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Abstract: The effect of steel substrates on the formation and deuterium permeation resistance of
aluminide coatings for tritium permeation barrier applications was investigated. It was found that
the average thickness and crystal structure of electrodeposited Al coatings varied with Cr steel
substrates. After aluminization in vacuum, significant differences existed in the composition and
thickness of (Fe,Cr)2Al5-type aluminide layers formed on different Cr steel substrates, in which the
alloying element Cr from steel substrates was involved. Thereafter, the scale microstructural feature
and thickness also changed with the Cr steel substrate after selective oxidation in an Ar gas stream.
Consequently, the deuterium permeation resistance of the formed aluminide tritium permeation
barriers (TPBs) differed by steel substrates, indicating that the substrate effect existed in aluminide
TPB coatings and thus could have a significant influence on the formation and eventual performance
of aluminide TPBs.

Keywords: substrate effect; aluminide coating; formation; deuterium permeation resistance

1. Introduction

The test blanket module (TBM) is the key component for testing the feasibility of tritium
self-sufficiency and energy extraction in the international thermonuclear experimental reactor (ITER).
However, the radioactive tritium permeating into and through structural materials in TBMs can
result in fuel loss, material embrittlement, and environmental contamination [1]. From the view of
economy, safety, and environmental preservation, structural materials in the blanket and auxiliary
tritium handling systems must have the lowest tritium permeability. A thin coating layer as a tritium
permeation barrier (TPB) is commonly employed to minimize tritium permeation through structural
materials to the coolant, environment, and other functional components in TBMs [2–4]. Therefore,
the application of TPBs is essential for tritium self-sufficiency and environmental safety in the blanket.

Among various developed TPB coatings, an aluminide coating typically composed of an inner
Fe–Al transition layer with an outer Al2O3 film has been selected as the first choice of TBM TPBs by
China, Europe, India, and the United States for its high permeation reduction factor (PRF), metallurgical
bonding, excellent compatibility, and self-healing [5–7]. Recently, although Pedraza et al. [8] have
reported that there is a significant mismatch between aluminide coatings and steel substrates,
which could lead to tensile cracks, aluminide coatings still showed good stability after steam exposure
for 2000 h. However, aluminide TPBs often exhibit much lower actual performance than predicted
based on bulk material properties [9,10]. One of the most possible reasons may be alloying elements
from the steel substrate or Al source, and microstructures of substrate materials such as crystal and
metallographic structures may also exert some influence on coating formation and performance [10–13],
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which could be called an alloying effect including a substrate effect and a doping effect in aluminide
coatings [14]. The latter originates from doped species in the Al source or predeposited species on the
substrate [14]. Presently, however, aluminide TPB studies are mainly devoted to preparation technique
and performance optimization. For the alloying effect, especially the substrate effect, some work has
been conducted on aluminide coatings on Ni-based superalloys [15], while for aluminide coating on
steels, much less work has been involved. In fact, the alloying effect is very important for preparation
technique optimization and coating structure design, and thus is a substantial fundamental issue in
the practical preparation and application of aluminide TPBs on steels.

In the blanket and auxiliary tritium systems in fusion reactors, FeCr base steels are the mainly
used structural materials. Crystal structure, metallographic phase, and the content and species of
alloying elements vary with steel types [16–22]. The formation and tritium tolerance of aluminide
TPBs formed on various types of steels are expected to be different because of different steel substrates.
It has already been noted that the high temperature steam oxidation resistance of aluminized HCM12A
steel was better than P-91 steel, and the reason was attributed to the different Cr content in the
two steel substrates [23]. Soliman et al. [24] found that with an increase in C content from 0.22
to 0.44 wt%, the rate constant of high-temperature oxidation decreased by nearly one order of
magnitude in aluminized carbon steels. Moreover, compared to the aluminide layers formed on
the four different steel substrates Eurofer 97, DIN1.4914, MANET II, and HR-2, significant differences
could be observed for the layer structures, phases formed, defects, and interface features, etc. [3,25–27].
Though different preparation techniques, e.g., hot-dipping aluminization (HDA), pack cementation
(PC), plasma spraying (PS), and electrochemical deposition (ECD), have been adopted for these steels,
the intrinsic properties of steel substrates could have some influence on the formation of aluminide
coatings [8,15], since the alloying elements and metallographic phases differ a lot [3,25–27].

On the other hand, the addition of 1 wt % C to Fe-16 wt % Al has enabled the formation of
a cementite-like carbide phase, i.e., Fe3AlC0.5 in Fe3Al-based alloys, resulting in reductions of H
permeability and a diffusion coefficient up to two orders of magnitude [28]. Moreover, the hydrogen
permeability of proton-irradiated EP-838 steels lowered by almost one order of magnitude after Ce
doping [29]. It can thus be inferred that properties of steel substrates themselves and alloying elements
(contained or doped) may exert some influence on the formation and performance of aluminide
coatings, i.e., the alloying effect may exist in aluminide TPB coatings. However, the alloying effect,
especially the substrate effect, in aluminide TPBs formed on steel substrates has been rarely involved
at present. Therefore, in the present work, aluminide TPB coatings were prepared on three types of
Cr steels (1Cr8, 1Cr13, and 1Cr15), and subsequently the effect of steel substrates on the formation
and deuterium permeation resistance of aluminide coatings was investigated to clarify the substrate
effect in aluminide TPBs. The results are anticipated to be instructive for the selection, development,
and optimization of the preparation technique of aluminide TPBs.

2. Experimental

2.1. Materials and Al Electrodeposition

The samples used were commercial Cr steels with different metallographic phases and nominal
compositions, as shown in Table 1, and the corresponding XRD patterns are illustrated in Figure 1.
Before Al electrodeposition, steel samples (20 mm × 20 mm × 2 mm) were grinded, polished,
ultrasonically cleaned in acetone and ethanol in turn, and then dried in air and transferred to an
Ar protected glove box. The ECD technique, i.e. ionic liquid (IL) plating [14], was employed to prepare
Al coatings on Cr steel substrates. The electrolyte was synthesized with 1-ethyl-3-methylimidazolium
chloride (EMIC, 64.5 wt %, Zhejiang Univ., Hangzhou, China) and anhydrous aluminum chloride
(AlCl3, 35.5 wt %, Sigma-Aldrich, St. Louis, MO, USA). The Al electrodeposition was carried out in
a two-electrode setup (Cr steel sample as cathode, and 99.999% purity Al wire as anode) with the
constant current mode (10 mA/cm2) for 1–2 h at room temperature in the Ar protected glove box. Prior
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to the Al electrodeposition, both the cathode and anode were ultrasonically cleaned in phosphoric
acid, methanol, acetone, and ethanol successivelyto remove surface oxides and organic impurities,
and were then dried in the air.

Table 1. The nominal chemical composition and metallographic phase of Cr steels.

Steel
Type

Chemical Composition, wt% Metallographic
PhaseCr Ni Mn C P S Fe

1Cr8 10.0 0.21 0.52 0.15 0.03 0.03 Balance Martensite
1Cr13 13.0 0.60 0.95 0.15 0.03 0.03 Balance Martensite
1Cr15 16.0 0.60 0.95 0.15 0.03 0.03 Balance Ferrite

Figure 1. XRD patterns for Cr steels.

2.2. Aluminization and Oxidation

The preparation of aluminide TPBs commonly involves two steps of aluminization and oxidation
to form an inner aluminized coating (Fe–Al transition layer) with an outer oxide film (Al2O3) [25,30].
Aluminized coatings were obtained by heating Al electrodeposited samples in a vacuum tubular
furnace (~10−2 Pa) at 500 ◦C for 4 h and then by cooling in the furnace. Mainly the inward diffusion
of Al atoms from the predeposited Al coatings into steel substrates occurred [31]. Selective oxidation
of the aluminized coatings took place in the tubular furnace at 700 ◦C for 120 h in an Ar gas stream
(99.99%, 1.2 × 105 Pa, 20–30 ppmv O2). It should be noted that such a condition for selective oxidation
is too harsh for reduced activation ferritic/martensitic steels as the candidate structural materials in
fusion reactors, for which the optimal TPB preparation technique needs to be further investigated in
the future.

2.3. Characterization

The surface topographies and cross-section features of the Al electrodeposited, aluminized,
and selectively oxidized Cr steel samples were observed by scanning electronic microscope (SEM,
EM8000F, KYKY, Beijing, China). Since the interfaces between Al or aluminide layers and steel
substrates were not flat and straight, the statistical averages of coating thicknesses were determined.
The chemical composition and phase constituent of formed coatings were identified by a combination of
energy dispersive spectroscopy (EDS, area analysis mode, Octane SDD, EDAX, Mahwah, NJ, USA) and
X-ray diffraction spectrum (XRD, Cu Kα, DX-2700BH, Haoyuan, Dandong, China). The chemical states
and depth profiles of Fe, Al, Cr, and O in scales were detected by X-ray photoelectron spectroscopy
(XPS, ESCA LAB 250, Thermo Fisher, MA, USA), and the film thickness by the technique of reflection
spectrum (RS, FX2000, ideaoptics, Shanghai, China), in which the thickness is determined by the
amplitude and periodicity of the reflectance on the film surface [32].
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PRF is one of the most important performance indexes for TPBs, and is obtained by the ratio of
hydrogen isotopic permeability of coated and bare samples. In order to obtain a more accurate PRF,
at least three samples (φ32 × 1 mm) coated with aluminide TPBs for each type of Cr steel substrate were
measured, and then the average PRFs at each temperature were calculated. The specific apparatus and
process for PRF measurements have been described earlier by Zhang et al. [25]. Deuterium (99.99%)
was used for permeation tests, and the upstream pressure was 100 kPa, while the downstream was
connected to the vacuum system. The test temperatures were set at 552, 605, 652, and 700 ◦C, and then
the correlation of temperature permeability could be plotted.

3. Results and Discussion

3.1. Electrodeposition of Al Coating

From Figure 1, it can be seen that three peaks located at 45◦, 65◦, and 82◦ were present for these
three types of steels. For 1Cr8 steel, peaks at 65◦ and 82◦ were the most prominent, while for 1Cr13
and 1Cr15 steels, therewere peaks at 45◦ and 82◦. Moreover, for 1Cr13 steel, the intensity of the peak at
65◦ was much smaller than the other two peaks, while for 1Cr8 and 1Cr15 steels, the smallest intensity
peaks (located at 45◦ and 65◦, respectively) could be comparable to the other two ones. Obviously,
the crystal structures of these three types of steels are different. Actually, as common industry-used
steels, the crystal types of 1Cr8, 1Cr13, and 1Cr15 steels are definitely body-centered tetragon (BCT),
BCT, and body-centered cubic (BCC), respectively.

After the same procedures of surface preparation and plating pretreatment, Al coatings were
electrodeposited on three types of Cr steel substrates. As shown in Figure 2a–c, dense Al deposits
formed on Cr steel samples without observable defects, such as voids and cracks, after 1 h of IL plating.
Similar surface morphologies of Al layers could be observed on different Cr steel substrates. However,
the corresponding XRD patterns were a little different, as shown in Figure 2d. For 1Cr8 steel, peaks
(200) and (220) were the most prominent, while for 1Cr13 and 1Cr15 steels, they were peaks (111) and
(200). Nevertheless, no preferential growth of Al grains was obviously observed in these Cr steels,
as earlier reported on 321 steel workpieces [25]. Moreover, prior to Al electrodeposition, no obvious
orientation existed in these three steels either (Figure 1). By comparison, 321 steel has a different crystal
structure (face-centered cubic (FCC)) and metallographic phase (austenite) with a higher Cr content
(18.0 wt%), while the Cr steels used in this work are BCT- (1Cr8, 1Cr13) or BCC-structured (1Cr15) and
martensitic- (1Cr8, 1Cr13) or ferritic-phased (1Cr15). Therefore, it could be inferred that the difference
in material properties, including crystal structure, metallographic phase, and alloying element content,
for different steel substrates could have resulted in the difference in Al coatings shown in Figure 2d.
The property difference of Cr steels may also have affected the electrodeposition efficiency, nucleation,
and growth mechanism of Al layers on different substrates. In a word, Cr steel substrates themselves
may have an impact on the Al electrodeposition process.

The cross-section features of Al coatings formed on Cr steel substrates are shown in Figure 3a–c.
Continuous pure Al (Figure 3d) layers with average thicknesses of 5.0 ± 0.6–12.5 ± 0.9 µm were
observed, showing that Al layers were well adhered to steel substrates. Similarly to Figure 2, a slight
difference could be found for the topography of formed Al layers in Figure 3. However, remarkable
discrepancies occurred in the thickness of Al layers. The average Al thickness formed on 1Cr8 steel
(~12.5 µm) was about two times larger than 1Cr15 steel (~5.0 µm). Moreover, the average Al thicknesses
were arranged in an order of 1Cr8 > 1Cr13 > 1Cr15, as if the Al thickness decreased with the Cr content
in steel substrates. Since the same surface pretreatment was conducted to obtain a similar surface
condition, including roughness, for the three types of Cr steel samples before plating, and the Al
coating parameters were also identical, the thickness of as-deposited Al layers should have thus only
been affected by properties of steel substrates. The differences in material properties in Cr steels
would have caused a variation in Al electrodeposition efficiency on different substrates, leading to
inhomogeneous thicknesses of Al layers formed. It may have been a coincidence that the thickness



Coatings 2019, 9, 95 5 of 13

of the electrodeposited Al layer was reduced with increasing Cr content, which may have originated
from the crystal structure and metallographic phase of steels, since Cr was not involved in the process
of electrodeposition (Figure 3d). In a word, it is certain that the steel substrate had an influence on the
process of Al electrodeposition.

Figure 2. Surface topographies of Al coatings formed on (a) 1Cr8, (b) 1Cr13, and (c) 1Cr15 steel
substrates and (d) the corresponding XRD patterns after 1 h of ionic liquid (IL) plating.

Figure 3. Cross-section features of Al coatings formed on (a) 1Cr8, (b) 1Cr13, and (c) 1Cr15 steel
substrates and (d) the corresponding energy dispersive spectroscopy (EDS) spectrum after 1 h of
IL plating.
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3.2. Aluminization of Al Coating

The process of aluminization is forming a transition layer of (Fe, Al) solid solution and/or Fe–Al
metallic compounds on the substrate surface via interdiffusion between Al atoms from a certain
Al source and Fe atoms from steel substrates [14]. After 500 ◦C, 4 h heat treatment in vacuum,
single-layered Fe2Al5-type aluminide coatings formed on these three types of Cr steel substrates,
as shown in Figure 4. The single-layered aluminide structures were different from earlier reported
two- or three-layered structures [12,25,32–34], and may have originated from the much lower heat
treatment temperature and shorter time adopted in this work. The relative chemical compositions
and possible phases for aluminide coatings are listed in Table 2. Since no Cr–Al intermetallics were
recognized, the formed aluminide coatings were identified as (Fe,Cr)2Al5 layers by combining XRD
patterns with EDS results, similarly to the case of aluminized P-91 and HCM12A steels at 550 ◦C [23].
Gregoireet al. [35] have reported that AlxCry intermetallic compounds could not form by mixing Al
and Cr microparticles at temperatures lower than 637 ± 2 ◦C. At 500 ◦C, a phase of Al11Cr2 could
form only by hot isostatic pressing of 55Al45Cr powders [36]. Obviously, during the aluminization in
the present work, no Al–Cr intermetallics were created, and Cr atoms from the steel substrates could
dissolve in the formed Fe2Al5 to generate a (Fe,Cr)2Al5 solid solution. In short, the main alloying
element Cr was involved in the thermal diffusion process of Fe and Al atoms during aluminization.
A similar phenomenon was also observed in hot-dipped aluminide Cr–Mo steels [37]. Besides, the Cr
content in aluminide coatings increased with the Cr concentration in steel substrates, which was quite
expected. The solid state reactive diffusion between Fe and Al at 823–913 K for up to 120 h [38] showed
that the interdiffusion coefficient of Al was much greater than Fe and Fe–Al intermetallics. Therefore,
Al atoms diffused inwardly during the 500 ◦C, 4 h aluminization, yet there was barely any diffusion of
Fe and Cr, resulting in the formation of aluminide layers with higher Cr content for higher Cr steel.
That is, the alloying element Cr from steel substrates was passively involved in the aluminization
process for the deposited Al coatings on Cr steel substrates.

Figure 4. Cross-section images of aluminide coatings formed on Al deposited (a) 1Cr8, (b) 1Cr13,
and (c) 1Cr15 steel substrates and (d) the corresponding XRD patterns after 500 ◦C, 4 h heat treatment
in vacuum.
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Table 2. EDS results of aluminide coatings formed on Al-deposited Cr steel substrates after 500 ◦C, 4 h
heat treatment in vacuum.

Steel Type
Relative Chemical Composition, at %

Possible Phase
Al Fe Cr

1Cr8 70.48 26.17 3.35 (Fe,Cr)2Al5
1Cr13 71.36 24.10 4.54 (Fe,Cr)2Al5
1Cr15 70.39 24.58 5.03 (Fe,Cr)2Al5

As for the cross-section features, it was found that the average thicknesses of the aluminide
coatings formed on these three types of Cr steel substrates were about 7.1± 0.8–14.6± 0.5 µm
(Figure 4a–c), thicker than the corresponding initial Al layers (Figure 3a–c) and resulting from the
inward diffusion of Al atoms during aluminization [38]. Moreover, such thicknesses shared the same
rank order as those of the previous Al coatings deposited on Cr steel substrates, i.e., 1Cr8 > 1Cr13
> 1Cr15, and the average thickness of the aluminide layer formed on 1Cr8 (~14.6 µm) steel was still
two times larger than that on 1Cr15 (~7.1 µm), which also seemed like the aluminide layer thickness
decreased with the Cr content in steel substrates. However, a greater initial Al coating thickness did not
necessarily imply a thicker aluminide coating after annealing. On one hand, Cr could act as a diffusion
barrier for the Al ingress [39]. Therefore, it seems very reasonable that the aluminide layer formed
on the 1Cr15 steel was thinner than 1Cr13 and 1Cr8 steels due to its higher Cr content. On the other
hand, the metallographic structure of 1Cr15 steel is ferrite, while it is martensite for 1Cr8 and 1Cr13
steels. It is known that for martensite, C is supersaturated and dissolved into α-Fe, resulting in the
formation of a highly strained BCT crystal structure,but for ferrite, C is interstitially dissolved in α-Fe,
and thus the C content is very small and the crystal remains BCC-structured. Earlier experimental
and theoretical studies have shown that both interdiffusion and surface diffusion in metals can be
enhanced by strain [40–42]. From this point, more readiness for Al diffusion into 1Cr8 and 1Cr13 steels
than into 1Cr15 steel was quite expected. Therefore, there must have been a substrate effect during
aluminization, resulting not only from the Cr content in steel substrates, but also from the material
properties of these substrates, including the crystal structure, metallographic phase, and even other
alloying elements such as C, Si, Mn, and Ni (although not recognized in this work).

3.3. Oxidation of Aluminide Coating

To achieve the best tritium permeation resistance, the aluminide coatings have to be selectively
oxidized to form a thin layer of Al2O3 film, since the main functional component of aluminide TPBs is
the outer Al2O3 film (other than the inner Fe–Al transition layer) [43]. Experimentally, selective
oxidation is often realized via control of the content of alloying elements and oxygen pressure,
etc. [44,45]. The latter was adopted in this work. After selective oxidation in the tubular furnace
at 700 ◦C for 120 h in an Ar gas stream, scales were created on the aluminide coating of each Cr steel
sample. Take 1Cr13 as an example: XPS depth profiles (Figure 5) showed that there were mainly
signals of Al and O on the scale surface when the etching time was less than 5 min, yet nearly no
Fe and Cr peaks appeared, suggesting that pure Al2O3 films were created on the sample surfaces
(that is, selective oxidation occurred). With the increase in etching time, the signal of the Al oxide
state (~83.7 eV) gradually decreased, while the metallic state (around 75 eV) increased (Figure 5c).
When the etching time reached 10 min, the oxide peak of Al almost disappeared, and metallic states
of Fe and Cr emerged on the surface (Figure 5a–c). Meanwhile, the oxide state (586.1 and 576.4 eV)
of Cr also appeared (Figure 5b), indicating that a small amount of Cr2O3 formed, besides Al2O3.
On the other hand, the relative content of O started to decrease dramatically after etching for 2 min,
while the Fe content got a significant increase, accompanied by a mild decrease in Al content and an
increase in Cr content, as shown in Figure 5e. Since XPS is a semiquantitative technique, it thus can
be estimated that from the outer surface to the inner surface, the surface coatings could be divided
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into three zones, i.e., Al2O3, (Al,Cr)2O3/(Fe,Cr)xAly, and (Fe,Cr)xAly layers. The actual phase of scales
could be identified as γ-Al2O3 by XRD (Figure 5f), consistent with the cases performed on 321 steel
workpieces [25]. After all, selective oxidation was only conducted at 700 ◦C in the present work. Such a
low temperature could not enable the formation of a more stable alumina, i.e., α-Al2O3, for which the
formation temperature is usually higher than 1000 ◦C [46], much higher than the service temperature
(~500 ◦C) of structural materials in fusion reactors [4]. Actually, γ-Al2O3 forming at 700 ◦C is enough
for hydrogen resistance, according to our previous studies [25,32]. Moreover, during the long-time
high-temperature selective oxidation, phase transitions took place. Specifically, the inner part of the
pre-formed (Fe,Cr)2Al5 layer gradually converted to (Fe,Cr)xAly, since Al atoms could diffuse more
deeply into the steel substrate at a higher temperature of 700 ◦C, and thus the relative content of Al
over Fe and Cr decreased, leading to the formation of Al-depleted intermetallics such as (Fe,Cr)3Al,
(Fe,Cr)Al2, and (Fe,Cr)Al or their mixtures, labeled as (Fe,Cr)xAly on the whole. Meanwhile, phase
transitions also occurred for the outer part of the pre-formed (Fe,Cr)2Al5 layer, generating various
Al-depleted (Fe,Cr)–Al intermetallics, also labeled as (Fe,Cr)xAly. At the same time, for more readiness
of oxidation under the condition of more extreme low oxygen partial pressure than Fe [47], Al and Cr
atoms from the very near outer surface started to be oxidized, as shown in Figure 5b,c. Only Al2O3

scales could be created with the extending oxidation duration, because Al atoms have a better affinity
with O than Cr atoms under this O condition [47]. As a result, a sandwich-like structure was created on
steel substrates (Figure 5e). In a word, Cr atoms from steel substrates were involved in the process of
the selective oxidation, may exerting an influence on the transition layers of Al2O3/Fe–Al TPB coatings.

Figure 5. Cont.
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Figure 5. Depth profiles of (a) Fe, (b) Cr, (c) Al, (d) O, and (e) the relative atomic contents for scales
formed on aluminide 1Cr13 steel; and (f) XRD patterns for aluminide coatings formed on Cr steel
substrates after 700 ◦C, 120 h selective oxidation in an Ar gas stream.

However, the scales formed exhibited irregular growth features (Figure 6a–c), and the thicknesses
deviated and thus were difficult to determine from the cross-section features. Anyway, it could be
roughly estimated that the average thicknesses of scales formed were in an order of 1Cr15 > 1Cr8
> 1Cr13. Since the scales formed on aluminide coatings are usually very thin (less than 1 µm) [25,
32], the RS technique [25,32] is commonly adopted to determine scale thickness. According to the
amplitude and periodicity of RS spectra [25], the average thicknesses of Al2O3 scales formed on
different Cr steel samples were estimated, about 85.18 ± 0.35–126.22 ± 0.33 nm. Moreover, the
average thicknesses of the Al2O3 scales were arranged in an order of 1Cr15 > 1Cr8 > 1Cr13 (Figure 6d),
consistent with the cross-section observations (Figure 6a–c), yet different from the previous thickness
orders of deposited Al layers and aluminide coatings, i.e., 1Cr8 > 1Cr13 > 1Cr15 (Figures 3 and 4).
At a selective oxidation temperature of 700 ◦C, interdiffusions take place among Fe, Cr, and Al
atoms [35,48], resulting in the alteration of the chemical environment of Al atoms from the outer surface
of previously formed (Fe,Cr)2Al5 layers, which consequently has an impact on the subsequent selective
oxidation process [44,47]. On the other hand, significant differences existed in the microstructures and
compositions of the formed aluminide layers on these three steel substrates (Figure 4 and Table 2),
which could also have exerted an influence on the nucleation and growth behaviors of scales. It can be
seen that the formation of Al2O3 scales was a rather complex process, and thus was difficult to predict
by a single factor. Maybe the scale thickness order is an illustration of this. Obviously, more data are
needed to verify the substrate effect in the process of selective oxidation.

Figure 6. Cross-section features of scales formed on aluminized (a) 1Cr8, (b) 1Cr13, and (c) 1Cr15 steel
samples after 700 ◦C, 120 h selective oxidation in an Ar gas stream, and (d) the corresponding scale
thicknesses determined by a reflection spectrum (RS) (the error bar is enlarged by about 10×).
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3.4. Deuterium Permeation Resistance of Aluminide TPBs

As stated above, the substrate effect exists in the formation of aluminide TPB coatings and plays a
role in the process of Al electrodeposition, aluminization, and even selective oxidation. Whether the
substrate effect also has an impact on the performance of aluminide TPBs thus needs to be concerned.
Therefore, the deuterium permeation flux (J) of these three types of Cr steel samples at different
temperatures before and after coating with aluminide TPBs was tested, as shown in Figure 7. It can be
seen that the deuterium permeation flux of each Cr steel substrate sample increased almost linearly
with temperature (Figure 7a). As for different Cr steel samples, the increase extent of permeation flux
with temperatures differed a lot. At 552 ◦C, the deuterium permeation flux of the 1Cr15 steel sample
was the highest, while that of 1Cr8 steel was the lowest and that of 1Cr13 steel was placed in the middle.
With the increase in temperatures, the deuterium permeation flux of the 1Cr13 steel sample increased
rapidly, much higher than that of the 1Cr8 and 1Cr15 ones, about twice higher at 652 ◦C. For the latter
two Cr steel samples, when the temperature was lower than 605 ◦C, the deuterium permeation flux
of 1Cr15 steel was slightly higher than that of 1Cr8 steel and a little lower than 1Cr8 steel at higher
temperatures. The activation energies for deuterium permeation through 1Cr8, 1Cr13, and 1Cr15 steel
substrates at the temperature range of 552–700 ◦C could be obtained by Arrhenius fittings (Figure 7b),
that is, 37.22, 71.52, and 28.88 kJ/mol, respectively. Obviously, there was a substantial divergence
in the deuterium permeation of different Cr steel samples. That is, the substrate material properties
(Cr content, crystal structure, metallographic phase, etc.) had an impact on the deuterium permeation,
leading to the anticipation that the Cr steel substrates themselves would play a role in the deuterium
permeation resistance of the subsequently prepared aluminide TPB barriers.

Figure 7. (a) Deuterium permeation flux of Cr steel samples before and after coating with aluminide
tritium permeation barriers (TPBs) and (b) the corresponding Arrhenius fittings.

After coating with aluminide TPBs, the deuterium permeation flux at 552–700 ◦C of each Cr steel
sample was remarkably reduced, up to two orders of magnitude, as shown in Figure 7a, indicating
that the prepared aluminide TPBs were effective in deuterium permeation resistance, which could
be attributed to the formation of outer scales. Generally speaking, for FeAl/Al2O3-type aluminide
TPBs, the hydrogen PRF of an outer Al2O3 scale under a convenient service condition is much
higher than that of the inner transition FeAl layer, which has been verified both in experimental
and theoretical studies [1,43]. From the view of PRF, the deuterium PRF for 1Cr8 steel samples
at 552, 605, 652, and 700 ◦C were 185, 144, 118, and 110, respectively; for 1Cr13 steel samples,
they were 250, 233, 226, and 218; and for 1Cr15, they were 300, 240, 220, and 204. In contrast,
the deuterium permeation resistance of aluminide TPBs on 1Cr8 steel samples was much less effective
than that on 1Cr13 and 1Cr15 steel samples at the same temperatures. For the last two types of Cr
steels, the deuterium permeation resistance of aluminide TPBs on 1Cr13 steel samples was not as
effective as that on 1Cr15 steel samples at temperatures lower than 605 ◦C, while at temperatures
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higher than 605 ◦C, opposite results emerged. On the other hand, after coating with aluminide
TPB, the deuterium permeation activation energies were 61.27, 77.16, and 46.98 kJ/mol for 1Cr8,
1Cr13, and 1Cr15 steels by the Arrhenius fittings, respectively, much higher than for uncoated ones,
also showing the permeation resistance of aluminide TPBs. It thus can be seen that there were
significant divergences in the deuterium permeation resistance of aluminide TPBs on different Cr
steel substrates. That is, the substrate effect existed in aluminide TPBs, exerting an influence on the
deuterium permeation resistance.

It should be noted that a conflict seemed to be present between the deuterium resistance (Figure 7a)
and scale thicknesses (Figure 6d). For example, the deuterium permeation resistance of aluminide
TPBs on 1Cr8 steel was much less effective than that on 1Cr13 steels, according to Figure 7a. However,
from Figure 6d, it can be seen that the thickness of Al2O3 on 1Cr8 steel was larger than that on 1Cr13
steel. Generally speaking, for a special steel type, it is indeed the case that the deuterium PRF increases
with the scale thickness, and then reaches almost a constant if the coatings are prepared with an
optimum technologic routine [26]. However, in the present work, the same coating parameters were
used for these three types of steels. For each steel type, the best aluminide TPBs thus may not have been
achieved. As a result, the compactness and integrity of scales (also crucial for coating performance [14])
formed on different steels deviated, which could partly be observed from the section features shown
in Figure 6a–c. From this point of view, it can be inferred that the substrates themselves played a part
in the formation of aluminide TPBs, resulting in the deviation of deuterium resistance.

On the other hand, although the content of the main alloying element Cr in these three types
of Cr steel substrates had an obvious difference, it cannot yet be concluded that Cr is favorable or
unfavorable for the deuterium permeation resistance of aluminide TPBs. Therefore, like the formation
of Al2O3 scales, the deuterium permeation resistance of aluminide TPBs is not only influenced by the
alloying element, but also by other material properties (e.g., crystal or metallographic structure) of
steel substrates.

4. Conclusions

The conclusions of this paper are the following:

• The substrate effect presents in the process of Al electrodeposition, exerting an influence on the
crystal structure and thickness of Al coatings.

• The steel substrate has an impact on the aluminization process, and the composition and thickness
of formed aluminide coatings vary with steel substrates.

• Al2O3 scales formed on different Cr steel substrates exhibit different microstructural features and
thicknesses, showing that steel substrates play a role in the process of selective oxidation.

• The deuterium permeation resistance of aluminide TPBs varies with the steel substrate, indicating
that the substrate effect is functionalized.

In a word, the steel substrate has an important effect on the formation and deuterium permeation
resistance of aluminide TPB coatings. That is, the substrate effect exists in aluminide TPB coatings.
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