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ARTICLE INFO ABSTRACT

The oxidation mechanism and kinetics of two nuclear-grade FeCrAl alloys were investigated in steam
up to 1500 °C by transient and isothermal oxidation tests. The slow o-alumina formation kinetics well
matched only for the temperature range from 1000 °C to 1300 °C. Below 1000 °C, formation of transient
alumina caused faster kinetics. In addition, an excessive Fe-rich oxide formation was observed on the
inner surface due to rough surface at 600 °C. Above 1300 °C, convoluted «-alumina was easily spalled
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1. Introduction

Since the Fukushima nuclear accident, worldwide efforts have
been made for the development of accident tolerant fuel (ATF)
cladding materials to mitigate the excessive hydrogen production
from the oxidation of current Zr-alloy claddings [1-5]. Among ATF
cladding candidates, Fe-based alloys such as FeCrAl exhibited supe-
rior oxidation resistance and good mechanical properties [1]. How-
ever, Fe-based cladding materials should have a thinner thickness
due to the higher neutron absorption cross-section of Fe and Cr
compared to Zr. High Cr and Al contents have benefit for the cor-
rosion and oxidation resistance. However, high Al content makes
steels brittle, which makes it difficult to produce thin cladding
tubes. High Cr content also makes alloys susceptible to thermal
and irradiation embrittlement owing to the accelerated phase de-
composition. Thus, Oak Ridge National Laboratory (ORNL) devel-
oped nuclear-grade FeCrAl alloys containing lower Cr content com-
pared to commercial Kanthal alloys to mitigate the embrittlement
issue [6].

While commercial FeCrAl alloys show slow oxidation kinetics
by forming a protective alumina layer in high-temperature steam
environments [7,8], nuclear-grade FeCrAl alloys also have superior
oxidation resistance in spite of their lower Cr content [6,8]. As
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and caused faster kinetics. Moreover, the oxide spallation caused Cr and Al depletion and catastrophic
oxidation above 1400 °C by the formation of Fe-rich oxide. The catastrophic oxidation caused a liquid
phase in Fe-rich oxides, which significantly changed the tube segment geometry.

the oxidation behavior at higher temperature is critical to esti-
mate hydrogen release during design based accidents (DBA), most
studies on high-temperature oxidation behavior were conducted at
1200 °C [8,9]. Nevertheless, the oxidation behavior at lower tem-
perature also plays an important role in the early stage of severe
accidents or lower temperature accidents in spent fuel pool (SFP).
However, only few results have been reported on the oxidation
behavior of nuclear-grade FeCrAl alloys below 1000 °C and above
1300 °C.

Li et al. [10] conducted air oxidation tests at 300 °C to 600 °C
using a nuclear-grade FeCrAl alloy, C26M (12Cr-6Al-2Mo). After ex-
posed at 600 °C for 2000 h in air, a very thin Al-rich oxide layer
of about 45 nm was formed. Although the oxidation resistance at
600 °C was confirmed for a long time, the test was conducted in
air, which is less severe than steam. Recently, higher weight gain
for the same alloy, C26M, was reported in steam than in air at
800 °C to 1000 °C [11]. Furthermore, more weight gain was ob-
served at 900 °C than at 1100 °C in steam. This observation is
the typical oxidation behavior of alumina-forming alloys, which
is caused by the transient alumina formation with faster kinetics
than a-alumina [12]. However, most simulations to assess the acci-
dent scenarios have used the extrapolated oxidation kinetics of «-
alumina at lower oxidation temperatures. Thus, oxidation kinetics
can be under-estimated at lower temperatures, where the transient
alumina formation is dominant. Therefore, the steam oxidation be-
havior at lower temperatures for a longer time is needed for more
accurate simulation of accident sequences.
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Fig. 1. Cross-sectional optical micrographs of (a) the as-received B136Y3 tube and
(b) the as-received C26M2 tube after etching.

Similar to the oxidation behavior at lower temperatures, studies
on oxidation behavior at higher temperature above 1300 °C were
also rarely found. Dryepondt et al. [13] conducted oxidation tests in
steam at 1400 °C and 1450 °C using oxide dispersion strengthened
(ODS) Fe-12Cr-5Al alloys. The ODS Fe-12Cr-5Al alloys exhibited a
protective alumina at 1400 °C but the protective oxide layer was
failed at 1450 °C. Also, the oxidation tests used coupon specimens
with the thickness of 2 mm and the alumina failure depended on
the specimen thickness and specimen shapes [14]. Therefore, the
oxidation kinetics data with prototypical thin tubular specimens is
also needed for more accurate simulation of accident sequences.

In this study, nuclear-grade FeCrAl alloys were exposed to
steam atmosphere in a wide temperature range to provide the ox-
idation kinetics information. Transient oxidation tests from 500 °C
to 1250 °C and isothermal oxidation tests in temperature range
from 600 °C to 1500 °C for 20 h were conducted using two
nuclear-grade FeCrAl tubes. After the oxidation tests, oxide layers
on the FeCrAl alloys were analyzed and the steam oxidation kinet-
ics is discussed in view of accident scenarios.

2. Materials and experimental methods

Two nuclear-grade FeCrAl alloys, B136Y3 and C26M2, were pro-
vided by ORNL in tubular shapes. Both tubes had the same outer
diameter (OD) of 9.6 mm; the wall thickness was 0.425 mm and
0.45 mm for B136Y3 and C26M2 tubes, respectively. The details of
the tube manufacturing process can be found elsewhere [15]. Fig. 1
shows optical micrographs of two nuclear-grade FeCrAl alloys after
etching with solution of glycerin of 45 ml, HNO3 of 15 ml, and
HCl of 30 ml. The grains of two alloys are rather uniformly dis-
tributed, while C26M2 tube had smaller grains (30 ~ 70 pm) than
B136Y3 tube (80 ~ 130 pm). To compare the transient oxidation
behavior in steam, two commercial FeCrAl alloys, APM and APMT
in a rod shape, were purchased from Kanthal Sandvik, Sweden. The
chemical compositions of all four FeCrAl alloys are listed in Table 1.
The chemical compositions of two nuclear-grade FeCrAl alloys were
provided by ORNL and those of APM and APMT were analyzed by
energy-dispersive X-ray spectroscopy (EDS).

Table 1
Chemical compositions of FeCrAl alloys used in this study.

wt.% Fe Cr Al Mo Y C Si
APM 2113 682 - - <0.08 <07
APMT Bal 2152 573 215 - <0.08 <07
B136Y3 1297 619 - 0.03 <0.01 -
C26M2 11.87 622 198 0.03 <0.01 0.2

For oxidation tests, two nuclear-grade FeCrAl tubes were cut to
specimens with length of 10 mm for a simultaneous thermal ana-
lyzer system (STA 449 F3, NETZSCH) and 20 mm for a horizontal
tube furnace oxidation facility (named BOX facility), respectively.
The commercial FeCrAl alloys were fabricated to disk-type speci-
mens with a thickness of 2 mm and a diameter of 10 mm for APM
and 8 mm for APMT, respectively.

Two steam oxidation facilities, STA 449 F3 and BOX, were
used in this study. The STA 449 F3 is only used in the thermo-
gravimetric (TG) mode with a water vapor furnace capable of al-
most 100% steam atmosphere up to 1250 °C (named STA facil-
ity). A ceramic ring and Pt meshed sample holder were utilized
for tubular specimens, and a ceramic crown structure was used for
disk-type specimens to avoid undesired interaction between spec-
imens and sample holders, and to provide access of the oxidizing
atmosphere to almost whole surface. For transient oxidation tests,
the furnace was heated to 500 °C in Ar gas with a flow rate of
50 ml/min and kept for 10 min at this temperature to stabilize the
temperature in the test zone. Steam was injected to the test zone
with a flow rate of 2 g/h, and temperature was increased up to
1250 °C with a heating rate of 1 °C/min. Ar gas comes and leaves
the furnace in the lower part, 100% steam atmosphere is expected
at the sample location [16]. After temperature reached 1250 °C, the
temperature was maintained for 10 min. Then, steam injection was
stopped and temperature was decreased with a rate of 50 °C/min
down to room temperature. For isothermal oxidation tests, Ar gas
was provided with the same flow rate of 50 ml/min and the fur-
nace was heated up to target isothermal temperatures. After the
stabilization for 10 min, steam was injected to the test zone with
a flow rate of 2 g/h. Temperature was kept for 20 h and the furnace
was cooled down in flowing Ar atmosphere.

The BOX facility with higher temperature capability was uti-
lized to evaluate the oxidation behavior at the temperature above
1250 °C. For the transient oxidation tests, the specimens were
loaded on alumina boats with alumina cylinders to minimize the
contact of specimens and the boats. Then, Ar gas was supplied into
the test zone with a rate of 20 I/h and the furnace was heated up
to 500 °C. To stabilize the temperature in the test zone, tempera-
ture was maintained for 30 min. Then, steam was injected with a
rate of 20 g/h, which results in approximately 55% steam concen-
tration, and the temperature was increased up to 1500 °C with a
heating rate of 1 °C/min. When the temperature reached 1500 °C,
the steam injection was stopped and the furnace was cooled down
with a cooling rate of 10 °C/min. For isothermal oxidation tests,
the specimens were heated in 20 I/h Ar gas flow to target isother-
mal temperatures. When the target temperature has reached, the
temperature was maintained for 30 min for the stabilization. Then,
steam was injected with a flow rate of 20 g/h and the isothermal
test temperature was kept for 20 h. The details of the test sched-
ules for the transient and isothermal oxidation tests in the STA and
BOX facilities are described in Fig. 2. Steam was provided to the
test zone during the period marked in dashed and blue line in the
figure.

Although the BOX facility is not equipped with an analytical
balance, high-resolution gas mass spectrometer (IPI GAM3000) is
connected to the gas outlet of BOX facility to detect H, and Ar re-
lease during oxidation tests. H, and Ar release rates were recorded
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Fig. 2. The test schedules for the isothermal and transient steam oxidation in (a) STA and (b) BOX facilities.

in vol.% and H, release rate was converted into mol/h using Ar as a
reference, since Ar release rate was constant to 20 1/h. The hydro-
gen release rate is proportional to the oxidation rate as following
Eq (1). Eq. (2) can be derived from Eq. (1). Here, Am,ys.is weight
gain by oxide (MxOy) from the oxidation, Amy, weight of H, gen-
erated by the oxidation, Wp, molecular weight of O;, Wy, molec-
ular weight of H,. By using Eq. (2), weight gains as a function of
oxidation time of nuclear-grade FeCrAl alloys were calculated.

XM +yH,0 — MOy +yH, (M

1
AMgyge : Amy, = =Wp, : Wy, =8 :1

. @)

The weight of specimens was measured before and after oxida-
tion tests using an analytical balance with a resolution of 0.1 mg.
To characterize microstructural features of the matrix and oxide
layers, analytical methods were applied such as optical microscope
(OM, Feichert Jung MeF3) and field-emission scanning electron mi-
croscopy (SEM, Philips XL30S) equipped with EDS. The phase char-
acterization was conducted using an X-ray diffraction (XRD, Seifert
PAD 1II) in 26 scan mode for all oxide layers except oxides formed
at 1400 °C. For oxides formed at 1400 °C, the samples were com-
pletely oxidized. Therefore, the samples were crushed into powder
with which XRD analyses were performed.

3. Results
3.1. Transient oxidation tests in steam

3.1.1. Weight gains

Weight gains measured by the STA facility during the transient
tests from 500 °C to 1250 °C for the four FeCrAl alloys are shown in
Fig. 3a. The weight gains of two nuclear-grade alloys significantly
increased between 600 and 700 °C. Then, the weight gains of the
nuclear-grade alloys kept almost constant up to 800 °C for B136Y3
and 900 °C for C26M2. After the plateau region, the weight gains
for B136Y3 and C26M2 increased up to 1150 °C and the slope be-
came steeper beyond 1150 °C. For the commercial FeCrAl alloys,
weight gains were almost zero up to 800 °C and rapidly increased
up to 1000 °C. Then, they also exhibited a near plateau region and
the weight gain slope increased again at higher temperature. Both
grade alloys showed the plateau region at around 1100 °C but the
region is broader for the commercial alloys than the nuclear-grade
alloys. In addition, compared to the commercial FeCrAl alloys, the
nuclear-grade alloys exhibited excessive weight gain at the low
temperature of 600 °C.

The H, production of the nuclear-grade FeCrAl alloys during the
transient oxidation from 500 °C to 1500 °C in the BOX facility are
shown in Fig. 3b. Also, the calculated weight gain curves from H,
production are shown in Fig. 3c, where measured weight gains af-
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Fig. 3. Oxidation results of FeCrAl alloys during the transient steam oxidation tests:
(a) weight gains from 500 °C to 1250 °C using STA facility, (b) H, production from
500 °C to 1500 °C using BOX facility, and (c) calculated weight gain curves from H,
production (measured weight gains after tests are also marked.).

ter tests are marked. The weight gains up to 1250 °C (10 mg/cm?
and 3.6 mg/cm? for B136Y3 and C26M2, respectively), calculated
from the H, production, were 5~10 times higher than the weight
gains measured in the STA facility. The results in the BOX facility
should be considered as semi-quantitative values due to the con-
tribution of H, from other parts of the BOX facility. Nevertheless,
the weight gain behaviors up to 1500 °C in BOX facility are simi-

lar to the transient oxidation behavior up to 1250 °C in STA facil-
ity. Both nuclear-grade FeCrAl alloys show significant increases in
the slope at the temperatures at around 600 °C and 1200 °C like
the transient oxidation test up to 1250 °C. Meanwhile, the mea-
sured weight gains after the transient oxidation test up to 1500 °C
(~2 mg/cm? and ~1.5 mg/cm? for B136Y3 and C26M2, respec-
tively) could be used in the estimation of oxidation kinetics later.

3.1.2. Oxide analyses

Cross-sectional SE images and EDS line scanning results for
B136Y3 and C26M2 after the transient oxidation tests up to
1250 °C are shown in Figs. 4 and 5. The oxide layers for both alloys
look similar to each other. The outer surface for both nuclear-grade
FeCrAl alloys exhibited a single protective and continuous alumina
layer. On the other hand, the oxide layer on the inner surface was
different by showing bilayer structure with the outermost Fe,Al,Cr-
rich oxide layer and underlying alumina layer. XRD results shown
in Fig. 6 reveal that such Fe,Al,Cr-rich oxide is mixture of Fe-oxides
(Fe;O3 and Fe304) and spinel type oxides (FeCr,04 and FeAl;04),
while Al,03 was a-phase.

Fig. 7 shows the cross-sectional optical micrographs of both
nuclear-grade FeCrAl alloys after the transient oxidation test up
to 1500 °C. Though the final temperature almost reached melting
points [17], continuous oxide layers were formed on both alloys.
The oxide layers consisted of an alumina layer on the outer surface
of the tube, while the outermost Fe Al Cr-rich oxides and an alu-
mina layer on the inner surface, which is similar to oxides formed
in the transient oxidation test up to 1250 °C (Figs. 4 and 5). As the
test temperature increased from 1250 °C to 1500 °C, the thickness
of alumina on the outer surface increased from ~3 um (Figs. 4 and
5) to ~8 pm (Fig. 7). However, the thickness of Fe,Al,Cr-rich oxide
on the inner surface did not change significantly for C26M2. It im-
plied that the Fe,Al,Cr-rich oxides were not formed at higher tem-
perature from 1250 °C to 1500 °C. In addition, B136Y3 exhibited
much thicker Fe,Al,Cr-rich oxide layer than C26M2, which resulted
in higher weight gain of B136Y3 than C26M2 as shown in Fig. 3c.

3.2. Isothermal oxidation tests in steam

3.2.1. Weight gains and parabolic oxidation rate constants

Weight gains of two nuclear-grade FeCrAl alloys during isother-
mal oxidation tests at 600 °C to 1200 °C are shown in Fig. 8.
Generally, as the test temperatures increased, the weight gains
also increased, except at 600 °C. While the weight gain at 600 °C
for B136Y3 is placed between the results obtained at 900 °C and
1000 °C, the weight gain at 600 °C for C26M2 is placed between
the weight gains at 1100 °C and 1200 °C. Such high weight gain
results at 600 °C are consistent with large increase in weight gain
around 600 °C during the transient oxidation tests for nuclear-
grade alloys as shown in Fig. 3.

Fig. 9 shows the H, release and calculated weight gain curves
for two nuclear-grade FeCrAl alloys during the isothermal oxida-
tion test at 1300 °C to 1500 °C. The weight gain curves were cal-
culated based on the H, release rates, though semi-quantitatively.
At 1300 °C, B136Y3 showed significantly higher weight gain than
C26M2. Above 1400 °C, both alloys exhibited excessive oxida-
tion behaviors as soon as steam was introduced, which can be
viewed as catastrophic oxidation. After the catastrophic oxidation,
the weight gains were saturated at a certain value due to the total
consumption of the specimen.

Using the isothermal oxidation results, the oxidation parabolic
rate constants at each temperature were derived and results are
shown in Fig. 10, where alumina and Fe-oxide formation kinetics
from literature [18,19] are also plotted. Both nuclear-grade alloys
showed higher oxidation kinetics at 600 °C than alumina kinetics.
At 700 and 800 °C, the kinetics well followed #-alumina kinetics.
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Fig. 4. Cross-sectional SEM analyses for B136Y3 after the transient steam oxidation test from 500 °C to 1250 °C: (a) Low-magnification image and high-magnification images
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Fig. 5. Cross-sectional SEM analyses for C26M2 after the transient steam oxidation test from 500 °C to 1250 °C: (a) Low-magnification image and high-magnification images

with EDS line scanning results for (b, c) the outer surface and (d, e) the inner surface.

The kinetics at 900 °C is placed between that of 8- and «a-alumina.
After the transient kinetics, both alloys showed «-alumina kinetics
from 1000 °C to 1200 °C for B136Y3 and to 1300 °C for C26M2.
As oxidation temperature further increased, the oxidation kinetics
of nuclear-grade FeCrAl alloys rather matched to that of Fe-oxide,
showing catastrophic oxidation.

3.2.2. Oxide analyses

Fig. 11 shows macroscopic images for two nuclear-grade FeCrAl
alloys before and after isothermal steam oxidation tests at 600 °C
to 1500 °C. gray oxides were formed on the tube surfaces at all
oxidation temperatures. Only the inner surface of C26M2 at 600 °C
was covered with some brown oxides. The tubular shapes started
to be destroyed at 1400 °C, where the oxidation kinetics was be-

yond the «-alumina kinetics and showed catastrophic oxidation
behavior.

To characterize oxides on two nuclear-grade FeCrAl alloys,
cross-sectional SEM/EDS analysis was conducted. The results at
600 °C for B136Y3 are shown in Fig. 12. Different oxides were
found on the outer and inner surfaces. While a very thin Al,Cr-rich
oxide layer (~500 nm) was observed on the outer surface, a Cr-rich
oxide layer (~4 pm) and nodular oxides were found on the inner
surface. Such nodular oxides on the inner surface consisted of the
outermost Fe-rich oxide and underlying Fe,Cr,Al-rich oxides. Cross-
sectional SEM/EDS analysis results of C26M2 after isothermal oxi-
dation at 600 °C are shown in Fig. 13. Similar with B136Y3, a very
thin Al,Cr-rich oxide layer on the outer surface and thick Fe-rich
oxide layers on the inner surface were observed. Here, the Fe-rich
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Fig. 10. Parabolic rate constants of B136Y3 and C26M2 as a function of temperature
with the parabolic constants of Fe-oxide [18], «-alumina [18] and #-alumina [19].

oxide layer consisted of a Fe-oxide layer (~7 pm) and underlying a
Fe,Cr,Al-rich oxide layer (~7 pm).

Figs. 14 and 15 show XRD results of B136Y3 and C26M2, re-
spectively, after isothermal oxidation tests at each temperature for

20 h. The inner surface was analyzed only for C26M2 after isother-
mal oxidation at 600 °C, while outer surfaces were analyzed for
the others. As shown in the XRD results, the peaks from the outer
surface of the two alloys after isothermal oxidation at 600 °C
mainly matched to the matrix due to a very thin outer oxide layer.
However, the inner surface of C26M2 (Fig. 15a) exhibited peaks
of Fe,03, Fe(Fe,Cr,Al);04 and Al,03, since the Fe-oxide layer and
Fe,Cr,Al-rich oxide layer were relatively thick (~14 pm) as shown
in Fig. 7b. As considering the XRD result, Fe-oxide is most probably
Fe,03 and Fe304 and the underlying Fe,Cr,Al-rich oxide is spinel
type oxide. Though the two nuclear-grade FeCrAl alloys showed a
very thin Al,Cr-rich oxide layer on the outer surfaces, oxide layers
on the inner surfaces were different. That is, B136Y3 showed the
Cr-rich oxide layer with the Fe-rich nodular oxides, C26M2 exhib-
ited a continuous and thick Fe-oxide, and underlying Fe,Cr,Al-rich
oxide layers. Such continuous and thick Fe-oxide and underlying
Fe,Cr,Al-rich oxides on the inner surface of C26M2 resulted in the
large weight gain at 600 °C in Fig. 8.

As the oxidation temperature increased to 700 °C, Fe-rich ox-
ides were not found on the inner surface for the both alloys
(Fig. 16). The oxide layers on both inner and outer surfaces were
too thin to be detected by OM. Such results well agree with the
XRD results in Figs. 14b and 15c, where oxide peaks were hardly
observed due to the thin oxide layers. In addition, weight gain re-
sults for the two nuclear-grade FeCrAl alloys (Fig. 8) showed the
lowest weight gain at 700 °C among isothermal oxidation tests. As
the oxidation temperature increased from 900 °C to 1300 °C, small
peaks for a-alumina were found and the intensity increased.
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EDS line scanning results for (b, ¢) the outer surface and (d, e, f) the inner surface.

Although the oxidation kinetics (Fig. 10) and the macroscopic
images (Fig. 11) are different at 1300 °C for two alloys, the XRD
peaks for the alloys were similar by showing strong «-alumina
peaks. To confirm the XRD results, cross-sectional SEM/EDS anal-
ysis was conducted for B136Y3 after the isothermal oxidation test
at 1300 °C and the results are shown in Fig. 17. Convoluted alu-

mina layers were formed on inner and outer surfaces of B136Y3.
Since the convoluted alumina is more prone to localized carking
and become less protective, thickness of the alumina layer depends
on the location. Multi-layered alumina was formed on some loca-
tion as shown in Fig. 17b. If the localized cracking did not occur,
an alumina layer was formed with a thickness of around 8 pm
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1: a-ALO; [#76-7775)
5 : Fe,0, [#01-1053]

2: 8-AL0; [#11-0517
61 Fe,0, [#71-6766]

3: FeCr,0,[#24-0511] 4 : FeAlLO, [#34-0192)

F : Ferrite (Matrix) [#34-0396]

2 3
] 600°C inner surface|  1000°C )
j i )
4 f: % 2 (% . 2‘; (Ea)
3 83 4 §.6 5 65 04 6
43 AL LI§_,-_.21_.u§I4 iﬁsjhiﬂi 45 33 3 1 g o 1 1 1 F11 1
Jeooc| | J1100°C ©
1 ] ; F
22 zzsz | 3 J‘M 1 AllJ{” 1
F e o e e S S e Wi S LB S G i S
% {7000 11200°C
S :M (c) :\_1 . (h)
= 3 ]
3 1
E 22 222 Jp 2 L.l i A l 1l A
j8oo°c] @] J1300°C . )
7] b 1 i
2 I o G 1
EERELI I 3 A JJI»M
Jo00°C]| (e)| J1400°C] G)
1 6
7] 7] 3 ] 6 =
F l 1, » $ 4 A 6 % 6
i z_zli‘z_l_ll_ll__ .1 4 ta 4 4 2 | 4';41 GL 43 %3 3
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2 Theta []

Fig. 15. XRD results of (a) the inner surface for C26M2 after isothermal steam oxidation at 600 °C for 20 h and (b-j) the outer surfaces for C26M2 after isothermal steam

oxidation at 600 °C to 1400 °C for 20 h.
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Fig. 16. Cross-sectional optical micrographs for (a) B136Y3 and (b) C26M2 tubes after the isothermal steam oxidation at 700 °C for 20 h.

(Fig. 17d). On the other hand, C26M2 shows continuous and well-
attached alumina layers on inner and outer surfaces with a thick-
ness of approximately 8 pm (Fig. 18). Through the oxide analyses, it
is revealed that the convoluted alumina and oxide spallation dur-
ing the steam oxidation resulted in faster kinetics of B136Y3 than
C26M2 at 1300 °C.

As shown in the macroscopic images (Fig. 11), the samples were
totally oxidized above 1400 °C by showing the catastrophic oxida-
tion behavior. After the catastrophic oxidation, XRD results show
sharp peaks of spinel oxides (Figs. 14i and 15j). To analyze ox-
ides formed above 1400 °C and investigate the early stage of the
catastrophic oxidation, C26M2 was exposed at 1500 °C in the BOX
facility, then the furnace was shut down as soon as the exces-
sive H, generation was detected (the oxidation time was approxi-
mately 280 s). Fig. 19 shows the macroscopic image, cross-sectional
back-scattered SE (BSE) images and EDS line scanning results of
a C26M2 tube after steam oxidation test at 1500 °C for 280 s.

As shown in the macroscopic image, the excessive oxidation was
predominantly started at the edge and some localized points be-
yond the edge area. To investigate both non-excessive and exces-
sive oxidation behaviors, the SEM-EDS analysis was conducted for
two regions, the middle and the edge of the tube specimen. For
the middle of the specimen, oxide layers consisted of the outer-
most Fe,Al oxides and an underlying alumina. On the other hand,
the oxides formed at the edge were significantly different from
those formed in the middle region as shown in Fig. 19c. Thick
Fe,Cr,Al oxides were formed at the outermost and complex Al,Cr-
rich oxides with Fe with small amount of Mo were present un-
derneath the Fe,Cr,Al-rich oxides. Alumina was internally formed
at the oxide/metal interface. Depletion of Cr and Al was found
by EDS line scanning at the oxide/metal interface (Fig. 19e). The
Cr and Al contents were recovered to original Al and Cr con-
tents, 6 wt.% and 12 wt.% respectively, at the middle of tube
specimen.
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The Mo content in the matrix was maintained at approximately
2 wt.% while Mo was hardly observed in oxide layers. In addi-
tion, Mo-rich flakes were found at the outlet of the test zone (not
shown in the paper) for samples showing catastrophic oxidation.
Such observation implied the volatilization of Mo-oxides, which
are volatile above 800 °C in steam [20]. Al is selectively oxidized
at high temperature and protective alumina also prevented the Mo
oxidation. Thus, the volatilization of Mo-oxides was not significant
before the alumina layer was failed. However, the catastrophic oxi-
dation caused entire oxidation of the alloy including Mo. Therefore,
Mo oxides were evaporated and condensed at the colder outlet of
the test zone.

4. Discussion
4.1. Different oxides on inner and outer surfaces at 600 °C

As shown in the transient oxidation results (Figs. 4, 5, and 7)
and isothermal oxidation results at 600 °C (Figs. 12 and 13), the
oxidation behaviors on the inner and outer surfaces of the tube
specimens were different. Surface treatment could be one of the
factor affecting such different oxidation behaviors. Fig. 20 shows
the BSE images and EDS line scanning results of the as-received
C26M2 tube. In the low magnification images (Figs. 20a and 20d),
the inner surface shows higher roughness than the outer surface.
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In addition, more internal oxides were present on the inner sur-
face, which were enriched in Al and Cr. The formation of internal
oxides would result in slightly depleted Cr near the inner surface
and Al at the grain boundaries (Fig. 20f). Such Cr and Al depletion
can cause the formation of Fe-rich oxides on the inner surface.

Furthermore, while B136Y3 and C26M2 alloys showed similar
weight gain at low temperature for the transient oxidation test up
to 1250 °C (Fig. 3a), B136Y3 exhibited higher weight gain at low
temperature for the transient oxidation test up to 1500 °C (Fig. 3b)
and C26M2 exhibited higher weight gain at 600 °C for the isother-
mal oxidation test (Fig. 8). Such non-reproducible oxidation results
at the low temperature range also implied that the enhanced ox-
idation on the inner surfaces is not due to the chemical composi-
tions of the two alloys. It is mostly caused by some defects from
the tube production process.

Meanwhile, the different oxidation behaviors on inner and
outer surfaces disappeared above 700 °C as shown in Fig. 16. As
the temperature increased from 600 °C to 700 °C, the Al diffusivity
increases approximately 100 times in BCC [21], but the oxidation

parabolic rate constant increases 5 times for a Fe-21Cr-5Al alloy in
dry air [22]. Because Al supply by diffusion is faster than Al con-
sumption by alumina formation above 700 °C, a continuous alu-
mina layer can be produced. Therefore, different oxidation behav-
iors on the inner and outer surfaces were not found by increasing
the oxidation temperature above 700 °C.

Nevertheless, the enhanced oxidation behavior on the inner sur-
face can be mitigated by grinding similar to the outer surface. In
addition, for application as nuclear fuel claddings, the inner sur-
face will not be exposed to steam at lower temperature. Only when
the burst of cladding occurs, the inner surface can be exposed to
steam. However, the burst temperatures are usually above 800 °C
for the nuclear-grade FeCrAl alloy [23], where the different oxida-
tion behaviors will disappear.

4.2. Steam oxidation kinetics of nuclear-grade FeCrAl alloys

As discussed in the previous section, the rapid oxidation rate
at 600 °C on the inner surface of nuclear grade FeCrAl alloys was
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most probably resulted from the tube manufacturing process and
it can be suppressed. Therefore, without the rapid oxidation at
600 °C, the oxidation kinetics of nuclear-grade FeCrAl alloys can
be divided into three temperature ranges, T < 900 °C, 1000 °C <
T < 1300 °C, T > 1400 °C in Fig. 10. The kinetics and oxides are
summarized in Table 2.

In the temperature range of T < 900 °C, the oxide analyses
could not define the oxide phases because of too thin oxide layer.
However, the oxidation kinetics well matched to the reported ki-
netics of the 0-alumina, a transient alumina [19]. Such transient
alumina kinetics exhibits around 2 orders of magnitude faster than
«-alumina. The transient and «-alumina are competitively formed
at around 900 °C [12,24]. Thus, similar kinetics are shown at 800,
900 and 1000 °C in Fig. 10, even the oxidation temperature in-
creases.

In the temperature range of 1000 °C < T < 1300 °C, w-alumina
was observed as shown in Figs. 14 and 15. Also, the results ob-
tained in this study well match to the reported «-alumina kinet-
ics [18]. In this temperature range, both nuclear-grade FeCrAl al-
loys show excellent oxidation resistance as an ATF cladding by
showing around 5 orders of magnitude lower oxidation kinetics
compared with current Zr alloys [18]. At 1300 °C, both nuclear-
grade FeCrAl alloys exhibited «-alumina formation but different ki-
netics. While convoluted alumina layers were formed on B136Y3,
a well-attached and flat alumina layer was produced on C26M2.
Quadakkers et al. [25] conducted air oxidation tests at 1000 °C
and 1100 °C with wrought and oxide-dispersed Fe-20Cr-5Al al-
loys. Through the oxidation tests, it was found that ODS exhib-
ited more adherent and flat alumina than the wrought alloy. It
was indicated that the improved adherence of alumina on ODS re-
sulted from the suppressed outward diffusion by yttria addition.
On the other hand, Dryepndt et al. [26] observed more convoluted
alumina morphology on Fe-Al with lower strength and at higher
temperature. They explained that such convoluted alumina mor-
phology results from lower strength of the matrix. Also, because
strength is reduced by increasing temperature, more convoluted
alumina at higher temperature can be explained by strength ef-
fect of the matrix. In addition, different alumina morphology in
ref. [25] can be explained by the strength effect, since ODS have

Reference

K05+ [g/m2-s05] Oxide

1.0 x 1073 at 700 °C Transient alumina [19]

2.5 x 1073 at 1000 °C a-alumina [18]

5.0 x 10 at 1400 °C Fe-oxide [18]

higher strength than wrought alloys. For the nuclear-grade FeCrAl
alloys, because both alloys contain similar Y content in a matrix, Y
addition would not be the main reason for the different alumina
morphology. It is reported that C26M2 has higher strength than
B136Y3 by adding Mo [6]. Therefore, it seems that B136Y3 exhib-
ited the convoluted alumina morphology at relatively low temper-
ature of 1300 °C than C26M2 due to its lower strength (Fig. 17). In
addition, thicker alumina layers were found on the outer surfaces,
because the tube outer surface is more susceptible to the tensile
stress and oxide cracking during oxidation.

Above 1400 °C, the nuclear-grade FeCrAl alloys were quickly ox-
idized by following Fe-oxide kinetics as shown in Fig. 10. After the
catastrophic oxidation, tube shapes were totally destroyed (Fig. 11)
and XRD measurement confirmed the growth of Fe,Cr-rich spinel
oxides (Figs. 14i and 15j). Such completely oxidized tubes would
be no barrier against the release of fission products anymore, and
result in more severe accident consequence by increasing the reac-
tor core temperature. However, it has been reported that a protec-
tive alumina layer is formed on low-Cr ODS FeCrAl alloys even at
1400 °C [13,27,28]. ODS steels itself have positive effect on high-
temperature oxidation resistance owing to fast Cr and/or Al sup-
ply via fine-grain boundaries [29]. Besides the fine grains, higher
strength of low-Cr ODS FeCrAl can affect the high temperature
oxidation behavior. As mentioned previously, convoluted alumina
morphology can be more observed on alloys with lower strength
and can cause oxide spallation during oxidation. Thus, the lower
strength of wrought nuclear grade FeCrAl alloys results in the de-
crease of maximum temperature to produce a protective alumina.

4.3. Catastrophic oxidation behavior of nuclear-grade FeCrAl alloys
above 1400 °C

To understand the initial catastrophic oxidation behavior and
mitigate the excessive oxidation for the nuclear-grade FeCrAl tubes,
C26M2 exposed to 1500 °C for a short time was investigated. Based
on the oxide analyses, the catastrophic oxidation at very high tem-
perature can be explained as follows. When nuclear-grade FeCrAl
alloys are exposed to very high-temperature steam, Al,Fe-spinel ox-
ides are produced and alumina is formed underneath the spinel



1.6
1.4 4 ——=/BEC
——— Corundum
——— Liquid
1.2 4 ——— Spinel
1.0 4
c i e ey
2 0.8 4
§ ;
=
0.6 i
0.4 A
0.2 4
0.0 T T T T T
=700 -600 =500 -400 -300 =200 -100

Ho, [kJ mol 0__"]

Fig. 21. Stable phase fraction in the Fe-Cr-Al-O system for Fe-12Cr-6Al at 1400 °C
as a function of oxygen chemical potential [28].

oxides. When the underlying alumina is connected and become
continuous, the spinel oxide formation is suppressed. In this stage,
Cr and Al contents are not depleted yet as shown in Fig. 19b. How-
ever, the underlying alumina is convoluted at very high tempera-
ture and easy to be spalled off. When oxides are spalled off and
the spallation is repeated, Cr and Al would be depleted in the sub-
strate. As a results, Fe,Cr,Al-rich spinel oxides are produced. Such
spinel oxides would become much thicker than the initial spinel
oxides, because there is no underlying alumina to suppress the for-
mation of spinel oxides. Therefore, thick Fe,Cr,Al-rich oxides were
formed as shown in Figs. 19c-e.

The oxides at the edge can be divided into four regions;
Fe,Cr,Al-rich oxides with pores, Al,Cr-rich oxides and Fe,Mo-rich
phase with pores, alumina, substrate. These regions exactly match
to phase diagrams of the Fe-Cr-Al-O system depending on oxygen
partial pressure that was calculated at 1500 °C with TAF-ID [17]
and at 1400 °C with CALPHAD [28]. The phase diagram (Fig. 21)
show that the stable phases at the very high temperature are vary-
ing with oxygen partial pressure, such that spinel oxides, liquid
and spinel oxides, BCC and spinel oxides, liquid and corundum,
BCC and corundum, and BCC as the oxygen partial pressure de-
creases. Here, the liquid phase is most probably FeO, which melts
at 1377 °C and it would make pores by cooling in the spinel and
corundum regions. Such pores can also be found in the spinel and
near «-alumina (corundum) phases. In addition, it seems that the
liquid phase is the most destroying factor of tube shapes.

Nevertheless, it is a promising result that the transient oxida-
tion result did not show the catastrophic oxidation even at 1500 °C
and the catastrophic oxidation was started mostly from the edge of
the tube. In severe accidents, claddings will be oxidized from the
operating temperature to very high temperature like in the tran-
sient oxidation tests. In addition, both ends of cladding tubes are
enclosed with end-caps and FeCrAl alloys showed higher burst and
ballooning resistance than Zr-alloys [23,30]. Therefore, the catas-
trophic oxidation will be delayed in the nuclear accidents despite
catastrophic oxidation was observed in the isothermal oxidation
tests at 1400 °C and 1500 °C.

5. Conclusions

The oxidation mechanisms and Kinetics in steam of two
nuclear-grade FeCrAl alloys (B136Y3 and C26M2) were investigated
with transient tests from 500 °C up to 1500 °C of 1 °C/min and
isothermal tests from 600 °C to 1500 °C for 20 h. Based on the

oxidation tests and subsequent analyses, the following conclusions
are drawn:

« While transient oxidation tests up to 1500 °C did not show
geometrical change of the nuclear-grade FeCrAl tubes, the
isothermal oxidation tests above 1400 °C show the completely-
oxidized and totally-destroyed tubes.

At 600 °C, oxidation kinetics was faster than some higher tem-
peratures, which is caused by the formation of Fe-rich oxides
on the inner tube surface. On the other hand, Al-rich oxide
layer was observed on the outer surface. The different oxida-
tion behaviors on inner and outer surface most probably result
from different surface conditions.

At 700 °C to 900 °C, an Al-rich oxide layer was formed on both
surfaces. The oxidation kinetics of nuclear-grade FeCrAl well
followed that of transient alumina. From 1000 °C to 1300 °C,
a continuous and protective alumina layer was found on the
nuclear-grade FeCrAl alloys showing «-alumina kinetics.

Above 1400 °C, the nuclear-grade FeCrAl tube specimens were
quickly and completely oxidized (i.e. catastrophic oxidation) by
exhibiting Fe-oxide kinetics as soon as steam was introduced.
Failure of the protective alumina layer causes depletion of Cr
and Al and excessive formation of Fe-rich spinel oxide. Dur-
ing catastrophic oxidation, FeO liquid phase formation seems to
cause significant geometrical change of tube specimens.
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