of oxidation, which does not affectdkidation resistance of
the alloy.

After the comparison of Fig. 4 and Fig. 5, Cr elaiseon the surface
of the oxidation layer are consumed badly aftedation at 1200 for
4h (No Cr2p peak can be clearly observed in XP$e$coeuggesting that
Cr,O3; becomes unstable at 1200 Earlier studies on Fe-Cr alloy have
found that stable GD; generated Cr{dg) when the temperature is above

100001, which leads to increasing oxidation by Equati®n[19].

2CnR04(s)+30(g)=4CrQ(g) (2)
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Fig. 4 X-ray photoelectron spectroscopy spectrurResErAl alloy after HTSO at
100001. (a)spectrum of Fe2p,(b) spectrum of Al2p, (c) spectafr®1s and (d)
spectrum of Cr2p3/2.
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Fig. 5 X-ray photoelectron spectroscopy spectruhie€rAl alloy after HTSO at

120Q7. (a) Spectra of Fe2p and Cr2p peaks disappear,Gg formed with a

spinel structure after a small number of Cr atoepdace Fe atoms in Fe304; (b)
spectrum of Al2p; (c) spectrum of Ols



3.3Thermal stability of oxide layer

Fig. 6 shows the morphology of specimens steamkzeddat 1000
and 12007. It can be seen that FeCrAl alloy oxidized at 100(Fig. 6a)
still displays some polishing marks that developfote oxidation,
suggesting that the oxide layer is thin enough toedinner oxidation
occurs merely.

The dark points show a size of abopiri similar to the particle size

of FeNb. However, on the surface of FeCrAl alloy oxiaizat 1200
(Fig. 6b), the initial polishing marks are vanish&dh only some dark
points and white points left. According to the XR&sults, the phase of

oxide layer at 1200 is a-Al,0s.



£4800 5.0kV 11.4mm x10.0k SE(M,LAO) 5.00um

Fig. 6 OM images of specimens after HTSO at (ap100and (b) 12001 SEM
images of specimens after HTSO at 120@c) Round white dots in OM are
circular corrosion pits formed after oxide filmKkes; (d) After the magnification of
corrosion pits, it is found that the oxide film®and the circular corrosion pits peel
off layer by layer, which might be a warp gap betwéwo layers of oxide film. The

spalling of the whole round AD; piece caused the outer,8% spalling on the

boundary; (e)The morphology of the most outer lafer-Al,Oz; (f) The matrix



morphology is clear in the position where oxidenfppeel off, totally different from
the outer AlO3; (e) and (f) are processed with energy-spectrianrgag and the

results are listed in Table 4.

FeCrAl alloy oxidized at 1000C and 1200°C show obvious
differences in parabola constant and oxide on searfayer. At a higher
temperature (120@), the diffusion rate of FeCrAl oxide film is highe
and more reactions occur on the surface of oxidafiion, causing the
morphology of oxidation film is different from thaat a lower
temperature (100@). After oxidation of FeCrAl alloy at 100Q for 4 h,
the oxide film is uniform without falling off or fding observed, which is
closer to the morphology of the alloy polished asocef before
oxidation(Fig. 6a). (Fig. 6 b) Corrosion pits wighsimilar size can be
observed on the surface of oxide film at 1200 suggesting that oxide
film flakes in the process of heating, heat preston and cooling. Oxide
film peeling does great harm to the alloy oxidatresistance, especially
when peeling occurs at the stage of heating omthkeisulation. The
exposed matrix after oxide film peeling makes thlxéation corrosion
deeper into the alloy.

After oxidation of FeCrAl alloy at 12007 the corrosion pits in
oxidation film are circular or elliptic pits withhé size of 5m (Fig. 6c).
Fig. 6d shows the partial morphology of corrosionlmrder. From the

figure, it is easy to find the following points: The folds of FeCrAl



(1200 4h) oxide film show the same direction. 2),@4 oxide film is
layered. Between the white and bright®d on the surface layer and
matrix there is a dark layer of Abs;, suggesting that the growth direction
of Al,O; may change in the process of heating and heagpasn. 3)
Wavelike ravines inside the exposed matrix are steng the direction
of the fold. There have been no signs ofAlgrowth from the matrix
surface. To prove that ne Al,O; is formed in the exposed matrix from
the morphology, the matrix in corrosion pit (Fid) &nd outera- Al,Os
(Fig. 6e) are magnified, respectively. Outer Al,O; film presents an
Image of stack-based particles growing with différsizes. Largen-
Al,Os are closely arranged, and smaterAl,O; grow between the grain
boundary. The morphology of matrix in the corrosipits is totally
different from that in Fig. 6e. One shows a flahwex surface, while
another shows tightly arranged grains and simitarcave surface along
the intergranular fracture. In Fig. 6d, it can leers that the direction of
ravines in the corrosion pit is in line with thedalirection of surface
Al,Os, showing there is also fold where peeling occ@m@avex plate in
corrosion pit is the location where oxide film foMhrps. Since the oxide
film has fallen off from matrix, the surface is yesmooth. And the
“ravines” are the intergranular fracture formed whke oxide film falls
off matrix (Fig. 7). SEM and EDS are used to analgxide film and

partial matrix, and the results (Tab. 3) show thate is no oxidation of



the matrix in oxidation corrosion pits. Therefotiee oxide film peeling
occurs at the cooling stage (If it occurs at tlagestof heating or thermal

Insulation, the oxidation of the exposed matrix wintinue.)

Table 3 Element ratios in different micro-areasfHeCrAl alloy after steam
oxidation at 1200 (wt.%)

Fe Cr Al O Mo Nb
Fig.1 56.59 8.47 2.27 - - 32.67
Fig.6e - - 46.29 53.71 - -
Fig.6f 75.86 12.85 4.30 - 3.75 3.23
H20+Ar

\Mrack

FeCrAl

Fig. 7 Fold schematic

Oxide film folds can be observed during the oxiolatof FeCrAl
alloy at 12000](Fig. 6d). Oxide film peeling is closely associateih
fold. The driving force of both is oxidative stress the process of

heating- thermal insulation-cooling. Oxidative sgencludes the growth



stress from the growth of oxide film and thermatess from the
difference of thermal expansion between alloy matnd oxide.

The judgment formula for protective oxide film peegl in the state
of compressive stress is shown as follows [21].

(1-v) 6*h/E>G, (3)

E andv are elasticity modulus and poisson’s ratio of exidim, h is
the thickness of the oxide film, amdis medium biaxial residual stress of
the film .When elastic strain energy in the complexide film is over the
fracture resistance of metal-oxide film interfaGe]), flaking occurs.

During oxidation of FeCrAl alloy at a constant tesrgiture of
1200 [J, the growth a&- Al,O; film, the increasing thickness of oxide
film h, and internal oxidation contribute to theciease of, leading to
the increasing tendency afAl,O; film peeling. Most oxide films in the
state of compressive stress flake by means of éoldvedge-shaped
cracking [22]. Based on elastic mechanics, Forridilahows the critical
stress, which is necessary for the formation ofkstaased warp with

radius of a in the film under the action of biaxstiess.

0. = 122555 (%) @

In the process of oxidation, oxide film fold forméienc>o.. But
when the strain release rate does not meet For(@)afold will not

continue to peel off. Apparently FeCrAl alloy oxidi#ém at 1200 C



accords with this kind of situation, so in the msg of heating and heat
preservation only fold occurs but not peeling. Base the results and
discussion, we can judge the oxide film peeling thgosccurs at the
cooling stage of oxidation.
Fig. 8 is SEM of the cross section of FeCrAl oxiidia (1200 [ for

4 h). Fig. 8 shows the cross-section morphologyxide film folds. Gaps
form between oxide film and the matrix becauseotd fvarp. These gaps
are widespread between scale/matrix, causing toheease of adhesion
area of oxide film and matrix. Therefore, the oxide peels off more
easily. From Fig. 8 it can be observed that indideoxide film there are
cracks in the normal direction of oxide film. Thaye considered to be
the starting point of circular peeling. At the dogl stage, there is mainly
tensile stress in the oxide film. With the releadethe thermal stress,
oxide film is easy to crack in the place of stresacentration (Fig. 9).
Obviously, when cracks in the normal direction thnough the whole
oxide film, through-wall cracks extend and evenrtupkel off under the

action of tensile stress.
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Fig. 8 SEM of cross-section of oxide film
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Fig. 9 Schematic diagram of oxide film cracking

4. Conclusions

In summary, high-temperature steam oxidation ofriA¢@lloy has
been investigated in this study and the concluscars be listed in the
following aspects. Firstly, the modified FeCrAl all with low
concentration of Cr and Al still keeps an excell&mgh-temperature

steam oxidation resistance, with an parabolic @pstraint of three



orders of magnitude lower than that of Zr-4 alleyl@00 |. The FeCrAl
alloy has low oxidation rate at 1200 although the weight during
oxidation increases. Secondly, the composition >afle layer on alloy
surface mainly consists of FeO amd\l,0Osat 10007, while the product
at 12007 is only a-Al,O3. The behavior of oxidation at 1200refers to
the growth ofa-Al,O3; layer. At the high temperature reaction occurs in
the initial oxide C§O; with the formation of Cr@gas which volatilizes.
Therefore, GO; consumes severely at 1200

Furthermore, the oxide layer after HTSO peelsfaim surface
without resulting in oxidation of the exposed matindicating that the
layer-peeling occurs for cooling. During the oxidat at constant
temperature oxide folds form in oxide film withqueteling. Gaps form at
the interface of matrix/scale because of fold, scaushe decrease of
adhesion area of oxide film and matrix. Therefaeide film peeling
tends to increase. In the process of cooling, ratkhe normal direction
run through the whole oxide film, through-wall dtacextend and
eventually peel off under the action of tensileesst To sum up, in
simulating LOCA accident under the condition of pmrature below
1200 (1, the improved FeCrAl alloy still shows very goodgth
temperature steam oxidation resistance, but oxichepleeling appears at
the cooling stage after oxidation at 1200 Therefore, the heat cycle

oxidation properties of the alloy still needs mozeearch.
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Highlights:

(1) The FeCrAl aloy has low oxidation rate at 1200°C, the weight
during oxidation increases.

(2) The composition of oxide layer on alloy surface mainly consists
of FeO and Al,Ozat 1000C.

(3) While the product at 1200°C isonly Al,Os.

(4) The oxidation behavior at 1200°C refers to the growth of Al,Os
layer.

(5 Low concentration of Cr and Al still keeps an excellent steam

oxidation resistance



