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Abstract 

The choice of materials is of great concern in the construction of Gen IV supercritical water 

reactors (SCWR), particularly the fuel cladding, due to the harsh environment of elevated 

temperatures and pressures. A material’s performance under simulated conditions must be 

evaluated to support proper material selection by designers.  In this study, aluminide and Cr-

modified aluminide coated 304, as well as bare stainless steel 304 as a reference material, were 

tested in supercritical water (SCW) at 700°C and 25 MPa for 1000 h. The results showed that all 

three samples experienced weight loss. However, the aluminide coated 304 had 20 to 40 times less 

weight loss compared to Cr-modified aluminide coated and bare stainless steel 304 specimens, 

respectively. Based on Scanning Electron Microscope / Energy Dispersive X-ray Spectroscopy 

(SEM/EDS) and X-ray Diffraction (XRD) analysis results, spinel and hematite Fe2O3 formed on 

bare 304 after 1000 h in SCW while alumina was observed on both coated specimens, i.e. 

aluminide and Cr-modified aluminide surfaces. Oxide spallation was observed on the bare 304 and 

Cr-modified aluminide surface, contributing to a larger weight loss.  Based on the results from this 

study, pure aluminide coating with Al content of 10 - 11 wt.% demonstrated superior performance 

than bare 304 and Cr-modified aluminide coated 304.  
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Nomenclature  

Acronyms and abbreviations 

CVD Chemical Vapor Deposition 

EDS  Energy Dispersive Spectrometry 

F-M Ferritic-martensitic 

SCC Stress Corrosion Cracking 

SCW  Supercritical Water  

SCWR Supercritical Water-cooled Reactor  

SEM Scanning Electron Microscopy 

XRD X-ray Powder Diffraction 

 

1.0 Introduction 

The rapid growth in world population and increased living standard has triggered exploration of 

long term energy solutions such as those provided by nuclear energy [1]. The Generation IV 

International Forum was formed to jointly develop advanced reactor designs based upon 

Generation II and III nuclear reactor technologies [2]. To enhance these current nuclear reactor 

technologies, improvements in four main categories are considered: sustainability, safety and 

reliability, economics, proliferation resistance and physical protection [2]. There are six 

technologies currently being developed, one of which is supercritical water-cooled reactors 

(SCWR).  The increased thermodynamic efficiency of Gen IV SCWRs is attributed to the single-

phase supercritical water (SCW) as the coolant [3]. While efficiency can be increased to 45%, 

from 33% of the currently used light water-cooled reactors, the preliminary design of the Canadian 

SCWR calls for an operating pressure of 25 MPa, and a core inlet and outlet temperature of 350°C 

and 625°C, respectively [4]. This design specification requires materials for core components that 
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can withstand a peak temperature much higher than the fluid temperature, and at the same time 

sustain radiation impact. 

Ni-based alloys have been considered as a candidate material because of their ability to maintain 

their mechanical properties at increased temperatures. Their high strength, toughness and creep 

resistance at elevated temperatures coupled with their superior oxidation and corrosion resistance 

in SCW make them a potential candidate [5, 6]. However, the high neutron absorption cross 

sections and increased vulnerability to radiation damage as compared to iron-based alloys make 

them an undesirable material for the reactor core [7, 8].  Conversely, ferritic-martensitic (F-M) 

steels have been considered as a better candidate material because of their low neutron absorption 

rates, resistance to radiation and swelling upon radiation exposure in addition to their low cost [9, 

10, 11]. Their disadvantage is the degradation of mechanical strength at temperatures greater than 

650°C [5] and the high levels of corrosion under SCWR conditions [7, 12, 13]. Fe-based alloys 

containing increased amounts of Ni, particularly austenitic stainless steels, are of interest because 

of their improved corrosion resistance over F-M steels and their resistance against creep and 

radiation [14]. Austenitic stainless steels have been shown to maintain their oxidation resistance 

and mechanical properties up to a temperature of 1000°C in an oxidizing environment [14], making 

them a suitable choice for the in-core components. However, there are concerns relating to 

spallation after exposure to harsh conditions [15, 16]. 

One possible solution to meet the requirements for structural integrity and corrosion resistance is 

to apply corrosion resistant coatings to these components [17]. Alumina-based oxide scales are 

known to mitigate many types of corrosion found in SCW conditions such as stress corrosion 

cracking (SCC), pitting and general corrosion [18]. It has been reported that the addition of Al to 

stainless steels can increase the high temperature oxidation resistance [19]. To enhance the 
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corrosion and oxidation resistance of the cast stainless steel CF8C-plus, a diffusion aluminide 

coating was applied.  Testing in 10% H2O at 800°C showed that the Al-rich coating was effective 

in providing oxidation and corrosion resistance to the substrate via the formation of an alumina 

scale [20].  Chemical vapor deposition (CVD) iron-aluminide (Fe-13, 15 and 20 at.% Al) coated 

T91 and 304L specimens also exhibited excellent performance in water vapor at 700°C as 

compared to uncoated specimens [21].  Iron aluminide coatings, applied by a slurry process, (a 

different process from CVD or pack cementation), on ferritic stainless steel steam turbine 

components also demonstrated improved steam-oxidation resistance at 650°C [22].  However, 

depletion of Al from the coating due to Al diffusion into the substrate commonly occurs on 

exposure to temperatures near or greater than 650°C. 

In comparison to another commonly employed oxidation and corrosion resistant MCrAlY overlay 

coatings, diffusional coatings are often thinner (30 to 50 µm) than MCrAlY overlays. The vapour 

based process also has the capability of coating non-line-of-sight locations and is a batch process 

in which a large number of parts can be coated at the same time. The current work aims to assess 

alloy 304 (as baseline reference) and two different pack cementation coatings (aluminide and Cr-

modified aluminide) for potential applications in SCWR, by exposing them to SCW at 700°C and 

25 MPa for 1000 h. The selection of this elevated temperature was based on the fact that cladding 

material would be subjected to temperatures greater than that of the coolant (625°C), as proposed 

in the current Canadian SCWR design.  

 

2.0 Materials and Experimental Methods 

 

The substrate material used in this study was 304 stainless steel with its nominal composition 

shown in Table 1. Samples were sheared into 20 mm × 20 mm pieces and polished to 600 grit 
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finish prior to coating. The pack cementation process was carried out in a tube furnace (Model 

STT-1600C-4-12 by Sentro Tech Corporation, USA) using the pack cementation technique.  

 

The pack powder mixture for aluminide process contained 10% Al (Metco 54NS, -200+325 mesh) 

+ 20% Ni (Metco 56NS, -200+325 mesh) as the source of the coating, and for chromizing it 

contained 60% Cr (Alfa Aesar, -325 mesh). The remainder of the powder mixtures consisted of 

NH4Cl as the activator, and alumina as the inert filler. The inclusion of Ni in the aluminide coating 

was twofold; Ni addition has shown to encourage NiAl2O4 formation during oxidation, which in 

turn reduces oxidation rate [22]. The inclusion of Ni in the pack mixture was also to alleviate 

coating cracking during the process. A 76.2 mm (3”) diameter ceramic bowl was used to contain 

the samples and powders during the coating process. To prepare the pack powder, different 

powders were weighed using a precision scale (to ±1 g). Next the powders were put into the bowl 

and mixed using a mechanical mixer. In order to keep partial pressure and to avoid the escape of 

the metal halide vapour, a ceramic lid was placed on top of the bowl before being inserted into a 

tube furnace. Before the temperature was raised to the set point, Ar purging was initiated for 30 

min before the temperature was raised. Ar flew continuously during the pack process. The process 

temperatures were 1000°C for aluminizing (no Cr in the pack) and 1100°C for chromizing, a 

similar temperature range as that reported in [23]. A duration of 240 min was used for both 

processes. The Cr-modified aluminide coating composition was achieved using a two-step process, 

chromizing followed by aluminizing. Prior to coating the test samples for this study, trial runs were 

carried out using different temperatures and durations. The final process parameter selections were 

based on the coating structures shown in Figure 1 (a and b) where both coating layers reached 

about 50 µm to allow for subsequently surface grinding to 600 grit finish. Note that on the surface 
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there existed loose particles from the pack and micro-cracks on aluminide coatings. Subsequently 

polishing removed surface imperfections prior to SCW testing. 

 

The coated samples were ground in the following order by using 240, 320, 400 and 600 grit SiC 

abrasive papers, a standard practice developed for SCW and steam oxidation test at the authors’ 

lab. Approximately 25 µm surface layer has been removed from each sample. After grinding, the 

samples were cleaned in an ultrasonic bath (Branson 2510) using degreasing agent and water 

sequentially for 15 min followed by 15 min in acetone. EDS analysis was carried out on the ground 

samples to measure their final surface compositions, as reported in Table 2. Finally, sample 

dimensions (using a Mitutoyo micrometer) and weights (with a Mettler Toledo AG285 balance) 

were measured (Table 3). After SCW testing, samples were weighed again to obtain mass change 

per unit surface area.   

The corrosion exposure test was carried out in a custom built SCW autoclave at 700°C/25 MPa 

with 150 ppb dissolved oxygen in the inlet flow and a pH of 7 (measured at room temperature in 

the low pressure part of the recirculation loop). The test durations were up to 1000 h. The autoclave 

is connected to a recirculation water loop, Figure 2. The high pressure loop consisted of a high 

pressure pump, heat exchanger, preheater and cooler. The flow rate during the exposure was 

around 7 mL/min (of water) resulting in refresh time of the autoclave roughly every two h. 

Specimens were hung on the specimen holder rack using electrically insulating ZrO2 rings. 

Following 1000 h of testing, the surface microstructures were characterised using Scanning 

Electron Microscope / Energy Dispersive X-ray Spectroscopy (SEM/EDS). Samples were also 

evaluated along the cross-section. Phase composition of the surface oxides were analysed after 
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using X-ray Diffraction (XRD). All tests were carried out within a 2θ range of 10°- 90° (θ is the 

angle between the incident X-ray beam and the horizontal surface of the sample). 

3.0 Results 

3.1 Weight change 

 

The weight changes of the bare 304 and coated 304 are shown in Figure 3. The weight change was 

computed using the weight difference between initial and SCW tested sample divided by the total 

external surface area of each sample. Also included in the same figure are weight changes of two 

other materials (800H and 3033) tested under the same condition. Weight loss is usually considered 

an undesirable attribute of the materials for the SCWR as it decreases the cross section of the 

structure material and also contributes to material transport (either as spalled particles or dissolved 

ions) to other parts of the system. From the results obtained in the current study, all specimens 

exhibited weight loss including bare 304, as well as the aluminide and Cr-modified aluminide 

coated 304, although the aluminide coated 304 sample had a very minimal amount of weight loss 

(0.15 mg/cm2 or 1.5 ×10-4 mg/cm2 h). The mass change in a bare 304 tested under 100% steam 

(not pressurized) at 700ºC was measured to be about +0.21 mg/cm2 after 1000 h [24]. The 

application of an aluminide coating (about 60 at.%) in that study reduced the weight gain to about 

0.15 mg/cm2.  Due to the higher pressure of SCW used in this study more oxidization took place, 

as shown in our previous study [25]. And the spallation tendency of oxide scale upon cooling has 

been observed to increase with scale thickness, due to increased stresses and reduced adhesion 

[26]. Examining Table 3 and Figure 3, it becomes clear that Cr-modified aluminide coating has 

inferior performance than pure aluminide. The elevated Al in Cr-modified aluminide increases the 

brittleness of the coating while the higher Cr content may have contributed to the 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Nuclear Engineering and Radiation Science. Received February 23, 2018; 
Accepted manuscript posted July 17, 2018. doi:10.1115/1.4040889 
Copyright (c) 2018 by ASME

Downloaded From: http://nuclearengineering.asmedigitalcollection.asme.org/ on 07/24/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



8 
 
 

instability/volatility of chromia scale in high temperature SCW [27]. Indeed, Cr2O3 has been 

reported to react with steam and form volatile species such as Cr2O(OH)2 and CrO2(OH) [28]. 

800H is an alloy that has been assessed for potential fuel cladding in Canadian SCWR [29]. From 

the results shown in Figure 3, it also suffers weight loss after 1000 h in SCW at 700°C. Among 

the materials shown in the same figure, alloy 3033 (or alloy 33 with a composition of Fe-31.5Ni-

33Cr) demonstrates better performance, i.e., slight weight gain due to oxide formation. Alloy 3033, 

although with elevated amount of Cr similar to that in Cr-modified aluminide, did not show weight 

loss. Perhaps the formation of an outer layer of Fe-containing spinel FeCr2O4 provided protection 

to the inner layer of Cr2O3 [30] [31]. Detailed analysis of Alloy 3033 and 800H tested in SCW at 

700 ˚C was reported previously in [31].  

 

3.2 SEM and XRD Analysis 

3.2.1 304 

SEM images (Figure 4) of the bare 304 surface after SCW exposure reveal that the 

corrosion/oxidation has taken place non-uniformly, leaving a surface with porous phase (A1), 

islands with bright particles (B1) and a flat matrix with remaining grinding marks (C1). EDS 

analysis of all three areas showed strong oxygen signal, suggesting all three areas have been 

oxidized. Based on the qualitative atomic percentages of elements measured from A1, it is likely 

to be hematite (Fe2O3, 60 at.% of O).  In area B1, the increased Cr content indicates a possible 

formation of mixed oxide. Area C1, with a composition between that of A1 and B1, may be a 

region with mixed oxide as well. A cross section of the tested sample is shown in Figure 5. The 

oxidation can be observed to have progressed to a depth of >25 µm. The top layer of the oxide 

(D1) has been spalled off from the sample. EDS analysis results from the spalled oxide (D1) and 

the remaining layer (E1) suggest spinel compositions. The cross section further illustrates the 
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nature of intergranular oxidation progression, with oxide outlining partially oxidized grains. From 

the perspective of both oxide spallation and oxidation depth, alloy 304 shall not be used under the 

high temperature SCW. Finally, XRD analysis was carried out to identify the phases (Figure 6).  

Both spinel and hematite are present in the oxide layer, confirming the SEM results.  

 

3.2.2  Aluminide coated 304 

The aluminide coated 304 sample surface does not reveal any signs of corrosion pits, cracks or 

spallation after 1000 h in SCW (Figure 7). Rather, it is covered with small grains of Al containing 

oxides and the grinding marks are still visible after 1000 h exposure in SCW. EDS analysis of the 

light particles A2 suggests the nature of these particles being Al2O3 (Cr and Fe are likely detected 

from the underlying coating substrate itself). EDS measurement from the surface of area (B2) 

confirms the enrichment of Al on the surface, comparing to other elements (Cr and Fe).  However, 

the Ni content on the surface (7% prior to SCW exposure) becomes negligible after SCW exposure, 

due to increased Al and oxygen content in the oxide layer, and also a possible NiO spallation 

(hence weight loss) at an earlier stage of the exposure.  

 

The cross section of the sample was also evaluated, with its image and compositions shown in 

Figure 8. There is a very thin, dense, and intact oxide layer (C2) on the surface. The formation of 

such protective Al2O3 layer resulted in the least amount of weight loss on the aluminide coated 

304 sample. Furthermore, the coating layer is dense (D2 and E2) and Al inward diffusion has 

occurred during SCW exposure, reaching a depth of 55 µm (E2). The XRD analysis result, shown 

in Figure 9, confirms the presence of Al2O3 on the surface, in addition to an Al-rich α-FeNi in the 

coating layer.  
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3.2.3 Cr-modified Aluminide coating on 304 

Cr-modified aluminide coated 304 sample experienced more weight loss than the aluminide coated 

samples, although the coating had a higher Al and Cr for protective oxide formation. Upon 

examining the exposed surface, it became clear that the spallation of oxide layer occurred. As 

shown in Figure 10, there are three distinct areas on the surface, A3 with Cr, Al and O, B3 covered 

with Fe enriched oxide and C3 which was exposed due to the spallation of B3 (“river pattern” can 

be seen on the exposed surface C3). Area B3 is characterized by a large concentration of Fe and 

some O and Al; the high concentration of Fe indicates either thin oxide (Fe from the metal 

substrate) or Fe-containing oxide formation (e.g. spinel) although this oxide could not be detected 

by XRD. Based on the SEM image (Figure 10), it is believed that B3 previously covered the area 

labelled C3. The spallation of Fe-containing oxide (B3) left the exposed area C3 at a lower 

elevation (ridges left from spallation of B3 are labeled with arrows in Figure 10). The composition 

measured from C3 indicates alumina formation below the Fe-containing oxide layer.  

 

The cross section of the Cr-modified aluminide coated sample is present in Figure 11. The surface 

is covered with a layer of oxide (D3, ~10-15 µm), composed primarily of Al and Fe oxide. Beyond 

the non-uniform surface oxide, there is an evidence of internal oxidation in region E3 (grey 

particles), however, EDS was not able detect oxygen due to the limited number and size of these 

individual particles. EDS results from regions D3 and E3 found a lower than usual Cr content since 

the sample was chromized to a high Cr content (28% after surface polishing prior to SCW 

exposure). Cr depletion must have occurred during SCW exposure, possibly through both oxide 

scale spallation and volatilization of chromium oxide formed on the surface [28], also contributing 

to a weight loss.  Further below the internally oxidized region E3 is a region with single grey phase 
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(F3), likely being an Al-rich Fe(Ni) layer. In fact, XRD analysis (Figure 12) revealed the presence 

of both alumina and α-NiFe(Al) in the surface layer, confirming the SEM observation.  

 

 

4.0 Discussion 

 

Application of coating has the ability to improve environmental resistance while maintaining the 

structural integrity for various applications. For the current SCWR application, the fuel cladding 

must be able to withstand high temperatures, stress, and radiation, which leads to limitations on 

the use of some alloying elements, such as Co and excessive Ni. Covering Fe based alloys with 

coatings has the potential to improve alloy’s oxidation/corrosion resistance, particularly for high 

temperature and high pressure corrosive SCW.  

Upon exposure to oxidizing environment, metals will react with oxygen to form oxide. There are 

three key factors that characterize an oxidation process: the driving force, the nature/stability of 

the oxide film that forms (i.e., P-B ratio) and the rate at which oxidation occurs. The driving force 

is represented by the standard energy of formation for the oxide, also known as an Ellingham 

Diagram [32]. Al, in particular, has greater driving force for oxidation than most of other 

engineering metals such Fe, Ni, and Cr. In addition, the alumina formation has a near to 1 P-B 

ratio as such the oxide adhered to metal surface tightly [32]. Lastly, the rate of oxidation for Al 

(and Cr) exhibits a logarithm relationship with time, rendering a protective nature of the oxide 

once it covers the metal surface. For these reasons, many high temperature oxidation and corrosion 

coatings are primarily based on Al-containing alloys [33] [34]. Cr addition to alloys reduces the 

critical amount of Al required to form external alumina due to a gettering or third element effect 

[35] [36], allowing relatively ductile Al-containing coatings/alloys to be developed. Although the 
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addition of Cr alone has been observed to impart oxidation and corrosion resistance, chromium 

oxides are susceptible to steam induced volatility [27] [28]. Alumina forming coatings with Cr 

addition are therefore potentially more advantageous for high temperature SCW environment. 

Results from NiCrAlY and FeCrAlY coatings tested in SCW have shown promising results [37] 

[38]. Excellent steam oxidation resistance of iron aluminide coating on ferritic steel has also been 

observed at 650°C [39]. 

In this study, a pack aluminide and Cr-modified aluminide process was applied to 304 stainless 

steel. The pack process was selected for this study due to its versatility for large components and 

ability to reach non-line-of-sight locations. It has been employed in coating of low-Cr steels, such 

as P92 for steam power plant application [40]. Previous studies have shown that polishing surfaces 

to a 600 grit finish resulted in minimum weight change [41]. As such, coating developed must 

have sufficient thickness to allow for subsequent surface polishing while maintaining sufficient Al 

and/or Cr content. A coating process providing thicker alumina coating (~40 µm) was selected.  

Based on the results from this study, bare 304 and two coated 304 samples experienced weight 

loss after 1000 h in SCW at 700°C and 25 MPa. Scale spallation was observed on bare 304 and 

Cr-modified aluminide coated 304 while the aluminide coated sample showed very small weight 

loss among the three. It also exhibited less weight loss than that observed on 800H tested in the 

same test batch (Figure 3). Weight loss resulted from oxide scale spallation is of a great concern 

in SCWR and steam turbines. The spalled scale can be circulated into the downstream, blocking 

and eroding components [42].  Application of aluminide coating is found in this study to have the 

potential to reduce the weight loss and hence scale spallation when being applied to 304 stainless 

steel. 
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Although aluminide coated 304 showed some weight loss in this study, results from steam test at 

the same temperature or SCW environment at lower temperature have yielded weight gains 

instead. For example, aluminide coating on P92 had a weight gain of about 1.5 mg/cm2 after 1000 

h in SCW at 650°C [43]. The application of an aluminide coating (about 60 at.%) on 304 resulted 

a weight gain of 0.15 mg/cm2 [24] in 100% steam (not pressurized) at 700ºC. In addition to the 

differences in the pressure, temperature and surface preparation procedures, the aluminide coating 

surface compositions and composition profiles vary greatly, affecting long term performance of 

coated alloys.  

Cr has been observed to have the function of “a getter” or “third element effect” [36]. By adding 

Cr to an aluminide coating, it can alleviate the potential for cracking or spallation of pure alumina, 

as water/steam tends to lower the toughness of the alumina/substrate interface [44]. Furthermore, 

a Cr layer between Al and substrate has been observed to act as diffusion barrier, preventing the 

outward diffusion of Fe to the coating surface [45]. As such, Cr-modified aluminide coating was 

also selected in this study.  

Cr-modified aluminide tested in steam at 650°C has previously showed weight gains after 1000 h 

[23]. Within the scope of this study, chromizing prior to aluminizing produced a coating with a 

higher weight loss. The reasons can be threefold. First, oxide scale formation is usually greater in 

SCW than that under steam condition with lower pressure [25]. The thicker scale, once spalled, 

would result in greater weight loss. Secondly, volatilization of chromium oxide [28] formed on the 

surface also could have contributed to weight loss on the Cr-modified aluminide coating. Thirdly, 

the elevated Al content in Cr-modified aluminide coating could have led to the spallation/cracking 

of outer oxide layer. In fact an increased Al content in an aluminide coating has been seen to cause 

scale cracking/spallation in our previous study [46]. Cracking of the oxide layer has shown to 
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further increase oxidation [47]. Indeed, the remaining oxide layer is much thicker on the Cr-

modified aluminide coating than that on the aluminide coated ones, in addition to the occurrence 

of internal oxidation (Figure 11). In other studies Cr-modified aluminide coating was found to 

have about six times more weight gain than the pure aluminide coating when being tested in SCW 

at 650°C and 30 MPa [45], consistent with the thicker oxide on Cr-modified aluminide coated 304 

observed in this study, although the spallation of thicker oxide resulted in weight loss.  It seems 

that the addition of Cr in the coating, compounded by the higher Al content on the surface (after 

polishing process), promoted thicker scale formation which is also more brittle (due to higher Al). 

Subsequent scale spallation, due to thermal stress during cooling from SCW testing, yielded the 

weight loss observed. As austenitic stainless steels usually contain sufficient Cr, the native Cr is 

able to play the role of promoting alumina formation; as such Cr addition in the coating process 

may not be warranted.  

Lastly, it is to be noted that the pack cementation process produces coatings with defects present 

on the surface as such posting coating polishing/surface finishing is required for SCWR 

application. This however will result in final coating compositions dependent upon the amount of 

surface removal, creating composition variations. It may potentially limit the application of this 

process.  

Conclusion 

In this study, bare and coated 304 stainless steel were evaluated after exposure to SCW at 700°C 

for 1000 h. The results showed that all three samples experienced weight loss. However, the 

aluminide coated 304 had the lowest rate of weight loss (-1.5 ×10-4 mg/cm2 h). Although alumina 

was observed on both aluminide and Cr-modified aluminide, oxide spallation was observed on the 
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Cr-modified aluminide surface, contributing to a larger weight loss.  Based on the results from this 

study, aluminide coating demonstrated superior performance than Cr-modified aluminide coating 

with compositions reported in this study. Bare stainless steel 304 is not suitable for extended 

service under SCW at 700°C, due to excessive oxidation and oxide scale spallation.  
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Table 2 Surface chemical compositions of aluminide and Cr-modified aluminide CVD 

coatings after polishing (wt.%) 
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Table 1: Composition of 304, 800H and 3033 (wt.%) 

Alloy  Fe Ni Cr Mn C Si S Al P Ti N Mo Cu 

304 Bal. 10 19 2 0.08 0.75 0.03 -- 0.05 -- 0.10 -- -- 

800H* Bal. 32.5 21 1.5 0.08 1.0 0.02 0.38 0.045 0.38 -- -- -- 

3033* Bal. 31.5 33 1 0.08 0.25 -- -- 0.01 -- 0.48 1.25 0.75 

*compositions of these alloys added for comparison purpose.  
 

Table 2: Surface chemical compositions of aluminide and Cr-modified aluminide CVD coatings 

after polishing (wt.%) 

Elements Aluminide Cr-modified aluminide 

 Al 10.9 16.9 

Cr 19.7 29.4 

Ni 7.2 9.3 

Mn 1.3 0.7 

Fe 60.4 43.7 

Si 0.5 - 

 

Table 3: Sample initial weights (g) and dimensions (mm) 

 

Weight prior to 

testing (g) 

(±0.001 g) 

Dimensions 

l × w × t (mm) (±0.02 

mm) 

Weight after SCW 

testing (g) (±0.001 g) 

Aluminide 4.745 21.76×20.41×1.46 4.743 

Cr-Modified aluminide 4.803 21.76×20.74×1.48 4.773 

Bare 304 2.649 19.72×12.53×1.49 2.608 
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Figure 1 (a) Aluminide and (b) Cr modified aluminide coatings (depth indicated by the 

arrows) in the as-coated condition (before surface polishing). 

Figure 2 A schematic representation of the SCW autoclave system with water recirculation 

loops. The system consists of low and high pressure water recirculation loops in 

addition to the materials testing autoclave. 

Figure 3 Weight change after 1000 h of exposure to SCW at 700°C. 

Figure 4 Surface microstructure of bare 304 after 1000 h of exposure in SCW at 700°C. 

Figure 5 Cross section of bare 304 after 1000 h of exposure in SCW at 700°C. 

Figure 6 XRD spectrum of bare 304 after 1000 h of exposure in SCW at 700°C. 

Figure 7 Surface microstructure of aluminide coated 304 after 1000 h of exposure in SCW 

at 700°C. 

Figure 8 Cross section of aluminide coated 304 after 1000 h of exposure in SCW at 700°C. 

Figure 9 XRD spectrum of aluminide coated 304 after 1000 h of exposure in SCW at 

700°C. 

Figure 10 Surface microstructure of Cr-modified aluminide coated 304 after 1000 h of 

exposure in SCW at 700°C. 

Figure 11 Cross section of Cr-modified aluminide coated 304 after 1000 h of exposure in 

SCW at 700°C. 

Figure 12 XRD spectrum of Cr-modified aluminide coated 304 after 1000 h of exposure in 

SCW at 700°C. 
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Figure 1: (a) Aluminide and (b) Cr modified aluminide coatings (depth indicated by the arrows) 

in the as-coated condition (before surface polishing).  

 

 

Figure 2: A schematic representation of the SCW autoclave system with water recirculation 

loops. The system consists of low and high pressure water recirculation loops in addition to the 

materials testing autoclave. 
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Figure 3: Weight change after 1000 h of exposure to SCW at 700°C. 

  

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Nuclear Engineering and Radiation Science. Received February 23, 2018; 
Accepted manuscript posted July 17, 2018. doi:10.1115/1.4040889 
Copyright (c) 2018 by ASME

Downloaded From: http://nuclearengineering.asmedigitalcollection.asme.org/ on 07/24/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



25 
 
 

 

Figure 4: Surface microstructure of bare 304 after 1000 h of exposure in SCW at 700°C. 
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Figure 5: Cross section of bare 304 after 1000 h of exposure in SCW at 700°C.  

 

Figure 6: XRD spectrum of bare 304 after 1000 h of exposure in SCW at 700°C.  
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Figure 7: Surface microstructure of aluminide coated 304 after 1000 h of exposure in SCW at 

700°C. 

 

 

 

Figure 8: Cross section of aluminide coated 304 after 1000 h of exposure in SCW at 700°C. 
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Figure 9: XRD spectrum of aluminide coated 304 after 1000 h of exposure in SCW at 700°C.  

 

 

Figure 10: Surface microstructure of Cr-modified aluminide coated 304 after 1000 h of exposure 

in SCW at 700°C. 
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Figure 11: Cross section of Cr-modified aluminide coated 304 after 1000 h of exposure in SCW 

at 700°C. 

 

Figure 12: XRD spectrum of Cr-modified aluminide coated 304 after 1000 h of exposure in SCW 

at 700°C. 
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