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Abstract: In order to enhance corrosion resistance of stainless steel (SS) 316LN at high temperature
environments, surface modification was carried out by Si deposition and subsequent heat treatment at
900 ◦C for 1 h. This resulted in the formation of Fe5Ni3Si2 phase on the surface region. The surface-
modified alloy was exposed to high temperature S-CO2 (650 ◦C, 20 MPa) and steam (650 ◦C, 0.1 MPa)
for 500 h and evaluated for its corrosion behavior in comparison to the as-received alloy. In S-CO2

environment, the as-received SS 316LN showed severe oxide spallation and thick Fe-rich oxide
formation, while the surface-modified alloy formed a continuous and adherent Si- and Cr-rich oxide
layer. In steam, as-received SS 316LN formed very thick duplex Fe- and Cr-rich oxide layers. On the
other hand, surface-modified SS 316LN formed notably thinner oxides, which could be attributed to
the formation of Si-rich oxide under outer Fe-rich oxides on the surface-modified alloy. Thus, in view
of the weight changes, oxide thickness, and morphologies of the two conditions, it was found that Si
diffusion coating was effective in improving the corrosion resistance of SS 316LN in both S-CO2 and
steam environments.

Keywords: silicide diffusion coating; austenitic alloy; corrosion; supercritical-carbon dioxide; high
temperature steam

1. Introduction

With increasing operating temperatures of next generation power plants for greater efficiency,
Ni-base alloys with high creep and corrosion resistance are likely to be used for critical load-bearing
components such as turbine blades. On the other hand, it would be more economically practical to use
less costly Fe-base alloys for other components that are subjected to lower levels of load. Fe-base alloys
generally exhibit lower corrosion resistances than Ni-base alloys in high temperature environments
above 600 ◦C. For example, it has been reported that stainless steel (SS) 316LN showed significantly
higher weight gains compared to other alloys after exposure to supercritical-carbon dioxide (S-CO2) at
650 ◦C (20 MPa) for up to 3000 h [1]. This was due to spallation of initially formed continuous Cr-rich
oxide layer followed by growth of thick Fe-rich oxides. Similarly, severe oxide spallation was reported
for SS 316L when exposed in steam at 650 ◦C (0.1 MPa) for up to 5000 h [2].

In this regard, surface modification may be applied to improve corrosion resistance of such
alloys. Si is known to be beneficial in terms of oxidation resistance by formation of SiO2 layer at the
oxide/metal interface. Nguyen et al. conducted corrosion tests of Fe-base model alloys with different
Si contents in CO2 at 650 ◦C and reported significantly lower weight gains with greater Si contents [3].
Moon et al. reported high oxidation resistance of a Fe-20Cr-2Si alloy even in steam environment at
1200 ◦C [4]. These behaviors were attributed to the formation of a continuous amorphous SiO2 layer
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at the metal/oxide interface. Meanwhile, studies on applications of Si coatings on Fe-base alloys and
evaluations of high temperature corrosion behavior are rather scarce.

In this study, Si coating and heat treatment was employed to form a Si-rich layer on an austenitic
Fe-base alloy, SS 316LN. Then, the surface-modified alloy was subjected to corrosion tests in high
temperature S-CO2 (650 ◦C, 20 MPa) and steam (650 ◦C, 0.1 MPa) environments for 500 h. The corrosion
behavior of the surface-modified alloy was evaluated and discussed in comparison to those of the
as-received SS 316LN.

2. Materials and Methods

2.1. Test Materials and Surface Modification Procedure

The chemical composition of SS 316LN used in this study was analyzed by inductively coupled
plasma (ICP) spectroscopy and listed in Table 1. The material was machined into coupon-type
specimens (12 mm in diameter, 1 mm thickness and 1.5 mm diameter hole for hanging during corrosion
tests) by electro-discharge machining (EDM). The specimens were mechanically ground up to 1200 grit
using SiC emery papers and ultra-sonically cleaned in ethanol prior to either surface modification or
corrosion test.

Direct current (DC) magnetron sputtering was used to deposit a Si layer on the coupon specimens.
The coating procedure is similar to a previous study by the authors [5]. First, the specimens were
placed in the coating chamber, after which the chamber was pumped to reach high vacuum state
(≤3.0 × 10−6 Torr). Then, magnetron sputtering was conducted under the conditions listed in Table 2,
resulting in a 1.8 µm thick Si layer on the specimens. Subsequently, the specimens were flipped and the
procedure was repeated to coat both sides of the specimens. The Si-coated specimens were subjected to
inter-diffusion heat treatment (IDHT) at 900 ◦C for 1 h to form a silicide diffusion coating layer, so that
coating/matrix adhesion would be improved. IDHT was conducted in a high vacuum environment
(≤3.0 × 10−6 Torr) in order to avoid unintended oxidation prior to exposure in high temperature S-CO2

and steam environments.

Table 1. Chemical compositions of SS 316LN used in this study analyzed by inductively coupled
plasma (ICP) (in wt.%).

Alloy Fe Cr Ni Mo Mn Si C N

SS 316LN Bal. 18.9 13.9 2.78 1.93 0.63 0.03 0.16

Table 2. Working conditions of magnetron sputtering used in this study.

Target Base Pressure Working Gas Working Pressure Power Duration

Si (99.99%
purity)

≤3.0 × 10−6

Torr
Ar (99.999%

purity) 0.003 Torr DC 100 W
(1 gun) 4 h

2.2. High Temperature Corrosion Tests

Corrosion tests were conducted in S-CO2 environment at 650 ◦C (20 MPa) and steam environment at
650 ◦C (0.1 MPa) for 500 h. Two coupon specimens of each condition (as-received and surface-modified)
were exposed to each corrosion test environment. For S-CO2 corrosion test, the specimens were
installed in the S-CO2 autoclave, which was then sealed. Then, the autoclave was heated to the target
temperature of 650 ◦C, while research-grade CO2 (99.999% purity) was pumped into the autoclave.
The internal pressure of the autoclave was maintained at 20 MPa by a back pressure regulator (BPR)
installed at the gas outlet. After the test duration reached 500 h, the heaters were turned off and the
autoclave was left to cool to room temperature. The details of the test equipment and procedure for
S-CO2 corrosion test were described in the previous study [6].
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The steam corrosion test system consisted of a water pump, a preheater, and test chamber. After
the specimens were installed in the test chamber, the preheater and test chamber were heated at a rate
of 5 ◦C/min to target temperatures of 500 and 650 ◦C, respectively. Then, deaerated distilled water
with dissolved oxygen content of less than 150 ppb was pumped into the system at a rate of 20 cc/min.
The water turned to steam as it passed through the preheater, and was introduced into the test chamber.
After 500 h of steam corrosion test, the heaters and pump were turned off and the specimens were left
to cool to room temperature. Further description of the steam corrosion test equipment can be found
in the previous study [7].

Weight changes of the specimens after corrosion tests were measured using an electronic
microbalance (Mettler Toledo AT21 Comparator, Mettler Toledo Inc., Columbus, OH, USA) with
a resolution of 0.001 mg. For oxide and microstructure analyses, X-ray diffraction (XRD, Rigaku
D/MAX-2500, Rigaku Co., Tokyo, Japan), scanning electron microscopy (SEM, FEI Magellan400, FEI Co.,
Hillsboro, OR, USA) equipped with energy dispersive X-ray spectroscopy (EDS) and transmission
electron microscopy (TEM, FEI Talos F200X, Thermo Fisher Scientific Inc., Waltham, MA, USA)
equipped with EDS was used. SEM was used at an accelerating voltage of 10 kV and current of 0.8 nA,
while TEM was operated at accelerating voltage of 200 kV and current of 1 nA. TEM specimens were
fabricated using focused ion beam (FIB, Helios Nanolab 450 F1, FEI Co., Hillsboro, OR, USA).

3. Results and Discussion

3.1. Characterization of the Surface-Modified Region

Figure 1 shows the results of XRD analysis on SS 316LN after Si deposition and IDHT (900 ◦C, 1 h).
Other than the peaks from the matrix, peaks of Fe5Ni3Si2 silicide phase were detected. Surface SEM
micrograph shows that a continuous surface layer with somewhat blocky morphology was formed
(Figure 2a). Cross-sectional backscattered electron (BSE) micrograph of the specimen is shown in
Figure 2b. A surface layer with different contrast from the adjacent matrix can be identified. This
region would correspond to Fe5Ni3Si2 silicide phase detected by XRD analysis. Figure 2c shows the
result of EDS line scanning along the dotted arrow indicated in the BSE micrograph. The surface region
is enriched in Si about 10 wt.% and about 9 µm in thickness. In addition, Fe, Ni, and Cr contents in this
layer are about 45, 18, and 14 wt.%, respectively. This indicates that interdiffusion of the deposited Si
layer and elements in the matrix occurred during heat treatment at 900 ◦C, and formed Fe5Ni3Si2 phase.
Previously, Zhang et al. evaluated the phase equilibria of Fe-Ni-Si system at 850 ◦C and confirmed
Fe5Ni3Si2 phase as thermodynamically stable phase in Fe and Ni composition ranges of 46.5–56.3 at.%
and 23.6–32.5 at.%, respectively [8].

Meanwhile, discontinuous voids were observed in the Si-enriched layer. High C region in EDS
line scan result (Figure 2c) corresponds to the void, as the voids were filled by C-rich resin during
sample mounting for cross-sectional analyses. These voids would have formed during heat treatment
due to faster outward diffusion of matrix elements toward the Si coating layer. Perez et al. also reported
formation of voids on Si diffusion-coated SS 304 at the coating/alloy interface [9]. Such Kirkendall
voids may be avoided by optimization of heat treatment temperature. On the other hand, relative
enrichment of Mo was noted adjacent to the voids (Figure 2c). The change in chemical compositions
due to Si-enrichment at the surface during heat treatment would result in activity changes, which
in turn would have resulted in Mo diffusion from the underlying matrix toward the coating/matrix
interface. This is indicated by depletion of Mo below the region of Mo-enrichment shown in EDS line
scan result (Figure 2c).
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Figure 2. (a) Surface scanning electron microscopy (SEM), (b) cross-sectional backscattered electron (BSE)
micrograph of the surface-modified SS 316LN, and (c) result of energy dispersive X-ray spectroscopy
(EDS) line scan along the dotted line in (c).

3.2. Weight Changes after Corrosion Tests in S-CO2 and Steam

Weight changes of the as-received and surface-modified SS 316LN after exposure to S-CO2 (650 ◦C,
20 MPa, 500 h) and steam (650 ◦C, 0.1 MPa, 500 h) environments are shown in Figure 3. The average
weight change values of the two specimens of each condition are also listed in the figure. As shown
in the figure, weight gain in S-CO2 environment is lower for the as-received condition than that of the
surface-modified specimen. However, it should be mentioned that reported weight change values of the
as-received SS 316LN can vary in high temperature S-CO2 environments under same conditions due to
oxide spallation. For example, in a previous study, it was reported that the as-received SS 316LN showed
weight gain of 0.44 mg/cm2 after exposure to S-CO2 at 650 ◦C (20 MPa) for 500 h [5]. Still, another study
reported weight gain of about 0.1 mg/cm2 for the as-received SS 316LN corroded in the same condition [10].
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In this study, the as-received SS 316LN had weight gain of 0.099 mg/cm2. Such discrepancies in weight
change values of as-received SS 316LN tested in similar conditions can be ascribed to different times at
which oxide spallation and subsequent Fe-rich oxide formation occurs on 316LN in high temperature
environments above 600 ◦C. In this regard, the small variance between the weight change values of the
two as-received samples in this study would be coincidental. To the contrary, as will be shown in the
next section, oxide spallation was not observed for the surface-modified SS 316LN after S-CO2 exposure.
Thus, the weight change comparisons between the as-received and surface-modified conditions after
S-CO2 corrosion may not be an accurate representation of the actual corrosion resistances.

In the case of specimens exposed to steam environment, weight gains of the surface-modified
specimen is about half that of the as-received specimen. It is notable that weight gains are significantly
greater for steam-exposed specimens compared to those exposed to S-CO2. It has been reported that
high pressure of S-CO2 results in greater corrosion rates compared to atmospheric pressure CO2 [11].
However, even with higher pressure of S-CO2 of 20 MPa, steam at atmospheric pressure resulted in
greater oxidation. It has been suggested that hydrogen would be generated by oxidation in steam [12].
The hydrogen as proton ions would permeate into the oxide and change its structure and oxidation
behavior. Kim et al. compared the corrosion characteristics of Ni-base alloys in steam at 900 ◦C with
and without hydrogen addition, and found that corrosion rates were greater in hydrogen-added
steam [7]. On the other hand, hydrogen would not be produced in S-CO2 environment, which may be
a factor in lower weight gains in S-CO2 compared to that in steam.
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(650 ◦C, 20 MPa, 500 h) and steam (650 ◦C, 0.1 MPa, 500 h) environments.

3.3. Characterization of Oxides Formed in High Temperature S-CO2

Figure 4 shows the results of XRD analysis of the as-received and surface-modified SS 316LN after
exposure in S-CO2 at 650 ◦C (20 MPa) for 500 h. For the as-received SS 316LN, peaks of chromia (Cr2O3)
and Fe-rich oxides (mainly Fe2O3) were found. For the surface-modified specimen, chromia peaks
were detected, along with peaks of Fe5Ni3Si2 phase and matrix that were observed before corrosion
test (Figure 1). Figure 5a shows the plan-view SEM micrograph of the oxides formed on the as-received
SS 316LN after S-CO2 exposure. Severe spallation of a thin oxide layer and formation of thick oxides
can be noted. EDS analysis (not shown) confirmed that the thin oxide layer was mainly rich in Cr
while the thick oxide was rich in Fe, which is in agreement with previous studies [1,2]. Cross-sectional
backscattered electron (BSE) micrograph of this specimen is shown in Figure 5b. The Cr-rich oxide
layer was difficult to find due to spallation, while thick Fe-rich oxide region was seen. EDS line scan
results indicated that this oxide was about 5 µm in thickness, while it consisted of a duplex structure
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with outer oxide being Fe-rich and inner oxide being rich in both Fe and Cr (Figure 5c). Such oxides
would have formed because of depletion of Cr in the underlying matrix after oxide spallation.Coatings 2020, 10, x FOR PEER REVIEW 6 of 13 
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Figure 5. (a) Surface SEM, (b) cross-sectional BSE micrograph of the as-received SS 316LN after exposure
to S-CO2 at 650 ◦C (20 MPa) for 500 h, and (c) result of EDS line scan along the dotted line in (b).

In the case of the surface-modified specimen, a continuous oxide could be observed in the surface
SEM micrograph, while oxide spallation was not observed (Figure 6a). In addition, the oxides have
a blocky and nodular morphology, similar to that of the surface of the surface-modified specimen
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before corrosion test shown in Figure 2a. This suggests that the oxide formed on the surface-modified
specimen is rather thin. From cross-sectional BSE micrograph and EDS line scanning (Figure 6b,c),
it was observed that the oxide had a thickness of about 2 µm and was rich mainly in Cr and Si. Thus,
from the thin adherent oxide formed on the surface-modified SS 316LN in contrast to spalled Cr-rich
oxides and locally thick Fe-rich oxides formed on the as-received SS 316LN, it is quite clear that
corrosion resistance of the surface-modified SS 316LN is better than the as-received SS 316LN in S-CO2.

TEM analyses results of the oxide layer formed on the surface-modified specimen after S-CO2

exposure are shown in Figure 7. The oxide is mainly rich in Si, while some discontinuous Cr-rich oxides
can also be observed. It is interesting to note that Si-rich oxides were not observed in XRD analysis
results, while only chromia peaks were found (Figure 4). This would be due to the amorphous nature of
the Si-rich oxide, so that diffraction peaks could not be detected by XRD. SiO2 is reported to be typically
amorphous under 1000 ◦C [13], and its formation has been reported for various Si-containing alloys
at the oxide/matrix interface after exposure to high temperatures oxidizing environments [3,14,15].
Meanwhile, one of the voids that was observed in the Si-enriched region of surface-modified alloy
(Figure 2) after S-CO2 exposure can be seen in Figure 7a. Oxidation occurred around the voids, and the
formed oxides were mainly Si-rich.
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Figure 6. (a) Surface SEM, (b) cross-sectional BSE micrograph of the surface-modified SS 316LN after
exposure to S-CO2 at 650 oC (20 MPa) for 500 h, and (c) result of EDS line scan along the dotted line in (b).

Enrichment of Cr, Ni, Si, and Mo was observed adjacent to the outer oxide layer. In fact, formation
of such phases occurred within the Si-enriched region after S-CO2 exposure, which is indicated by
chemical composition fluctuations in the EDS line scan result shown in Figure 6c. It seems that these
phases are same as those formed after Si coating and heat treatment. Their formation would be related
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to chemical composition changes that occurred with Si and Cr content decrease in the surface-modified
region due to oxide formation.
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Figure 7. TEM analyses results of the surface-modified SS 316LN after exposure to S-CO2 at 650 ◦C
(20 MPa) for 500 h. (a) Scanning transmission electron microscope (STEM) image with EDS mapping
images and (b) result of EDS line scan along the dotted line in magnified STEM micrograph on the
left-hand side.

3.4. Characterization of Oxides Formed in High Temperature Steam

Figure 8 shows the surface SEM micrograph of the as-received SS 316LN corroded in steam.
The surface is mostly covered in large Fe-rich oxides, while some thin continuous Cr-rich oxide regions
can also be found. This is quite similar to that observed for the as-received SS 316LN after S-CO2

exposure, only the extent of oxidation is greater in steam. Indeed, cross-sectional BSE micrograph
shows that the Fe-rich oxides have thicknesses of greater than 40 µm (Figure 8b). In addition, similar
to that found in S-CO2-exposed as-received specimen, the oxides are composed of outer Fe-rich oxide
and inner Fe- and Cr-rich spinel (Figure 8c).

The results of SEM analysis on the surface-modified SS 316LN after steam exposure are shown
in Figure 9. A continuous oxide layer without any signs of spallation can be seen on the surface
(Figure 9a). In case of its cross-section, the oxide is about 15 µm in thickness (Figure 9b), which is
significantly smaller than that formed on steam-exposed as-received specimen (Figure 8b). Meanwhile,
as shown in EDS line scan result in Figure 10b, the oxide layer has a complex structure composed of
various oxides. Still, from TEM analyses result on the oxide shown in Figure 10, existence of Si-rich
oxide can be seen below the outermost Fe-rich oxide. These observations are similar to those made
in a previous work by Bolivar et al. in which 9Cr ferritic-martensitic steel (FMS) coated by Si using
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chemical vapor deposition (CVD) was subjected to steam oxidation at 650 oC for up to 3000 h [16].
Si coating significantly reduced mass gains compared to those of the as-received alloy, which was
ascribed to the formation of Si-rich oxide layer between the outer Fe-rich oxide and inner Fe- and
Cr-rich spinel. Furthermore, Ishitsuka et al. reported similar corrosion behaviors and oxide structures
for Si-containing FMS after high temperature steam exposure, and found the Si-rich oxides to be
amorphous [17]. TEM analyses performed on the Si-rich oxide formed on the surface-modified alloys
after steam corrosion in this study also revealed it to be amorphous (not shown).
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Furthermore, results of XRD analysis conducted on the as-received and surface-modified SS
316LN after steam corrosion test at 650 ◦C (0.1 MPa) for 500 h are shown in Figure 11. For the
as-received specimen, peaks of Fe2O3 and Fe3O4 oxides were detected, while only Fe2O3 was detected
for the surface-modified SS 316LN. Matrix peaks were not detected for both specimens, because of the
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thickness of the oxides as seen in the cross-sectional BSE images. In previous works in which duplex
oxide were formed on FMS after high temperature exposure, it was reported that the outer Fe-rich
oxide was composed of outermost Fe2O3 layer under which Fe3O4 was formed [18,19]. It was proposed
that Fe3O4 initially forms, when the supply of Fe to the oxidation front is sufficiently high. With
continued growth and increase in thickness of Fe3O4 layer on FMS, outward diffusion of Fe cations
from the matrix to the oxidation front decreases. Consequently, at some point during oxidation, Fe2O3

forms at the outermost region above Fe3O4, as Fe2O3 is stable at higher oxygen activities compared to
Fe3O4 [20]. This mechanism could be applied to the as-received SS 316LN oxidized in steam in this
study, in view of its oxide products (Fe2O3 and Fe3O4) and structure (duplex oxide). On the other
hand, the absence of Fe3O4 for the surface-modified specimen would be due to the formation of Si-rich
oxides, which hampered outward diffusion of Fe ions. Therefore, it is quite apparent that Si-rich oxides
formed on the surface-modified alloys contributed to slower corrosion kinetics in high temperature
steam environment.

Meanwhile, it should be noted that thickness of the oxide layer formed on the surface-modified
alloy in steam environment is about 15 µm (Figure 9), which is greater than the thickness of the
Si-enriched region of 9 µm (Figure 2). This implies that the oxide growth in steam extended to below
the entire surface-modified region. Voids found in the Si-enriched region for surface-modified alloy
(Figure 2) could not be observed along the entire sample. In addition, the Si content below the oxide
layer of the surface-modified alloy in steam is about 1 wt.%, which is similar content as that detected
in the matrix of the as-received SS 316LN. Despite the Si depletion after steam oxidation, surface
Si-enrichment was effective in enhancement of oxidation resistance. However, sub-oxide depletion
of an element participating in oxidation is a concern in oxide stability and there is a need for longer
exposure tests in order to further validate the effectiveness of the surface-modification.
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4. Conclusions

Si diffusion coating was formed on SS 316LN by Si deposition and subsequent heat treatment at
900 ◦C for 1 h. Si deposition and heat treatment on SS 316LN resulted in the formation of Fe5Ni3Si2
phase as a surface layer, containing about 10 wt.% Si. Voids and Mo-enrichment was observed adjacent
to the coating/matrix interface. The surface-modified alloy was exposed to high temperature S-CO2

(650 ◦C, 20 MPa) and steam (650 ◦C, 0.1 MPa) for 500 h for the evaluation of its corrosion behavior.
Steam exposure resulted in significantly greater oxidation for both the as-received and surface-modified
alloys than after S-CO2 exposure, despite higher pressure of S-CO2 environment. Surface-modified
SS 316LN exhibited enhanced corrosion behavior compared to that of the as-received alloy in both
environments, by formation of relatively thin and continuous oxide layer. In S-CO2, Si-rich oxides
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formed on the surface-modified specimen prevented oxide spallation and Fe-rich oxide formation,
while in steam, oxidation rates were notably slow compared to the as-received alloy.
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