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Abstract 

Oxidation resistance and stress corrosion cracking (SCC) susceptibility of A508Ⅲ-309L/308L 

stainless steel (SS) claddings were investigated in simulated pressurized water reactor (PWR) 

primary water following a microstructure characterization. Preferential oxidation of slip bands 

was observed in 309L SS. The oxidation resistance of 309L SS was found to be lower than that 

of 308L SS due to the higher Cr- and ferrite-content in 308L SS than in 309L SS after cladding. 

There was no indication of SCC for low alloy steel (LAS) after slow strain rate tensile (SSRT) 

tests. The presence of type-I and type-II boundaries, composition dilution and less δ-ferrite 

content synergistically contributed to increasing the SCC susceptibility of 309L SS cladding. 

The effect of chemical composition and microstructure on SCC performance of the SS 

claddings was discussed. 

Keywords: Pressurized water reactor, stainless steel cladding, oxidation, stress corrosion 

cracking, ferrite 

1. Introduction 

Due to superior mechanical property, weldability, fabricability, and corrosion resistance, 

Austenitic stainless steel (ASS) welds containing austenite and ferrite phases, are widely 

applied as critical components in many industries [1–6]. Also, the weld deposition of stainless 
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steel on low alloy steels (LAS), called SS weld overlay cladding such as 308L SS and 309L SS, 

is frequently selected to clad on the inside of the reactor pressure vessel (RPV) as a protective 

barrier against the reaction with the high-temperature water. Apart from preventing corrosion, 

the weld overlay cladding also has structural integrity functions [7]. Stress corrosion cracking 

(SCC) is the potential degradation mode for the claddings and dissimilar metal welded joints 

[8-11]. The effects of post-weld heat treatment [12,13], water chemistry [9,13,14], thermal 

aging [5,15-17], microstructure evolution [10,18-20] and dilution ratio [21] on mechanical 

properties and SCC performance of weld metals have been reported extensively. However, the 

effect of microstructure evolution and chemical composition on oxidation resistance, 

mechanical property and SCC performance of the stainless steel claddings have attracted little 

attention. The properties of oxide films are considered to be critical for SCC initiation and crack 

propagation of the critical components during operation in high-temperature water. 

Experimental results in previous works show that crack propagation in many systems was 

related to the oxidation that occurs when the protective oxide film in the vicinity of the crack tip 

was ruptured [22,23]. The morphology, chemical compositions and microstructure of the oxide 

films grown on the SS claddings surface in contact with high-temperature water have been 

reported [24-26].  

There are many ways of determining the SCC performance of metal or alloy in 

high-temperature water, such as crack growth rate (CGR) tests with compact tension specimens, 

constant load with tensile specimens, constant strain tests with U-bend, C-ring, or other 

specimens, and slow strain rate tensile (SSRT) tests. The initial SSRT strain rates used depend 

on several factors, such as the alloy-environment system, the experimental variables, and the 

test objectives [27]. In the current study, the microstructure evolution of the LAS-SS cladding 

layers near the fusion boundary (FB) has been characterized and the properties of the oxide film 

developed on SS cladding layers are analyzed by scanning electron microscope (SEM) and 

transmission electron microscopy (TEM). The SCC susceptibility of the A508Ⅲ-308L/309L SS 

claddings in hydrogenated PWR primary water has been investigated by SSRT tests.  

 

2. Experimental 

2.1. Materials and microstructure characterization 
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The materials used in this work were LAS-SS cladding layers taken from the RPV inner 

wall. The main chemical compositions of the A508Ⅲ, 309L SS, and 308L SS measured by 

direct reading spectrometer are listed in Table 1. The location for measuring the chemical 

composition of the 309L SS cladding was about 1.8 mm away from the fusion boundary. The 

red box 1 indicated the sampling location for microstructure analysis, including optical 

microscope observation, microhardness test, SEM and energy dispersive spectroscopy (EDS) 

analysis, the specimens with a dimension of 20 mm × 8 mm × 2.2 mm; The red box 2 indicated 

the sampling location of 309L/308L SS welds for exposure tests with a size of 10 mm × 10 mm 

× 2.2 mm, as shown in Fig.1. Microhardness was measured with HXD-1000TMC/LCD 

microhardness tester using a 200 gf force and a holding time of 15s. Three microhardness lines 

were acquired with approximately 130 points per line. Prior to the microstructure analysis, the 

specimens were ground to a 2000-grit surface finish with SiC waterproof papers, then 

mechanically polished with a 1-μm diamond suspension. For metallographic observation, the 

LAS side was chemical-etched use 4% nital solution of about 8 s, and the SS side was 

electro-etched in 30% sodium hydroxide solution for 40 s by applying a direct-current voltage 

of about 5V. The distribution of C, Cr, Fe and Ni close to the FB was measured by electron 

probe microanalysis (EPMA)-8050G (Shimadzu instrument), operating at 15 kV. The scanning 

region was 320 μm × 596 μm with a sampling time of 1.0 ms/point. The electron backscatter 

diffraction (EBSD) images were obtained via an Apollo 300 field-emission SEM operated at 20 

kV. The step size was set to 0.2 μm for A508Ⅲ and 5 μm for 309L SS. 

2.2. Exposure and SSRT tests in high-temperature water 

The schematics of the exposure and SSRT tests autoclave setup used is shown in Fig. 2. The 

solution for the exposure tests was prepared by adding 2.2 mg/L Li in LiOH·H2O and 1200 

mg/L B in H3BO3 to ultra-pure water (resistivity ≥18.2 MΩ·cm). The dissolved oxygen 

concentration in the solution was kept to be below 5 μg/L by purging high-purity nitrogen gas 

(≥99.999%) before heating up the autoclave. The concentration of dissolved hydrogen (DH) 

was maintained at 2.6 ppm by controlling a hydrogen gas overpressure of about 0.07 MPa in the 

water storage tank during the whole test procedure. The internal pressure of the autoclave was 

kept at 13.5 ± 0.1 MPa applied via a high-pressure pump. A pre-oxidation for 48 h was 

performed after the internal temperature of the autoclave reached the target temperature (325 C) 
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under hold mode, then the loading system for SSRT tests was started. The SSRT specimens 

were taken from various locations of the LAS-SS weld metals. The A508Ⅲ base metal SSRT 

specimen was cut far away from the FB named A508-MS. The transition layer SSRT specimen 

was cut near the FB named A508-TS. The 309L/308L SSRT specimen contained a 309L layer 

and 308L inner layer, as shown in Fig. 3(a). All the tensile specimens had a gauge size of 15 

mm × 4 mm × 2.2 mm, as shown in Fig. 3(b). The strain rate for SSRT tests was set at 3×10-7/s 

and 1.0×10-6/s, respectively. The engineering stress-strain curves were drawn of each specimen 

after SSRT tests. The exposure test was carried out under this condition for 500 h. Before 

exposure and SSRT tests, the surface of the specimens was ground using SiC papers finish to 

1500 #, then rinsed with distilled water and ethanol. 

2.3. Characterization of oxide films and fracture surfaces 

The oxide films were characterized by extracting cross-sectional TEM specimen prepared 

via an FEI Helios 600i Nanolab focused ion beam (FIB)/SEM system, as shown in Fig. 4 [28]. 

A micron-level thickness of Pt was deposited on the selected region to protect the oxide film 

before Ga-ion beam sputtering. The thickness of the TEM lamellar specimen was milled from 2 

μm to below 100 nm by Ga-ion beam sputtering, and then Pt-welded to copper support with 

five specimen sites. The cross-sectional oxide film specimens were characterized via a 

JEM-2100F TEM, operating at 200 kV. The chemical composition profile of the oxide film was 

analyzed by energy-dispersive X-ray spectroscopy (EDS) with an Oxford Instruments X-max 

80TLE detector under the scanning TEM (STEM) mode. High-resolution TEM photograph and 

high angle dark-field (HAADF) photograph were also obtained. The fracture surfaces were 

observed using an Apollo 300 thermal field-emission SEM operated at 20 kV. 

 

3. Results 

3.1 Microstructure of the LAS-SS claddings  

The elemental distributions with increasing distance from the FB were measured by EDS 

with an Apollo 300 thermal field-emission SEM, as shown in Fig. 5. A sharp drop of Fe and 

increases of Cr and Ni were observed in the 309L region close to the FB. The Cr and Ni 

concentrations in 308L SS were higher than those in 309L SS after welded. The microhardness 

measurement results of the LAS-SS claddings are shown in Fig. 6. There was a higher 

microhardness region in 309L SS near the weld FB. The microhardness in 309L was higher 
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than that in 308L SS. On the LAS side, the region about 4 mm from the FB had a relatively 

higher hardness value than the adjacent regions. The compositional profiles close to the fusion 

line measured by EPMA are shown in Fig. 7. A carburization region close to the FB was 

slightly enriched in iron and depleted in nickel and chromium.  

The optical microstructure of the LAS, including the heat-affected zone (HAZ) and base 

metal, is displayed in Fig. 8. The HAZ had a complex structure with a width of approximately 4 

mm. The region close to the fusion line at the A508Ⅲ side revealed the coarse-grained 

characteristic consisting of ferrite and carbides, as shown in Fig. 8(a). The coarse-grained 

region was always formed accompanied by carbon depletion (decarburization) with a width of 

approximately 100 μm; the C-depleted region formed ascribed to the carbon mitigation to the 

fusion zone, as shown in Fig. 7 carbon-mapping. The LAS bulk metal showed the bainite 

microstructure containing dispersed lath ferrite, as shown in Fig. 8(d). A fine-grained zone was 

observed between the base metal and the coarse-grained zone, as shown in Figs. 8(b) and (c).  

Figure 9 shows the metallographic structure of the fusion region and SS claddings. Type-Ⅰ 

and type-Ⅱ boundaries were found to be close to the FB. The type-Ⅱ boundary was parallel to 

the FB with a distance of < 100 μm, usually appeared adjacent to the FB, and the Type-Ⅰ 

boundary formed between the FB and type-Ⅱ boundary perpendicular to the FB, as shown in 

Fig. 9(a). A semi-continuous martensite layer (dark region) was observed along the fusion 

boundary with a width of about 10-20 μm is shown in Fig. 9(a). Ferrites can be clearly seen in 

308L SS. Using the metallographic method, the statistical results show that the δ-ferrite content 

was about 10.5% (vol. %) in 308L SS, which was much higher than that in 309L SS, as shown 

in Figs. 9(e), (f) and (g). The less ferrite content in 309L might be due to the effects of weld 

dilution (especially Cr element). Figure 10 shows the EBSD results of A508Ⅲ and 309L SS 

near the FB. For LAS, the grains exhibited the random orientation, and the boundaries were 

mainly random grain boundaries (RGB). The Ʃ3 CSL grain boundaries were mainly distributed 

near the FB, as shown in Fig. 10(a) and (b). For 309L SS, the grains mainly show <001> 

preferred orientations, and the grain boundary types map showed that the grain boundary was 

mainly RGB, as shown in Fig. 10(c) and (d).   

The SEM morphologies and EDS result from the ferrite in SS claddings, as shown in Fig. 

11. It is evident that less dispersed worm-like ferrite is distributed in 309L SS, and network-like 
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ferrite in 308L SS. The ferrite has a higher Cr content and a lower Ni content than those of 

austenite. The microstructural evolution of the A508Ⅲ-309L interface is observed by TEM, as 

shown in Fig. 12. There are many precipitates in the LAS side near the FB that showed the 

black block-like or rod-like, as shown in Figs. 12(b) and (c). The precipitates are M23C6 

carbides, determined by high-resolution TEM imaging and selected area electron diffraction 

(SAED), as shown in Fig. 12(e) and pattern Ⅲ [29]. The lath martensite in the FB zone and 

high-density dislocations in the SS can be seen by the TEM-bright field (BF) image, as shown 

in Fig. 12(d). The SAED pattern Ⅰ and pattern Ⅱ show the lattice characteristic of LAS base 

metal (bcc structure) and SS matrix (fcc structure).    

3.2. Properties of the oxide films formed on SS claddings 

Figure 13 shows the SEM morphologies of the oxide films grown on 309L and 308L 

specimens after immersion in simulated PWR primary water at 325 oC for 500 h. Dispersed 

large oxide particles on the 309L specimen surface with an average size of approximately 1 μm, 

while small compact ones seemed to be sub-surface, as showed in Figs. 13(d) and (e). The large 

faceted oxide particles formed on 308L surface were inhomogeneous and fewer than similar 

ones on 309L, as showed in Figs. 13(b) and (c). Compared with 309L, the size of the oxide 

particles grown on 308L was relatively smaller. The surface state of 308L after exposure was 

clearly visible. 

Figure 14 shows a STEM-HAADF image of the oxide film grown on 309L. The oxide film 

developed on 309L displayed a double-layer structure. Large and loose oxide particles were 

distributed on the external layer, while the internal oxide was relatively compact. Localized 

stress/strain concentration caused some deformation/slip bands in the 309L matrix. Figures 15 

and 16 show the higher magnification STEM-HAADF images and EDS results of the oxide 

film formed on 309L specimens. The oxide film had two-layers with the external oxide layer 

rich in Fe and the internal oxide layer rich in Cr. Some voids were clearly observed within the 

internal oxide film, as shown in Figs. 15(a) and 16(a). The oxidized regions of the 

deformation/slip bands consisted of Cr-rich oxides, as shown in Fig. 15(a). Ni-enrichment was 

observed at the oxide/matrix boundary (depleted in Cr and Fe), as shown in Fig. 16. The 

average Cr concentration (~17% at.) of the internal oxide film was slightly lower than that of 

the matrix shown in Figs. 15(b) and 16(b). The thickness of the internal oxide film grown on 
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309L was 200 ± 40 nm based on the measurements on the area of about 2 μm width. The matrix 

underlying the oxide was austenite (fcc structure).  

Figure 17 shows the STEM-HAADF images and EDS results of the oxide film formed on 

308L specimen. It can be seen that Ni-enrichment (and Fe-Cr-depletion) had occurred at the 

oxide/matrix boundary. The external oxide film was enriched in Fe with some Cr. The average 

Cr concentration (~20% at.) of the internal oxide film was close to that of the matrix shown in 

Fig. 17(b). The thickness of the internal oxide film formed on 308L was 70 ± 30 nm based on 

the measurements on the area of about 2 μm width. The matrix beneath the oxide was austenite 

(fcc structure), as identified by TEM. The STEM-HAADF images of the grain boundary, EDS 

results of the oxide film and TEM-BF photograph of the grain boundary and oxide film grown 

on 308L are shown in Fig. 18. It was evident that the oxide layer thickness on austenite grains 

with different orientations was different. The influence of grain orientation on the oxidation of 

stainless steel in a simulated primary water environment has been widely reported (e.g., by 

Matthews et a. [30]) and will not be discussed any further in the present paper. The oxide film 

structure did not changed, exhibiting a double-layer structure with Fe-rich oxides in the external 

layer and Cr-rich in the internal layer. Ni was slightly enriched at the interface between oxide 

and matrix. The Cr content in the inner oxide layer was 20 ± 2% at., as observed in the EDS 

quantitative line scan showed in Fig. 18(b). The grain boundary was enriched in Cr and C, and 

depleted in Fe and Ni, as expected after chromium-carbide (M23C6) precipitation. Localized 

oxidation at the grain boundary was observed. 

3.3. SCC susceptibility of LAS-SS claddings 

Figure 19 shows the stress-strain curves after SSRT at 3×10-7/s for A508Ⅲ matrix and 

transition layer specimens in hydrogenated PWR primary water at 325 oC. It can be found that 

the elongation to failure for A508Ⅲ transition layer specimen after SSRT at 3×10-7/s in normal 

PWR primary water was 21.0%, while it was 26.9% for A508Ⅲ bulk metal. The yield strength 

(YS) was determined by 0.2% off-set method from the stress-strain curve. The YS was 500 

MPa for the A508Ⅲ transition layer and 450 MPa for the base metal. The ultimate tensile 

strength (UTS) of LAS base metal (680 MPa) was lower than that of the transition layer (740 

MPa). The higher YS, UTS and lower elongation to failure of A508Ⅲ transition layer due to 



8 

 

the complex microstructure, carbide precipitates and carbon migration caused by welding 

heat-affected. 

Figure 20 shows the SEM morphologies of the fracture surface after SSRT at 3×10-7/s for 

A508-MS specimen in hydrogenated PWR primary water at 325 oC. Specimen necking was 

observed. The fracture surface was uneven and covered by oxide. A shear-like ductile fracture 

with different size dimples, macro-voids and small amounts of secondary cracks was observed. 

Macro-voids and secondary cracks formation were always related to non-metallic inclusions such 

as MnS and Al2O3 [31]. There was no apparent SCC indication in the fracture region. Figure 21 

shows the SEM morphologies of the fracture surface after SSRT at 3×10-7/s for A508-TS 

specimen in hydrogenated PWR primary water at 325 oC. The fracture surface was divided into 

two parts; the white index line indicated the fusion region and showed the cleavage cracking 

characteristic. The upper region was the LAS transition layer, and the 309L was located in the 

bottom region, as shown in Fig. 21(a). The fracture morphology of the LAS transition layer was 

smoother than that of the A508Ⅲ base metal, and no significant necking occurred in the 

specimen. The fracture mode of the LAS transition layer displayed a ductile-dominated 

mixed-mode fracture with quasi-cleavage crack regions and some secondary cracks, as shown 

in Figs. 21(b) and (d). The bottom 309L portion exhibited brittle fracture features, as evidenced 

by the amounts of tearing-like cracks distributed on the fracture surface. Many holes were 

observed on the 309L fracture surface due to the decohesion of the inclusions from base metal, 

as shown in Figs. 21(c), (e) and (f).   

Figure 22 shows the stress-strain curves after SSRT at 3×10-7/s and 1×10-6/s for 309L/308L 

specimens in hydrogenated simulated PWR primary water at 325 oC. The elongation to failure, 

YS and UTS for 309L/308L specimen after SSRT at 3×10-7/s in hydrogenated primary water 

were 40.8%, 235 MPa and 402 MPa, respectively. The elongation to failure, YS and UTS for 

309L/308L specimen after SSRT at 1×10-6/s in hydrogenated primary water was 36.3%, 245 

MPa and 432 MPa, respectively.  

Figure 23 shows the fracture surface and gauge length side morphologies of 309L/308L 

specimen after SSRT at 3×10-7/s in hydrogenated simulated PWR primary water at 325 ℃. 

Some brittle and tearing-like cracking regions were observed at the 309L side, especially on the 

right edges (near the FB), suggesting that local SCC had occurred in these regions, as shown in 
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Figs. 23(a2) and (a3). The fracture surface for 308L (left part) displayed ductile features, as 

shown in Fig. 23(a1). It was apparent that some large transgranular (TG) cracks were present on 

the gauge side surface of 309L (right part) in Figs. 23(b2) and (b3). The transgranular cracks on 

the gauge side surface of 308L (left part) could not be clearly observed at low magnification 

and required a higher magnification, as shown in Fig. 23(b1). The number of oxide particles on 

309L side was more than that on the 308L side, as shown in Figs. 23(b1-b3). 

Figure 24 shows the fracture surface and gauge length side morphologies of 309L/308L 

specimen after SSRT at 1×10-6/s in simulated normal PWR primary water at 325 ℃. The 

fracture surface contains two parts, the left portion for the 309L and the right portion for the 

308L. The edge of the 309L portion has some tearing-like cracking regions, as shown in Figs. 

24(a2) and (a3), which are less significant than similar ones in 309L/308L after SSRT at 3×10-7/s 

in hydrogenated primary water of PWR. The tensile fracture in 308L side (right portion) 

exhibited a ductile shear-dominated mixed-mode fracture with dimple-like fracture and 

quasi-cleavage regions, as shown in Fig. 24(a1). No obvious tensile deformation appears on the 

gauge side surface of 309L (left part), and some transgranular cracks are observed on the 309L 

part, as shown in Figs. 24(b2) and (b3). Some deformation regions with small transgranular 

cracks on the gauge side surface of 308L (right part) were observed, as shown in Fig. 24(b1). 

The oxide particles on 309L side were more and larger in size than those on 308L side, as 

shown in Figs. 24(b1-b3). 

4. Discussion 

4.1. Effect of composition and microstructure on oxidation of SS claddings 

The double-layer structure oxide film formation could be related to the following reasons. 

The Cr has the largest diffusion coefficient in the fcc Fe-Cr-Ni lattice and the highest reactivity 

to oxygen [32,33], which resulted in the preferential oxidation of Cr during the initial oxidation 

process. After prolonging the oxidation period, some Fe and Ni would dissolve and diffuse 

through the Cr-rich oxide and react with Cr oxide to form CrxFeyNizO4; the other Fe and Ni 

would transport through the internal oxide film to form the external oxide [34]. Ni was always 

accumulated at the oxide/matrix interface due to its lowest affinity to oxygen and the lowest 

diffusion rate in the metal substrate [24,32]. Preferential oxidation of deformation/slip bands 

and grain boundaries was observed in this study is shown in Fig. 15 and Fig. 18, respectively. It 
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was reported that the grain boundaries and deformation bands show enhanced oxidation due to 

these regions having a high defect density and acting as fast diffusion paths [35,36]. The role of 

Cr-rich intergranular carbides in grain boundary oxidation and SCC of a cold-worked alloy 600 

has been discussed by Shen et al. [37]. Intergranular carbides are thermodynamically stable 

during the oxidation process. Intergranular carbides provide Cr to favor protective Cr-rich oxide 

formation to prevent the oxidation along the grain boundaries and improve cracking resistance 

after prior cold-work [37]. Persaud et al. [38] reported an “oxygen sink” mechanism to 

elucidate the intergranular carbides mitigating effect on the oxidized grain boundary in 

high-temperature hydrogenated steam. The “oxygen sink” mechanism assumed the 

intergranular carbides to be more readily oxidized by the inward transport of oxygen, thereby 

preventing further intergranular oxygen diffusion [38]. 

It was reported that the chemical composition, such as Cr content in the substrate 

[35,39-41], plays an essential role in the oxidation resistance of austenitic alloys. Increasing Cr 

content in the alloy reduces the corrosion rate [39] or decreases the thickness of the corrosion 

products [40] in hydrogen-bearing primary water media. Arioka and co-workers research shows 

that Cr content in austenitic SS significantly affects the CGR in PWR primary water 

environment [41]. The initial Cr content is related to how protective surface oxide will be 

(Cr2O3 will form if enough Cr is available and then Cr-rich spinel) during oxidation in 

high-temperature water, which can be illustrated by Alloy 690 having much higher oxidation 

and SCC resistance than Alloy 600 [42,43]. If the amount of available trivalent cations (mainly 

Cr3+) is not enough, Cr-rich spinel will form, but with defects and a high voids density [44]. 

The inner oxide film contained ~17% at. Cr on 309L, and ~20% at. on 308L. The formation of 

Cr2O3 requires 40% at. Cr, and FeCr2O4/NiCr2O4 require ~29% at. [45], neither 309L nor 308L 

can provide sufficient Cr to form a continuous compact and protective oxide, as shown in Figs. 

15-18. However, it can be concluded that an initial higher Cr content in the matrix favors the 

formation of a more protective surface oxide. The Cr content in 309L is lower than that in 308L, 

resulting in a thicker oxide layer with many voids formed on 309L. 

The oxidation resistance of 308L SS in simulated PWR primary water was higher than that 

of 309L SS. Besides the Cr content discussed above, the ferrite in the stainless steel weld metals 

also significantly affects oxidation resistance in high-temperature water. Some researchers 
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suggested that the ferrite can act as a Cr source to form the protective oxide film during 

high-temperature water exposure [24,46]. Due to the open lattice structure of the ferrite phase, 

the metal transport in the ferrite phase is faster than that in the austenite phase (close lattice 

structure) [47-49]. The δ-ferrite has higher Cr content than austenite, as verified by SEM-EDS, 

as shown in Fig. 11(c). A much lower volume fraction and network-level of ferrite in 309L SS 

than that in 308L SS (as shown in Figs. 9(b)-(d), and 11 (a) and (b)), resulted in a higher 

oxidation rate of 309L SS than that of 308L SS in hydrogen-bearing PWR primary water.  

4.2. Effect of microstructure on mechanical property and SCC performance  

The higher YS and tensile strength in the A508Ⅲ transition layer than that in bulk metal 

could be related to a large number of carbides (M23C6) precipitating. The complex 

microstructure of the transition layer due to weld heat-affected is associated with 

carbon-depleted; therefore, it decreases the elongation rate to failure. The highest hardness in 

the fusion boundary zone could be related to the presence of a martensitic layer. It was reported 

that the lattice structure of martensite tends to change from body-centered tetragonal to 

hexagonal with increases in the carbon content [50], which is consistent with the EPMA 

carbon-mapping shown in Fig. 7. 

It was reported that high-angle boundaries are more susceptible to cracking than low-angle 

and coincidence-site-lattice boundaries [51]. The type-I and type-II boundaries were high-angle 

boundaries and had relatively lower resistance to crack growth than FB [6,52,53]. 309L has 

higher strength than 308L, as reported in previous work [54]. The high strength/hardness of 

309L SS would be due to the high-density dislocations and residual stress/strain caused by 

welding; these tend to decrease SCC resistance in simulated primary water. The higher strength 

causes elastic strain energy to increase in the vicinity of the crack-tip, thereby increasing the 

driving force for intergranular crack growth [35]. Bulloch [55] studied the influence of material 

yield strength on the threshold SCC of low alloy steels in various aqueous environments at 

ambient temperatures, found that the fracture mode changed from transgranular to intergranular 

with increases in yield strength. The threshold stress intensity of SCC, KISCC value was strongly 

influenced by material strength, which can be expressed by the following equation [55] 

                      𝐾𝐼𝑆𝐶𝐶 = 6 × 109(𝜎𝑦)
−2.6514

                      (1) 

where 𝜎𝑦 represent the materials yield strength. 



12 

 

As discussed above, preferential oxidation of slip bands in 309L would provide 

preferential and fast oxygen diffusion paths, increasing the SCC susceptibility. Sinjlawi et al. 

[56] observed oxidation and crack branching along slip bands, suggesting that slip bands 

provide more accessible diffusion paths for oxygen, resulting in preferential oxidation and crack 

propagation. Slip bands were responsible for oxide film rupture due to the high local dislocation 

density in these regions. The large amounts of δ-ferrite in 308L SS weld would improve the 

resistance to SCC. Wang et al. [46] found that the scattered δ-ferrite contributed to crack 

branching formation and reduced the stress intensity factor K at the crack tips, thus decreasing 

the SCC CGR. Abe et al. [57] have studied the SCC performance near the FB of a 316NG SS 

welded joint in 288 ℃ high-purity water, found that the CGR at the δ-γ boundary was 

calculated about 0.957 times of the γ-γ boundary. High Cr content and the δ-ferrite 

microstructure improve the corrosion resistance, causing the SCC retardation. Lu et al. [58] 

observed that CGRs of 316NG weld metals were strongly dependent on the ferrite percentage, 

and CGRs are higher in the low ferrite (6.5% wt.) weld metal versus the high ferrite (8.5% wt.) 

weld metal at the same experiment condition. The SCC growth mainly along the δ-γ phase 

boundaries of 316L SS weld, accompanied by preferential corrosion appearing in the austenite 

phase versus the ferrite phase [59]. Krishnan et al. [60] reported that δ-ferrite morphology could 

influence the SCC performance of austenitic SS welds and discontinuous network ferrite in 

austenite substrate displayed a better SCC resistance. The oxidation resistance of 309L SS is 

lower than that of 308L SS in the normal PWR primary water. The reported results for the 

microstructure, material chemistry and oxidation resistance are consistent with the fracture 

mode observed in 308L SS and 309L SS cladding layers.  

 

5. Conclusions 

Microstructures and oxide films of 308L SS and 309L SS cladding layers have been 

characterized and compared. The SCC susceptibility of A508Ⅲ-309L/308L SS cladding layers 

in simulated PWR primary water was investigated by SSRT tests, finding that:  

(1) The HAZ in the A508Ⅲ side has a complex microstructure consisting of a 

coarse-grained zone (carbon-depleted zone) and a fine-grained zone. The existence of a lath 

martensitic layer in the fusion zone increases the hardness adjacent to the FB. 
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(2) A double-layer structure oxide grown on 308L SS and 309L SS, with Fe-rich oxide 

particles in the external layer and Cr-rich fine crystals in the internal layer. Ni was accumulated 

at the oxide/matrix boundary with Fe-Cr-depletion. The oxidation resistance of 308L SS 

superior to that of 309L SS, mainly due to the higher Cr-content and network-level of δ-ferrite 

in 308L after welding. 

(3) Preferential oxidation of slip bands would provide a preferential and fast oxygen 

diffusion path, decrease the oxidation resistance of 309L SS. Intergranular carbides provide Cr 

to favor protective Cr-rich oxide formation to inhibit further oxidation along the grain 

boundaries.  

(4) Large amounts of carbides precipitation, complex microstructure and high residual 

stress/strain in the HAZ are responsible for the high hardness and strength in the A508Ⅲ 

transition layer.   

(5) The presence of type-I and type-II boundaries, composition dilution, and less δ-ferrite 

content synergistically contribute to increasing the SCC susceptibility of 309L SS cladding in 

simulated PWR primary water. 
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Figure captions 

 

Fig. 1. Sampling location of A508Ⅲ-309L/308L cladding: red box 1 for exposure sample, red box 2 for 

optical microscope sample. 

Fig. 2. Schematic of a 316 SS autoclave equipped with water re-circulating loop system for exposure and 

SSRT tests.  

Fig. 3. (a) Schematic of the location for taking the SSRT sample, (b) the SSRT specimen size. 

Fig. 4. Schematic of the process for preparing TEM foil specimens by a FIB system. 

Fig. 5. SEM-EDS results of elements distribution of the A508Ⅲ-309L/308L. 

Fig. 6. Microhardness profiles of the A508Ⅲ-309L/308L SS cladding from multiple measurements. 

Fig. 7. EPMA maps of C, Fe, Cr and Ni distribution near fusion line of A508Ⅲ-309L/308L SS cladding. 

Fig. 8. Metallographic structures of A508Ⅲ: (a)-(c) Heat-affected zone, (d) A508Ⅲ base metal. 

Fig. 9. Metallographic structures of 309L/308L SS cladding layers: (a) the interface of A508Ⅲ-309L, (b) 

309L matrix, (c) the interface of 309L/308L, (d) 308L matrix. 

Fig. 10. EBSD results of A508Ⅲ and 309L SS near the FB: (a) Grain boundary types of the LAS near the FB, 

(b) IPF of the LAS near the FB, (c) Grain boundary types of the 309L SS near the FB, (d) IPF of the 309L SS 

near the FB. 

Fig. 11. (a) SEM morphology of ferrites in 309L SS, and (b) SEM morphology of ferrites in 308L SS, (c) 

SEM-EDS area maps and the element profile of the ferrite. 

Fig. 12. (a) A508Ⅲ-309L interface and TEM sampling location, (b) High resolution TEM image of the 

A508Ⅲ-309L interface, (c) TEM-BF image of the A508Ⅲ transition zone, (d) TEM-BF image of the 309L 

side near the FB, (e) High resolution TEM image of the carbide in A508Ⅲ. (Ⅰ) SAED pattern of the A508Ⅲ 

matrix, (Ⅱ) SAED pattern of the 309L SS matrix, (Ⅲ) SAED pattern of the carbides. 

Fig. 13. SEM morphologies of oxide films after exposure to simulated PWR primary water at 325 oC for 500 

h. (a) 309L/308L interface, (b) 308L, (c) 309L. 

Fig. 14. Low magnification STEM-HAADF image of the oxide film formed on 309L after exposure to 

simulated PWR primary water at 325 oC for 500 h. 

Fig. 15. (a) High magnification STEM-HAADF image of the oxide film (selection-area 1) formed on 309L 

SS and the corresponding EDS maps, (b) EDS line scan profile of the oxide film shown in (a). 

Fig. 16. (a) High magnification STEM-HAADF image of the oxide film (selection-area 2) formed on 309L 

and the corresponding EDS maps, (b) EDS line scan profile of the oxide film shown in (a). 

Fig. 17. (a) STEM-HAADF image of the oxide film formed on 308L and the corresponding EDS maps, (b) 

EDS line scan profile of the oxide film shown in (a). 

Fig. 18. (a) STEM-HAADF image of the grain boundary and the corresponding EDS maps of oxide film 

formed on 308L, (b) EDS line scan profile of the oxide film shown in (a), (c) TEM bright field image of the 

grain boundary and oxide film. 

Fig. 19. Stress-strain curves at strain rate of 3×10-7/s for A508Ⅲ matrix and transition layer specimens in 

simulated PWR primary water at 325 oC. 

Fig. 20. SEM morphologies of the fracture surface after SSRT at 3×10-7/s for A508Ⅲ matrix specimen in 

simulated PWR primary water at 325 oC. 

Fig. 21. SEM morphologies of the fracture surface after SSRT at 3×10-7/s for A508Ⅲ transition layer 

specimen in simulated PWR primary water at 325 oC. 

Fig. 22. Stress-strain curves at strain rate of 3×10-7/s and 1×10-6/s for 309L/308L SS specimen in simulated 

PWR primary water at 325 oC. 

Fig. 23. SEM morphologies of the fracture surface and gauge side after SSRT at 3×10-7/s for 309L/308L 
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specimen in simulated PWR primary water at 325 oC. 

Fig. 24. SEM morphologies of the fracture surface and gauge side after SSRT at 1×10-6/s for 309L/308L 

specimen in simulated PWR primary water at 325 oC.
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Table captions 

  

Table 1 

Chemical compositions of the LAS matrix and the SS cladding layers (wt. %).  

 

Table 2 

Summary of the mechanical properties of the A508Ⅲ-309L/308L SS cladding layers after SSRT tests at 

different strain rates. 
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Fig. 1. Sampling location of A508Ⅲ-309L/308L SS cladding: red box 1 for microhardness and 

metallographic sample, red box 2 for exposure sample. 

 

 

Fig. 2. Schematic of a 316 SS autoclave equipped with water re-circulating loop system for exposure and 

SSRT tests. 

 

 

 

Fig. 3. (a) Schematic of the locations for taking the SSRT specimens, (b) the SSRT specimen size. 
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Fig. 4. Schematic of the process for preparing TEM foil specimens by a FIB system [26]. 

 

0 1000 2000 3000 4000 5000 6000

0

10

20

30

40

50

60

70

80

90

100

W
ei

g
h

t 
p

er
ce

n
t/

w
t.

%

Distance, d/μm

 Cr

 Fe

 Ni

SA508 309L 308L

 
Fig. 5. SEM-EDS results of elements distribution of the A508Ⅲ-309L/308L. 
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Fig. 6. Microhardness profiles of the A508Ⅲ-309L/308L SS cladding from multiple measurements. 

 

 

 

 

 

 
 

Fig. 7. EPMA maps of C, Fe, Cr and Ni distribution near fusion line of A508Ⅲ-309L/308L SS cladding. 
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Fig. 8. Metallographic structures of A508Ⅲ: (a)-(c) Heat-affected zone, (d) A508Ⅲ base metal. 

 

Fig. 9. Metallographic structures of 309L/308L SS cladding layers: (a) the interface of A508Ⅲ-309L, (b) 

309L matrix, (c) the interface of 309L/308L, (d) 308L matrix. 
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Fig. 10. EBSD results of A508Ⅲ and 309L SS near the FB: (a) Grain boundary types of the LAS near the FB, 

(b) IPF of the LAS near the FB, (c) Grain boundary types of the 309L SS near the FB, (d) IPF of the 309L SS 

near the FB. 
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Fig. 11. (a) SEM morphology of ferrites in 309L SS, and (b) SEM morphology of ferrites in 308L SS, (c) 

SEM-EDS area maps and the element profile of the ferrite. 
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Fig. 12. (a) A508Ⅲ-309L interface and TEM sampling location, (b) High resolution TEM image of the 

A508Ⅲ-309L interface, (c) TEM-BF image of the A508Ⅲ transition zone, (d) TEM-BF image of the 309L 

side near the FB, (e) High resolution TEM image of the carbide in A508Ⅲ. (Ⅰ) SAED pattern of the A508Ⅲ 

matrix, (Ⅱ) SAED pattern of the 309L SS matrix, (Ⅲ) SAED pattern of the carbides. 
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Fig. 13. SEM morphologies of oxide films after exposure to simulated PWR primary water at 325 oC for 500 

h. (a) 309L/308L SS interface, (b) 308L SS, (c) 309L SS. 

 

 

 

Fig. 14. Low magnification STEM-HAADF image of the oxide film formed on 309L SS after exposure to 

simulated PWR primary water at 325 oC for 500 h.  
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Fig. 15. (a) High magnification STEM-HAADF image of the oxide film (selection-area 1) formed on 309L SS 

and the corresponding EDS maps, (b) EDS line scan profile of the oxide film shown in (a). 

 

 

Fig. 16. (a) High magnification STEM-HAADF image of the oxide film (selection-area 2) formed on 309L SS 

and the corresponding EDS maps, (b) EDS line scan profile of the oxide film shown in (a). 
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Fig. 17. (a) STEM-HAADF image of the oxide film formed on 308L SS and the corresponding EDS maps, (b) 

EDS line scan profile of the oxide film shown in (a). 
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Fig. 18. (a) STEM-HAADF image of the grain boundary and the corresponding EDS maps of oxide film 

formed on 308L SS, (b) EDS line scan profile of the oxide film shown in (a), (c) TEM bright field image of 

the grain boundary and oxide film. 
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Fig. 19. Stress-strain curves at strain rate of 3×10-7/s for A508Ⅲ matrix and transition layer specimens in 

simulated PWR primary water at 325 oC. 

 

 

Fig. 20. SEM morphologies of the fracture surface after SSRT at 3×10-7/s for A508-MS specimen in 

simulated PWR primary water at 325 oC. 
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Fig. 21. SEM morphologies of the fracture surface after SSRT at 3×10-7/s for A508-TS specimen in simulated 

PWR primary water at 325 oC. 
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Fig. 22. Stress-strain curves at strain rate of 3×10-7/s and 1×10-6/s for 309L/308L SS specimen in simulated 

PWR primary water at 325 oC. 

 



33 

 

 

 

Fig. 23. SEM morphologies of the fracture surface and gauge side after SSRT at 3×10-7/s for 309L/308L 

specimen in hydrogenated PWR primary water at 325 oC. 
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Fig. 24. SEM morphologies of the fracture surface and gauge side after SSRT at 1×10-6/s for 309L/308L 

specimen in hydrogenated PWR primary water at 325 oC.  
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Table 1. Chemical compositions of the LAS matrix and the SS cladding layers (wt. %). 

Alloy Cr Ni Mn S Cu C Si Mo Nb Fe 

A508Ⅲ 0.11 0.50 1.37 0.003 0.02 0.21 0.21 0.47 <0.001 Bal. 

309L 17.95 9.95 1.32 0.003 0.054 0.03 0.56 0.12 <0.001 Bal. 

308L 20.05 10.27 1.77 0.002 0.045 0.03 0.86 0.096 0.001 Bal. 

 

Table 2. Summary of the mechanical properties of the A508Ⅲ-309L/308L SS claddings after SSRT tests at 

different strain rates. 

Specimens, No. Strain rate YS (MPa) UTS (MPa) Elongation to failure (%) 

A508-MS 3×10-7/s 450 680 26.9 

A508-TS 3×10-7/s 500 740 21.0 

309L/308L 3×10-7/s 235 402 40.8 

309L/308L 1×10-6/s   245 432 36.3 
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