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An intermetallic Fe-Al coating was successfully produced on 316LN austenite stainless steel by slurry Alumi-
nizing. The coating greatly enhanced the corrosion resistance of substrate in LBE (lead-bismuth eutectic) con-
taining low (10~7 wt%) and high (1.8 x10~2 wt%) oxygen concentrations at 550 °C and the coating was mostly
intact after 1500 h exposure test. The high corrosion resistance results from the formation of a uniform layer of

Thermodynamics . . . . . . . - :
STEM i alumina oxide on the coating which can be achieved when the dissolved oxygen is above 1078 wt%. This FeAl
XPS coating maybe a promising option for protecting structure material in the fourth LBE-cooled fast reactor.

1. Introduction

Lead-bismuth eutectic (LBE: 44.5 wt% Pb, 55.5 wt% Bi) is considered
a promising coolant in Gen-IV nuclear power reactors due to its high
thermal conductivity, excellent neutron properties and good compati-
bility with air and water [1-3]. However, it can lead to degradations of
structural materials, such as liquid metal corrosion (LMC) and liquid
metal embrittlement (LME), which pose a significant limitation on its
widespread application [4-6].

Austenitic stainless steels (SSs) (e.g. 316 L SS, 15-15Ti, 1.4571) have
been extensively studied as candidate structural materials for LBE-
cooled fast reactors due to their general good corrosion resistance
[7-9]. However, the presence of highly soluble elements such as Ni and
Mn can result in significant dissolution of structural materials when the
dissolved oxygen (DO) concentration in LBE is low [6,10]. The selective
dissolution of metallic elements not only leads to material loss with LBE
ingress but also causes ferritization of the dissolution-affected zone
[11-14]. The ingress of LBE into material is closely linked to the
embrittlement of material. Moreover, under high DO concentration,
severe oxidation can occur [15-18]. This leads to the formation of a
bilayer oxide structure (an outer layer of magnetite and an inner layer of
Fe-Cr spinel) on the surface of material which degrades the heat transfer
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ability and load bearing capacity of structure materials.

To mitigate dissolution and oxidation of structural materials in LBE,
various approaches have been proposed, including oxygen control and
surface modification. One promising approach is the deposition of a
protective coating on the substrate [19]. Several types of coatings have
been proposed and examined in LBE, such as ceramic coating (TiN,
TiAIN, AlyOs, TisScC, etc) [20-23] and metallic coating (FeAl, CrAl,
FeCrAl, FeCrAlY, AlCrFeMoTi, etc) [24-28] which have shown good
corrosion resistance to LBE. The ceramic coating exhibits high hardness,
good wear resistance and high thermal stability, but lacks self-healing
ability and enough ductility [19]. By comparison, the metallic coating
has good bonding strength with the matrix and a passivation film can
form on its surface due to the addition of active elements (such as Al and
Cr) which significantly improves the corrosion resistance to LBE.

G. Miiller et al. reported that Fe-Al coating on austenite stainless steel
showed good corrosion resistance to LBE even at 600 °C after 2000 h
exposure as a stable thin alumina layer formed [24]. J Yang et al.
evaluated the performance of a high entropy alloy (HEA) AlCrFeMoTi
coating and the result indicated that a thin and dense oxide layer formed
and effectively protected the coating and matrix against the LBE attack
at 550 °C [28]. The metallic coatings exhibited good corrosion resistance
in LBE because the formed oxide films can efficiently prevent LBE from
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Table 1
Chemical composition of 316LN SS (wt%).
Element Cr Ni Si Mo Mn N P C S Fe
Content 16.92 12.92 0.35 2.08 1.37 0.12 0.018 0.015 <0.003 Balance

contacting the material directly. Nevertheless, the coating’s thickness
decreases gradually as the passive film forms and degrades [4]. More
importantly, the above studies only examined the corrosion resistance of
coating in LBE with a single oxygen concentration and the reliability of
these coatings remains questionable in a wide range of DO
concentration.

This work investigated the effect of an aluminide coating formed via
slurry aluminizing [29] on the corrosion resistance of austenitic stainless
steel in LBE. The performance of such coating was fully evaluated in 550
°C LBE with high and low oxygen concentrations (i.e. oxygen-saturated
(1.8 x10~3 wt%) and oxygen-poor (10”7 wt%) conditions). The details
of oxygen control can be found in a previous work [30]. Further
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microscopic analysis was conducted to clarify the excellent LBE corro-
sion resistance of the aluminide coating.

2. Experiment

316 LN SS rectangular coupons (30 mm x 11 mmx3 mm) with a
chemical composition as shown in Table 1 were prepared for aluminide
coating. These specimens were ground with silicon carbide papers up to
1200 grit and then ultrasonically cleaned in acetone before the coating
procedure.

Slurry aluminizing was used to form aluminide coating. The detailed
process can be found in previous works [29,31]. The slurry used for
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Fig. 1. (a) SEM-BSE image of coating cross-section. (b) SEM-EDS mapping of coating cross-section. (c) XRD pattern of coating surface. (d-e) EBSD analysis of the
coating cross-section: (d) Band contrast+Phase, (e) Band contrast+Inverse pole figure. (f) EDS line scan of coating cross-section. (g) EDS line scan of AIN and NiAl
precipitates.
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Fig. 2. (al-a3) SEM-BSE images of 316LN SS after exposure tests in oxygen-poor LBE: (al) 500 h, (a2) 1000 h, (a3) 1500 h. (b1-b3) SEM-BSE images of coated
samples after exposure tests in oxygen-poor LBE: (b1) 500 h, (b2) 1000 h, (b3) 1500 h. (c1-c3) SEM-BSE images of 316LN SS after exposure tests in oxygen-saturated
LBE: (c1) 500 h, (c2) 1000 h, (c3) 1500 h. (d1-d3) SEM-BSE images of coated samples after exposure tests in oxygen-saturated LBE: (d1) 500 h, (d2) 1000 h,

(d3) 1500 h.

coating contains approximately 50-60% Al, 20-30% Si, 10-20% Ni,
5-8% Al;03 and 2-5% activator (by mass). Si serves as a co-dopant to
facilitate Al infiltration into the substrate. A SiO2 layer was formed on
the surface after the aluminizing process which was then removed. The
slurry was sprayed onto the surface of 316LN SS specimens, resulting in
a slurry thickness of approximately 0.2 mm. Subsequently, the sprayed
specimens were dried at 200 °C. The process of aluminizing was ther-
mally activated at 980 °C in argon atmosphere and lasted for 5 h, fol-
lowed by cooling in air. The coated coupons were cleaned three times
with alcohol.

The LBE corrosion tests of as-coated and raw materials were carried
out in a static LBE corrosion system as in a previous work [30]. The

corrosion time ranged from 500 to 1500 h and two oxygen concentra-
tions (oxygen-saturated: 1.8 x1073 wt% and 0Xygen-poor: 1077 wt%)
were used. A Pt/air electrode sensor was used to measure the DO con-
centration in LBE. After exposure test, some specimens were cleaned
with a solution containing acetic acid, ethanol and hydrogen peroxide
(the volume ratio is 1:1:1) to remove residual LBE on the surface. Some
specimens were cut by diamond wire carefully and then cold mounted
with epoxy resin. The cold mounted specimens were mechanically
ground up to 3000 grit with silicon carbide papers and then vibration
polished in 0.05 um alumina suspension to remove the surface defor-
mation layer.

The phase structure of the as-coated specimen was analyzed in an X-



W. Wang et al.

(a)

70

3
wn

—=— Depth of LBE penetration(uncoated)
|l = Thickness of coating

- - - Thickness of outer layer
Thickness of inner layer

60

50

30

e eeeza
.

425
RN

20

10|

Depth of LBE penetration(uncoated) (pm)

0 500 1000 1500

Corrosion time (h)

&

Thickness of coating (pm)
Thickness of oxide layer (uncoated) (pm)

Corrosion Science 227 (2024) 111757

16 75
— Thickness of oxide layer (uncoated)

14 | —— Thickness of coating
- - -Thickness of outer layer

121 Thickness of inner layer,

10 150

25

Thickness of coating (pm)

S N A &

T — 0
1000 1500

0 500
Corrosion time (h)

Fig. 3. (a) The thickness of coating (including inner and outer layer) and the maximum penetration depth of lead-bismuth (uncoated sample) with time in oxygen-
poor LBE. (b) The thicknesses of coating (including inner and outer layer) and the oxide layer formed on the substrate (uncoated sample) with time in oxygen-

saturated LBE.

ray diffractometer (Bruker D8 ADVANCE). A Zeiss Gemini 500 equipped
with an electron back-scattered diffraction (EBSD) detector was used to
examine the cross-section of as-coated specimen. Chemical and micro-
structural characterizations were performed with a Hitachi SU6600
scanning electron microscopy (SEM) with X-ray energy-dispersive
spectroscopy (EDAX Octane SDD) and back-scattered electron (BSE)
detectors. The TEM lamella of corroded coated specimen (after exposure
to oxygen-poor condition for 1000 h) was prepared in a Hitachi NX5000
Focused Ion Beam (FIB) system. The FIB lamella was analyzed using a
JEOL JEM-F200 (HR) Transmission Electron Microscopy (TEM) with
two 100 mm? EDS detectors and a high angle annular dark-filed
(HAADF) detector. An X-ray photoelectron spectroscopy (Thermo
Fisher ESCALAB Xi+) was used to measure the chemical composition of
coated specimens after LBE corrosion.

3. Results and discussion

The cross-section morphology of as-coated 316LN SS is shown in
Fig. 1a. The coating shows a double-layer structure and the thickness of
initial coating is 48.8 4+ 0.38 um. From the corresponding EDS mappings
(Fig. 1b), the outer layer mainly contains Al and Fe while the inner layer
is rich in Fe and Cr. The Cr content in the inner layer is slightly higher
than in the substrate. That is because the original FCC Fe-Cr-Ni substrate
transformed into BCC Fe-Cr solid solution due to the loss of Ni and some
redundant Cr diffused to this layer. The BSE image indicates the pres-
ence of dark particles in the outer layer which were identified as Al oxide
according to the EDS mappings. In the inner layer, the EDS mappings
and the EDS line scan (Fig. 1g) reveal the presence of numerous vertical
strip-like precipitates which is probably the NiAl phase as reported
before [32]. Moreover, AIN precipitates were also observed, displaying
both strip-like and granular shapes [33]. From the EDS line scan of the
cross-section of the coating (Fig. 1f), there is a sharp change in the
content of Fe and Al elements at the interface between the inner and
outer layers of the coating. During the aluminizing process, Al gradually
infiltrated the substrate and formed B, phase with Fe and Ni. Mean-
while, some Al diffused to the inner layer and formed precipitates with
Ni and N. As Ni diffused to the outer layer, the original Fe-Cr-Ni
austenite transformed to Fe-Cr ferrite in the inner layer. Redundant Cr
also diffused to the inner layer. Phase structure analysis of the coating
(Fig. 1c) was carried out with XRD diffraction which indicates that
fB-FeAl (B, structure) is the dominant phase in the outer layer. The EBSD
analysis (Fig. 1d) shows that the coating and the matrix have
body-centered cubic (BCC) structure and face-centered cubic (FCC)
structure, respectively. The nearly straight boundary between the
coating and the substrate indicates that the Al infiltration process was
quite uniform. The grain morphology varies from equiaxed to columnar

shape from the outer to inner layer. That is probably related to the
directional diffusion flux. The diffusion flux from the substrate is nearly
perpendicular to the sample surface. Hence, the growth rate of coating is
fastest along this direction, resulting in columnar grain shape. For the
outer coating layer, the original columnar grains would gradually
change to equiaxed ones so as to decrease the total grain boundary en-
ergy. Besides, the inverse pole figure (Fig. 1e) shows that the crystal-
lographic orientations of columnar grains are randomly distributed with
no preferential relationship with the substrate grains.

The SEM morphologies of cross-section of all specimens after
different exposure tests in 550 °C LBE with two oxygen concentrations
are shown in Fig. 2. The cross-sections of 316LN SS matrix after exposure
test in oxygen-poor LBE (Fig. 2(al-a3)) show that LBE penetrated into
the matrix and some cavities formed within the LBE penetrated area.
The cavities may be caused by the dissolution of Ni and Mn into LBE
[34]. It is worth noting that due to the extremely low S content
(<0.003 wt%) in 316LN stainless steel, MnS did not form and the cavity
formation should not be related to it. The cross-section images of coated
coupons after exposure test in oxygen-poor LBE (Fig. 2(b1-b3)) show
that the coating was mostly intact, indicating much improved resistance
to LBE attack. At this magnification, no obvious oxide film was observed
on the coating. Although some grain boundaries were oxidized in the
outer layer of coating, the overall coating structure was still maintained
and no obvious spallation was observed across the entire cross-section.
The coating still maintains its double-layer structure. The outer layer
structure remains relatively intact and the inner layer also shows a
significant amount of precipitates. From the morphology and composi-
tion (not shown here) of the precipitates in the inner layer, it can be
concluded that the precipitates are the same as those in the original
coating, i.e. NiAl and AIN precipitates. Thus, the coating exhibits high
stability after 1500 h exposure to oxygen-poor LBE at 550 °C.

Fig. 2(c1-c3) show the cross-section of 316LN SS after exposure in
oxygen-saturated LBE. The oxide film shows a typical bilayer structure,
mainly composed of an outer oxide layer (OOL) and an inner oxide layer
(IOL). The bilayer structure has been well reported before (the OOL is
mainly Fe3O4 and the IOL is (Fe, Cr, Ni)304 spinel [35,36]). It is worth
noting that above the bilayer oxide, there is a loose layer on the surface
(Fig. 2(c2)). According to the previous study, this layer is mainly
composed of iron-lead composite oxides (plumboferrite, PF), which was
formed through the reaction of Fe and Pb with dissolved oxygen in LBE
[37]. The thickness of oxide layer gradually increased with increasing
exposure time. For the coated samples exposed to oxygen-saturated LBE,
the cross-sections (Fig. 2(d1-d3)) show that the coating also remained
intact although some intergranular oxidation occurred (insert in Fig. 2
(b1)). Despite the higher DO concentration, an oxide layer was not
clearly observed on the coating at the current magnification either. The
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Fig. 4. (a-b). XPS profiles of coated 316LN SS after exposure to LBE: (a) oxygen-poor LBE for 1000 h, (b) oxygen-saturated LBE for 1000 h. (c¢) STEM-HADDF image

of TEM foil sampled in Fig. 2(b2), (d) EDS line scan along the dash line in (c).

coating did not undergo significant changes in structure or composition
either after exposure to oxygen-saturated LBE, confirming its excellent
stability and corrosion resistance.

The measurements of maximum penetration depth of LBE, the
thicknesses of oxide layer and residual coating (outer layer, inner layer
and overall coating) are presented in Fig. 3. The maximum penetration
depth of LBE was measured from an 11 mm long cross-section. The oxide
layer or coating was sectioned at 3 um intervals across a length of about
300 um from the cross-section. The average oxide or coating thicknesses
was then obtained in each section by dividing the area of oxidation or
coating by interval size. Finally, the overall averages of oxide and
coating thicknesses and standard deviations were calculated from those
section averages. After the exposure tests in oxygen-poor LBE (Fig. 3a),
the thickness of coating shows minimal changes compared to the orig-
inal state. The thickness of coating after 1000 h exposure in oxygen-poor
LBE appears thicker than the others, which could be due to the varia-
tions in the initial thickness of coating among different samples. The
overall thickness of the original coating was maintained around 50 ym.
Also, there is little change in the thicknesses of the inner and outer layers
after LBE corrosion, indicating that the coating exhibits high stability in
550 °C oxygen-poor LBE corrosion environment. In contrast, the
maximum depth of LBE penetration into the un-coated substrate
increased significantly over time. The maximum penetration depth
reached 60 ym after 1500 h-exposure. Similar situation was also
observed after tests in oxygen-saturated LBE (Fig. 3b). There was no
significant change in the thickness of coating (including inner and outer
layers) either while the thickness of oxide layer on the un-coated sub-
strate gradually increased with increasing corrosion time. The increase
rate of oxide layer thickness decreases over time, indicating that the
formed oxide layer could decrease the oxidation rate of substrate to
some extent [38-40].

The coated samples after 1000 h-exposure in LBE were further
cleaned to remove residual LBE from the surface. Subsequently, XPS
measurement with sputtering was carried out on the cleaned surface to
acquire the elemental composition. The XPS measurements (Fig. 4a and
b) confirm that the formed surface oxide mainly contains O and Al,
indicating that the Al-rich oxide layer formed on the coating surface
regardless of the oxygen content in LBE. TEM characterization was
further performed on a FIB lift-out fabricated from the cross-section of
the sample exposed to oxygen-poor LBE for 1000 h (the lift-out position
is shown in Fig. 2(b2)). The STEM-HAADF image (Fig. 4c) reveals the
presence of a compact and uniform oxide layer on the coating surface.
From the EDS line profile along the white dashed line in Fig. 4c, Aland O
are the main elements in the surface oxide layer. Additionally, there are
weak signals of Fe and Pb in the outermost layer with a penetration
depth of a few nm. Thus, it is confirmed that an alumina layer could form
on the coating surface during exposure to LBE and acted as an effective
barrier layer.

Based on the SEM-EDS results, the Al content of the coating varies
from 39 to 57 at%. So we assume that the Al content is 45 at% for the
convenience of thermodynamic calculation and the activity of Al in Fe-
45Al can be estimated. The activity of Al in FeAl alloy system was
calculated in previous studies [41,42] and the difference in Al activity
between different temperatures can be expressed as:

AH 1 1
log (ax), — log (a), = 4.5;; (72 - Fl) (@9)]

Where T2 and T; are the absolute temperatures, (aa))2 and (o)1 are the
activities of Al at To and T1. AHy; is the relative partial molar enthalpy of
Al In this study, AHy; is — 32.44 kJ/mol [43]. Eldridge et al. have re-
ported that o) in Fe-45A1 is 0.0256 at 1173 K [42]. Based on Eq. (1), Al
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Fig. 5. (a) Typical high-magnification SEM-BSE images of the alumina layer on the coating after LBE corrosion. (b) Statistical results of the thickness of the

alumina layer.

activity in Fe-45Al at 550 °C was calculated to be 6.88 x 107°.

To calculate the critical oxygen partial pressure to form alumina, the
following equations can be established by assuming the activity of Al
oxide equals 1 [41]:

§A1+02 = §A1203 AG" = — 1077381 + 185.4T (J) 2
4 AG°
Po, = (aa) 3 x exp (ﬁ) 3

Where AGP is the change in standard Gibbs free energy, R is the gas
constant, o) is the activity of Al, Pp, is the equilibrium partial pressure
of oxygen which can be converted to DO concentration in LBE based on
Eq. (4) [44]:

32005) @

Po, /bar = Céexp(lS‘SSS -

By calculation, the critical DO concentration required to form stable
Al,05 on Fe-45Al at 550 °C is 10~ 87 wt%, much lower than the used
oxygen concentrations. Therefore, formation of Al,O3 is thermody-
namically favorable under both conditions, which is also consistent with
the results observed in the experiment. According to the previous results
[28,45], AlyOs3 film can serve as stable barrier against LBE corrosion.
That is why the coated 316 LN SS was intact after exposure to LBE.

To statistically analyze the thickness of oxide layer grown on the
coatings, we imaged the cross-sections of the corroded coatings in SEM-
BSE mode at high-magnification. Fig. 5(a) shows typical high-
magnification images of the oxide layer on coating after LBE corro-
sion. A nanoscale oxide film covers the surface of the corroded coating
and the thickness of oxide layer is less than 50 nm. The average thick-
ness of oxide layer from a 100 pm wide section was measured for each
sample, as shown in Fig. 5(b). Under oxygen-poor condition, the thick-
ness of oxide layer is generally smaller than that under oxygen-saturated
condition. After 1500 h, the average oxide layer thickness under oxygen-
poor condition is 33.5 nm, while it is 37.9 nm under oxygen-saturated
condition. Such difference could be attributed to a higher thermody-
namic driving force for the formation of alumina film and thus a faster
growth rate in LBE with higher DO concentration.

Based on the above experimental results and thermodynamic cal-
culations, it is concluded that alumina layer can form on the surface of
FeAl coating and is able to greatly enhance the corrosion resistance
against the attack of LBE within a wide range of oxygen concentration.
Moreover, slurry coating technique can be easily applied to component
with complex geometry and the metallurgical bonding between coating
and substrate normally possesses high strength. These merits may make
the slurry FeAl coating a promising surface treatment technique for
protecting structure material used in LBE-cooled fast reactor.

4. Conclusion

In this study, a slurry aluminide coating was successfully produced
ona 316LN SS substrate. The coating mainly contains FeAl phase, with a
non-uniform microstructure transitioning from outer equiaxed grains to
inner columnar grains. After static LBE corrosion tests at 550 °C under
two different dissolved oxygen concentrations (oxygen-poor (10~ wt%)
and oxygen-saturated (1.8 x 1073 wt%)), the coating demonstrated
excellent resistance to LBE corrosion compared to the uncoated 316LN
SS substrate. The thickness of coating remained constant and the coating
structure was almost intact. It was confirmed that a thin layer of alumina
film formed on the surface of coating after exposure to LBE regardless of
the used oxygen concentrations. The formation of alumina on FeAl is
thermodynamically favorable in 550 °C LBE when the dissolved oxygen
concentration is above 1078 wt%. Therefore, it is concluded that the
slurry Fe-Al coating can provide good corrosion resistance to LBE attack
at 550 °C within a wide range of dissolved oxygen concentration and
maybe used to protect structure materials used in LBE-cooled fast
reactor.
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