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Abstract The effect of lanthanum sol-gel coatings was
studied in order to improve the alumina scale adher-
ence during the model Fe-20Cr—5Al alloy oxidation, at
1100 °C, in air. Various sol-gel coating procedures were
applied. Argon annealing of the lanthanum sol-gel coating
was tested at temperatures ranging between 600 and
1000 °C. The coating crystallographic nature was charac-
terized by X-ray diffraction (XRD) depending on the
annealing temperature. The oxidation process has been
examined at 1100 °C by in situ XRD on blank Fe-20Cr—
5Al, sol-gel coated and argon-annealed specimens. This
study shows that the coating argon annealing at 1000 °C
leads to the preferential formation of LaAlOj instead of
La,0s5. This coating procedure leads to an alumina scale
formation showing the best adherence under thermal
cycling conditions at 1100 °C.

Introduction

Alumina-forming alloys, FeCrAl, containing 20% chro-
mium and 5% aluminium are often used in electrical
heating elements at high temperatures. The alumina scale
generally insures a good oxidation protection under iso-
thermal conditions. Nevertheless, under thermal cycling
conditions scale spallation generally occurs [1-3]. The
literature has shown that reactive elements, such as Ce, Y
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or La, can improve the protective character of the alumina
scale and its adherence on the alloy. Most of the authors
presented results about the effect of rare earth elements,
introduced as alloying elements or by ion implantation on
the alloy [4-6].

The aim of this study is to present another coating
procedure, which consists in a lanthanum sol-gel coating
deposited on the alloy surface. It focuses on the effect of
lanthanum on the scale adherence on a model FeCrAl
alumina-forming alloy oxidized at 1100 °C. The model
FeCrAl alloy studied is free of impurities or minor ele-
ments. The effect of the lanthanum sol-gel coating was
studied. It was compared with different argon annealing
conditions at 600, 800 and 1000 °C prior to oxidation to
examine the nature and efficiency of the coating. Thermal
cycling tests were performed in order to compare the oxide
scale adherence with the different surface treatments.
Kinetic studies and in situ X-ray diffraction (XRD) will
lead to explain the oxidation mechanism involved and
the effect of the argon annealing on the alumina scale
adherence.

Experimental details

The FeCrAl alloy used in this study is a high-purity alloy
provided by Prof. J. Le Coze from I’Ecole des Mines de
Saint-Etienne (France). The alloy composition is given in
Table 1. The samples are 1-mm-thick disks of 14-mm-
diameter. The blank specimens were polished on SiC paper
up to the 600 polishing grade, then washed with ethanol and
finally dried just before isothermal oxidation at 1100 °C or
sol—gel coating. The 0.4 mol/L lanthanum hydroxide solu-
tion is obtained from the precipitation of lanthanum
hydroxide in 0.27 mol 28% ammonia. After filtration the



J Mater Sci (2009) 44:3968-3974

3969

Table 1 Composition of the model FeCrAl alloy (wt%)

FeCrAl Fe Cr Al C S (0] N

wt% Bal. 1998 5.00 <0.001 <0.001 <0.001 <0.001

dissolution of the precipitate is obtained in the 69% nitric
acid at 60 °C [7]. The lanthanum sol—-gel coatings are car-
ried out by dipping the specimens for 10 s in the solution.
After drying for 10 min in a 50 °C air flux, the coating
thickness is closed to 0.5 um. After sol-gel coating, the
argon annealing was performed in a quartz reaction tube. A
heating ramp is applied at a rate of 5 °C/min until the 600,
800 or 1000 °C annealing temperature is reached. The
temperature is maintained for 2 h. Then the specimen is
cooled down at 5 °C/min to room temperature. In order to
compare the various surface treatments, five kinds of
specimens have been tested; they are listed in Table 2.

Kinetic results under isothermal conditions were recor-
ded by means of a Setaram TG-DTA 92-1600 microther-
mobalance, for 100 h, at 1100 °C in air. The in situ
characterization of the oxide scales was carried out in a
high-temperature MRI chamber adapted on an X-ray Phi-
lips X’ PERT MPD diffractometer (copper radiation, A
k, = 0.154 nm). The XRD conditions were 2@ scan, step
size of 0.05° ranging from 10 to 80°, 2.5 s counting time.
Each in situ XRD pattern is obtained within 1 h in the 10—
80° 20 range. The morphology of the external surface as
well as the specimen cross sections were observed with
secondary electrons using a scanning electron microscope
(SEM) JEOL JSM-6400F. The analysis of the scale was
performed with the LINK energy dispersive X-ray spec-
troscopy (EDS).

Thermal cycling was performed in static laboratory air
at atmospheric pressure in a classical tubular furnace.
Three samples were placed at the same time into an alu-
mina crucible to estimate the reproducibility. The thermal
cycle consists in a 20-h exposure at high temperature,
followed by a duration of 4 h at room temperature after
air quenching. The weight change of the samples was

Table 2 Various surface treatments and corresponding specimen
labels

Specimen surface treatment Specimen label

Model FeCrAl (blank) FeCrAl

FeCrAl lanthanum sol-gel coating sg La
without annealing

FeCrAl lanthanum sol-gel coating sgla.ann.600
with argon annealing at 600 °C

FeCrAl lanthanum sol-gel coating sgla.ann.800

with argon annealing at 800 °C

FeCrAl lanthanum sol-gel coating
with argon annealing at 1000 °C

sgla.ann.1000

determined after each cycle on a balance with an accuracy
of 0.1 mg.

Results
Isothermal oxidation at 1100 °C in air

The mass gain curves obtained after FeCrAl isothermal
oxidation at 1100 °C are shown in Fig. 1. These curves
allow us to compare the results obtained with all the
specimens: FeCrAl sg La, sglLa.ann.600, sgl.a.ann.800 and
sglLa.ann1000. In all cases the kinetic curves follow a
parabolic behaviour. The parabolic rate constants, k,, were
calculated from the slope of the line obtained on a Am/S vs.
"% plot [8]. The calculated k, values are reported in
Table 3. It appears that these values are higher for the
argon-annealed specimens. The FeCrAl and “sg La”
specimens show similar &, values.

Cyclic oxidation

The specimen mass change versus the number of cycles is
shown in Fig. 2. It shows that the oxide scale is not always
adherent to the substrate. FeCrAl specimens lead to a scale
spallation after only two cycles. The lanthanum sol-gel
coating (sg La) has a slight beneficial effect on the oxide
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Fig. 1 Mass gain curve obtained after isothermal FeCrAl oxidation at
1100 °C

Table 3 Parabolic rate constants obtained after oxidation at 1100 °C,
100 h, in air

Specimen surface state kp (gz/cm4/s)

FeCrAl 1.13 x 1072
sg La 1.07 x 1072
sgla.ann.600 2.06 x 10712
sgLa.ann.800 233 x 10712
sgLa.ann.1000 1.98 x 1072

@ Springer
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Fig. 2 Specimens mass change versus the number of cycles at
1100 °C (204 h cycles)

scale adherence compared with blank specimens. The best
adherence is observed when the specimen argon annealing
has been performed at 1000 °C. In this case, very limited
spallation occurred during the cycling test.

XRD analysis

In situ X-ray patterns obtained on the FeCrAl specimen at
1100 °C are shown in Fig. 3. The oxide scale is only
composed of «-alumina (JCPDS 46-1212). No transition
alumina is detected during the initial stage oxidation.
o-Alumina is detected from the first hour oxidation and

] M : FeCrAl

J A:(X-A1203

] A

] A A A

loate |4 bda

] oxidation A A AM A

] A A A
ST I s A
<
> ] A A Al A
% ] A A A
g {20n I A A
: 4
PR A A
- A AR AA
< l10h LA \
2

1 A

A A A A
Is5n A ) A AA
J1n A A Al A A
Oh M
[wsrmvin, A ]
10 20 30 40 50 60 70

Diffraction Angle 20 (degrees)

Fig. 3 In situ XRD patterns obtained on the FeCrAl specimen, at
1100 °C
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grows continuously during the 30 h oxidation without
showing any phase transformation. In situ XRD patterns
obtained on the “sg La” specimen at 1100 °C are shown in
Fig. 4. No lanthanum-containing oxides were detected
before oxidation at 1100 °C. This is due to the fact that the
sol-gel coating does not lead to sufficiently crystallized
species to be detected by XRD. After heating up to 1100 °C,
a-alumina appears very quickly and grows with time.
During the first hour oxidation, if alumina is the major
phase present on the alloy, XRD patterns also show the
presence of three lanthanum-containing oxides: La,Oj
(JCPDS 05-0602), LaAlO; (JCPDS 31-0022) and
LaAl;;0;3 (JCPDS 33-0699) which appear simultaneously.
The La,05 peaks intensity decreases with time and becomes
undetectable after 2 h oxidation. It appears that La,0; is
transformed into LaAlO5; and LaAl;;O;g with time. In situ
X-ray patterns obtained on the “sgl.a.ann.600” specimen
oxidized at 1100 °C are shown in Fig. 5. Before oxidation,
we have noticed the presence of La,O5; and LaAl;;O,g on
the surface. At 1100 °C, the La,O5 peaks completely dis-
appear after the first hour of oxidation. LaAl;;O,g peaks
also become undetectable after 10 h, whereas the LaAlO3
peaks grow during the first 10 h. In situ X-ray patterns
obtained on the “sgla.ann.800” specimen oxidized at
1100 °C are shown in Fig. 6. On the initial surface, the
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Fig. 4 In situ XRD patterns obtained on the “sg La specimen” at
1100 °C
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Fig. 5 In situ XRD patterns obtained on the “sgla.ann.600” spec-

imen at 1100 °C
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Fig. 6 In situ XRD patterns obtained on the “sgla.ann.800” spec-

imen, at 1100 °C

Fig. 7 In situ XRD patterns obtained on the “sgla.ann.1000”
specimen, at 1100 °C

lanthanum-containing oxide La,Oj is present on the surface
with LaAl;,0g. During the oxidation at 1100 °C, the
La,05 and LaAl;;0,g peaks completely disappear after the
second hour of oxidation, whereas the LaAlO; peaks
grow with time. In situ X-ray patterns obtained on
“sgl.a.ann.1000” specimen at 1100 °C are shown in Fig. 7.
On the initial surface, LaAlO; appears as the major lan-
thanum-containing phase on the surface. The small La,O3
peaks disappear during the first hour oxidation. All along
the 30 h oxidation test the LaAl;;O;3 has never been
detected on the surface of the “sgla.ann.1000” specimen
and after cooling to room temperature.

After 150 h oxidation, XRD patterns show that on all
kinds of lanthanum sol-gel coated specimens, LaAl;;Og
can be detected on the surface after oxidation (Fig. 8). This
shows that if after 30 h oxidation LaAl;;O,3g is not detected
at room temperature it is found after long-term testing.

Scale cross section of the sgla.re1000 specimen
oxidized at 1100 °C

SEM examinations were carried out on the sglLa.re1000
specimen cross section (Fig. 9) in order to estimate the
subscale thickness and to identify the elements incorpo-
rated in the oxide scale. After 150 h oxidation at 1100 °C,
the adherent scale is 4 £ 0.5 um thick. EDS analyses are
shown in Fig. 10. The scale bulk is composed of alumina

@ Springer
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Fig. 8 XRD patterns obtained on coated specimens oxidized 150 h,
at 1100 °C

8 um '

Fig. 9 Scale cross section observed on the sgla.re1000 specimen
oxidized at 1100 °C, in air for 150 h

(spectra 1 and 2). It appears that lanthanum is mainly
located close to the air/oxide interface (spectrum 3).
Discussion

According to the isothermal kinetic results shown in Fig. 1,
it is shown that argon annealing of the lanthanum sol-gel

coating always leads to a slight increase in the mass gain.
This phenomenon is generally observed with lanthanum-
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Fig. 10 EDS spectra obtained on the cross section of the sgLa.re1000
specimen oxidized at 1100 °C, in air, for 150 h

coated specimens due to the oxygen defective nature of the
lanthanum-containing oxides [9]. Nevertheless, the pro-
tective character of the scale is maintained as long as the
parabolic behaviour is followed and the scale acts as a
diffusion barrier. Thermal cycling tests allow us to com-
pare the scale adherence depending upon the FeCrAl
specimen surface treatment. Figure 2 shows that the lan-
thanum sol-gel-coated specimens show a better a-Al,O3
scale adherence during the first cycles.

A drastic improvement of the o-alumina scale adherence
is observed when the argon annealing is performed at
1000 °C. Thermodynamic assessments on the system
La,05-Al,05 show that the two mixed oxide which can be
formed are LaAlO; and LaAl;;O;5 [10]. In situ XRD
results (Figs. 3-7) show that during the first 2 h of the
oxidation test, the La,O3 peaks intensity decreases rapidly
and the LaAlOj3 peaks’ growth is observed. It means that a
complete transformation of La,O; into LaAlOjz occurs
according to reaction 1 [11, 12]:

La,O5; + Al,O3 — 2LaAlO; (1)
Moreover, in situ XRD and XRD patterns obtained after

150 h oxidation tests (Fig. 8) indicate that LaAl;;Og is the
main lanthanum-containing phase observed after long-term
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testing. This means that LaAlO; is progressively trans-
formed into LaAl;;Og all along the oxidation process
according to Eq. 2 [11, 12]:

LaAlO3 + 5A1203 — LaA111013 (2)

Ropp and Carroll [13] proposed that the La,O5 transfor-
mation into LaAlOs5 is a quick phenomenon, whereas the
LaAlO; to LaAl;;0;g transformation is a slower process. It
is in accordance with our results obtained in situ and after
150 h oxidation. It then appears that reaction 2 has
occurred after long-term testing. Key and Crist [14] have
proposed that the La,O3;—Al,O3 oxide mixture can provide
two phases: a perovskite type oxide LaAlO; and a
LaAl;;O,g phase. Other authors have proposed that various
factors influence the preferential formation of LaAlO5 and/
or LaAl;;0,5 from the La,O3;—Al,O3 mixture. It depends
on the La,05/Al,05 ratio [15], the reaction duration [12],
the temperature [14], the oxygen pressure [12] and the
preparation mode of the oxide precursors [13]. According
to our results, it appears that the prevalent formation of
each lanthanum-containing oxide is governed by the tem-
perature, the oxidation duration and the ratio between
La,O5 and Al,O3 on the specimen surface. Figure 4 shows
that on the “sg La” specimen oxidized at 1100 °C, the
oxides La,0Os3, LaAl;;O,g, LaAlO3 and Al,O5 initially grow
at the same time. Alumina is quickly formed due to the
high oxygen pressure in air. Then, the alumina proportion
in the oxide scale is high enough to lead to the LaAl;;0;g
formation from the beginning of the oxidation test.

When we consider the argon-annealed specimens at 600
and 800 °C, La,03, LaAl;;0;5 and Al,O5 are formed under
the low-oxygen residual pressure present in argon (around
10 ppm). Alumina nucleates on the specimen surface and
La,O5 and LaAl;;0,g are formed by crystallization of the
initial sol-gel coating and reaction with alumina. Then, we
have observed that the argon annealing temperature has a
great influence on the coating composition (see the O h
patterns in Figs. 5-7). The 1000 °C argon annealing tem-
perature promotes the formation of LaAlO; due to the
quick reaction 1 between La,O; and Al,O;, which is
thermally activated [11, 12]. At low argon annealing tem-
peratures (600 and 800 °C), our results show that the La,O3
is not completely transformed and remains presented on the
surface after annealing. The lowest annealing temperatures
are not favourable to the LaAlO5; formation because the
reaction 1 rate is not high enough.

After isothermal oxidation, our kinetic results indicate
that the highest parabolic rate constants are registered on
lanthanum-coated annealed specimens. XRD results show
that the LaAl;;O,g formation is detected after long-term
testing. These results are in accordance to what was pro-
posed by Nair et al. [15] who indicate that the LaAl;;Og
formation in the La,05;-Al,0O; mixture induces the oxide

grain size growth and scale porosity and an increase in the
oxidation rate. According to Hou et al. [9], lanthanum on
the initial surface promotes the alumina growth on the
surface and a higher mass gain in air, but it also favours the
scale spallation. Reactive element oxides are also known to
be oxygen defective structures. The higher mass gain
observed on lanthanum-coated specimens can be due to a
favoured oxygen transport in these oxide particles during
the initial oxide growth mechanism on coated substrates
[9]. Our results also show that increasing the argon
annealing temperature reduces the initial amount of La,O3
on the substrate and improves the scale adherence. Nev-
ertheless, our XRD results show that long-term oxidation
tests always lead to the continuous increase in the Al,O3
amount in the scale. With time, such an alumina amount
increase favours the LaAlOj; transformation into LaAl;;Oqg
mixed oxide.

Conclusion

In this study, thermal cycling tests indicate that the tem-
perature of argon annealing of the lanthanum-containing
sol-gel coating greatly improves the alumina scale adher-
ence. XRD was performed in order to identify the coating
crystallographic nature according to the argon annealing
temperature ranging between 600 and 1000 °C. In order to
follow the oxidation process at 1100 °C, in situ XRD was
performed on blank Fe-20Cr-5Al, sol-gel-coated and
argon-annealed specimens. Our results show that increas-
ing the argon annealing temperature on lanthanum sol-gel-
coated specimens up to 1000 °C leads to the preferential
formation of LaAlQOj instead of La,O5. The better alumina
scale adherence under thermal cycling conditions is
attributed to the presence of LaAlO; on the initial specimen
surface before oxidation at 1100 °C. With time, LaAlOj5 is
progressively transformed into LaAl;;O,g after long-term
oxidation.
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