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A B S T R A C T   

Stress corrosion cracking (SCC) behaviour of laser powder bed fused stainless steel 316L was evaluated with U- 
bend testing in oxygenated high-temperature water at 288 ◦C. The effects of solution annealing temperature 
(1066, 1150 and 1200 ◦C), surface finish (as-built and wire cut) and the sample orientations on the SCC 
behaviour were studied. The results show that a higher annealing temperature introduces further recrystalli-
zation, coarsening of the oxide inclusions and a decrease in resistance to SCC. A wire cut surface leads to a higher 
susceptibility to SCC than the as-built surface. Sample orientation was found not to affect the SCC susceptibility.   

1. Introduction 

Additive manufacturing (AM) is increasingly sought after to produce 
near-net-shape and complex-geometry components with minimised 
final finishing and shortened delivery time [1,2]. Laser powder bed 
fusion (LPBF) or laser-based power bed fusion (PBF-LB) is one of the 
most widely used metal AM techniques [3–6] and it has been applied in 
many industries such as aerospace, automobile, medical and very 
recently, nuclear [7]. Westinghouse installed industry’s first 3D-printed 
fuel debris filter in two Nordic boiling water reactor (BWR) units - 
Oskarshamn 3 in Sweden and Olkiluoto 2 in Finland during 2022 [8]. 
Stainless steel 316L is widely used in nuclear power plants, and so far the 
majority of AM applications for nuclear materials are based on LPBF 
processed stainless steel 316L. Attributed to the formation of a rigid 
hierarchical microstructure during the rapid solidification process of 
LPBF [1,9–12], as-built stainless steel 316L exhibits higher strength than 
its conventionally fabricated counterpart [9,13–16]. However, the 
former exhibits anisotropic behaviour among microstructure, mechan-
ical properties, corrosion as well as cracking behaviours [17–20], which 
are key concerns for nuclear components. Material requirements for 
nuclear applications are specified in codes (e.g. ASME Boiler and Pres-
sure Vessel code, RCC-M), standards (e.g. EN 13480, EN 13445) and 
guidelines (e.g. Finnish regulatory YVL guidelines). A homogenous 
equiaxed grain structure with sufficient strength and ductility and low 

susceptibility to stress corrosion cracking (SCC) is normally desirable as 
it provides isotropic properties and corrosion resistance in light water 
reactor (LWR) environments (at temperatures e.g. 275–325 ◦C). 

Heat treatments like hot isostatic pressing (HIP) and solution 
annealing (SA) that can induce recrystallization have been applied on 
LPBF materials to minimise the anisotropy [17]. The heat treatments in 
the current AM 316L stainless steel standard were adopted from prac-
tices of aerospace industry [21]. The HIP process results in a micro-
structure similar to that of conventionally fabricated 316L whereas the 
recommended SA procedure (temperature of 1066 ◦C and soaking time 
depends on section thickness) does not produce homogenous micro-
structure and material properties, since it does not completely remove 
the anisotropic microstructure of the as-built AM materials [15,22]. 
Therefore, suitable SA process parameters must be defined for AM parts 
applied in nuclear industry. The high-temperature SA treatment is 
deemed as an optimising alternative to the more costly HIP process. The 
expense of post-AM heat treatment can be significantly reduced if an 
isotropic microstructure and suitable SCC resistance can be achieved by 
high-temperature SA. Based on the published studies, the higher SA 
temperatures result in properties in AM 316L closer to conventionally 
manufactured alloy. The studies by Voisin et al. [23] and Riabov et al. 
[24] showed that high SA temperatures (temperatures ranging from 
1100− 1200 ◦C with a soaking time of 1 h) led to homogenous grain 
structure and similar mechanical properties as the conventionally 
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annealed 316L. Kong et al. [25] reported that the pitting corrosion po-
tential of LPBF 316L annealed at high temperatures decreased with 
increasing SA temperature and the specimen annealed at 1200 ◦C had 
similar pitting potential as the wrought 316L. However, contradictory 

results were obtained by Laleh et al. [26,27] and Ettefagh et al. [28]. Lou 
et al. [18] also reported that the LPBF 316L specimens solution annealed 
at 1150 ◦C for 2 h had a high crack growth rate due to high porosity and 
pore size. There is a clear need to systematically investigate the effect of 
high-temperature SA on microstructure, mechanical properties and 
high-temperature corrosion behaviours. 

To date, most of the corrosion studies on AM materials were inves-
tigated in the < 100 ◦C range. Research works on the SCC behaviour of 
AM 316L stainless steel in LWR environments (> 250 ◦C) are very 
limited [29,30]. According to the knowledge of authors, no work has 
been done on effect of high-temperature SA on high-temperature 

Table 1 
Chemical compositions (wt %) of the feedstock powder.   

Fe Cr Ni Mo Si Mn N O C P S 

LPBF 316L powder Bal.  17.67  12.61  2.33  0.67  0.5  0.09  0.03  0.016  0.008  0.005  

Fig. 1. (a) Printed part layout and (b) photo of printed parts.  

Table 2 
Summary of the solution annealing cycles investigated in this work.  

Solution annealing 
designation 

Temperature 
[◦C] 

Duration 
[h] 

Heating and cooling 
rates [◦C/min] 

SA1  1066  1  4 
SA2  1150  1  4 
SA3  1200  1  4  

Table 3 
Summary of the tensile test [34].  

Solution annealing Rp0.2 (MPa) Rm (MPa) A (%) 

SA1 329 ± 5 572 ± 3 59 ± 1 
SA2 254 ± 1 569 ± 1 60 ± 1 
SA3 248 ± 1 566 ± 1 61 ± 1  

Fig. 2. Example of the sample before and after the bending.  

Table 4 
Summary of the U-bend sample preparation parameters.  

Solution annealing Surface finish U-bend samples’ amount 

X orientation Z orientation 

SA1 Wire cut  3  3 
As-built  3  3 

SA2 As-built  3  3 
SA3 As-built  3  3  
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corrosion in LWR environments. Heat treatments, surface condition and 
printing orientation can significantly influence the SCC response of AM 
316L stainless steel [29,31]. A detailed investigation of these parameters 
on the high-temperature SCC behaviour of LPBF stainless steel 316L is 
very important for their applications in LWR environments during 
normal operation conditions and during an impurity transient. The ef-
fects of SA temperature, surface finish and the AM sample orientation on 
the SCC behaviour of LPBF 316L in oxygenated high-temperature water 
with chloride addition at 288 ◦C were studied in this work. 

2. Experiment 

2.1. LPBF process, post heat treatment and tensile test 

The LPBF equipment used is a SLM Solutions 125HL machine. 
Default 316L stainless steel process parameters from the printer manu-
facturer were applied [15]. The nitrogen-atomized 316L powder has an 
average particle size of 30 micron. The chemical compositions of feed-
stock powder are presented in Table 1. As shown in Fig. 1, LPBF 316L 
samples were printed along X (horizontal) and Z (vertical) directions, 
respectively. The U-bend specimens were flat plates with a geometry of 
110 × 15 × 2 mm3 (L×W×H). To avoid warping of the vertically ori-
ented samples and consequent build failure, a rigid frame was designed 

Fig. 3. (a,c,e,g) SEM-BSE and (b,d,f,h) SE images of (a-b) as-built, (c-d) SA1, (e-f) SA2 and (g-h) SA3 heat-treated LPBF 316L samples. BSE images reveal the 
evolution of microstructure whereas SE images reveal the evolution of inclusion size. BD represents build direction. 
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from which the samples were cut after printing (see Fig. 1). 
The U-bend specimens have two kinds of surface finishes (i.e. LPBF 

as-built and wire cut). The as-built surface is an as-built surface from 
LPBF without further machining or cutting. The wire cut surface was 
prepared via an electrical discharge machining (EDM) process. EDM has 
been used and is still under development for component machining and 
repair/maintenance work in nuclear power plants [32,33]. 

The thermal post-treatments for LPBF 316L parts are specified in the 
standards “F3184-16” and “AMS 2759” or “Specification A484/ 
A484M”. According to them, the requirements for SA treatment are: 
temperature of 1066 ◦C, cooling by air or equivalent and a soaking time 
of 20–120 min depending on the thickness of the parts. In this study, the 
samples were solution annealed in a vacuum furnace TORVAC Compact 

30 model 1218 (Cambridge Vacuum Engineering Ltd., UK). All speci-
mens were stress relieved for 2 h at 650 ◦C prior to the SA treatment. As 
shown in Table 2, three different SA treatments were performed. The 
treatment “SA1” at 1066 ◦C for 1 h complies with the “AMS 2759” and is 
the reference heat treatment in this study. According to AMS 2759, 
furnace cooling is permitted for stainless steel 316L provided that car-
bide precipitation and sensitization are prevented. Sensitization was not 
found in our screening study by electrochemical measurements. 

Porosity of samples after the three different SA cycles was measured 
from the optical images using ImageJ software (Fiji, GNU license). The 
porosity measured from all solution-annealed conditions is 0.01–0.02 %. 
This illustrates high density with very low porosity in all solution- 
annealed samples. The observed tiny pores were mainly spherical in 

Fig. 4. (a, d, g, j) Image quality and IPF overlaid maps, (b, e, h, k) KAM maps and (c, f, i, l) image quality and grain boundaries overlaid maps for (a-c) as-built, (d-f) 
SA1, (g-i) SA2 and (j-l) SA3 samples. The EBSD analysed areas were the same areas as in Fig. 3(a,c,e,g). BD represents build direction. 
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nature which are attributable to entrapped gas during process. 
Specimens for tensile test were machined from the solution-annealed 

cylinder bars (Ø11 mm×110 mm) oriented in Z direction. Five room- 
temperature tensile tests according to ISO-6892 method were per-
formed at a strain rate of 2.5×10–4 s–1 for each solution-annealed con-
dition, as communicated in our project report [34]. The tensile test 
results are given in Table 3. Although the tensile properties decrease 
with increasing annealing temperature, specimens in all investigated 
solution-annealed conditions are acceptable according to ASTM 
F3184–16 standard (Rp0.2 - 205 MPa, Rm - 515 MPa and A - 30 %). 
According to the procurement guideline of nuclear grade stainless steel 
316L [35], all the solution-annealed conditions also fulfil the re-
quirements for application in the nuclear field. 

2.2. SCC testing 

Samples with dimension of 110 × 15 × 2 mm3 were used for the U- 

Fig. 5. SEM-SE image and EDX of the inclusions in the LPBF 316L specimen with SA3 treatment.  

Fig. 6. Examples of the non-cracked (negligible), pitted and cracked U-bend samples according to the liquid penetrant testing.  

Table 5 
Summary of U-bend tests according to the liquid penetrant testing.  

Penetrant 
indication 

Solution 
annealing 

Surface 
finish 

Sample amount 

X 
orientation 

Z 
orientation 

Cracked SA1 Wire cut 1 1 
SA2 As-built 0 2 
SA3 As-built 2 1 

Pitted SA1 Wire cut 0 1  
As-built 1 0 

SA3 As-built 0 2 
Negligible SA1 Wire cut 2 1  

As-built 2 3 
SA2 As-built 3 1 
SA3 As-built 1 0  
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bend testing in high-temperature water. All the samples were bent to 
induce a nominal 10 % strain, which was evaluated based on the cur-
vature radius (inner radius R = 10 mm) and specimen thickness 
(T = 2 mm) [36]. Fig. 2 shows an example sample before and after 
bending. As shown in Table 4, altogether 24 U-bend samples were 
exposed to oxygenated high-temperature water with chlorides to study 
the effect of SA (SA1, SA2 and SA3), surface finish (LPBF as-built surface 
and the industry-prepared wire saw cut surface) and sample orientation 
(X and Z) on the SCC susceptibility. The LPBF 316L samples printed 

along X (horizontal) and Z (vertical) orientations are assumed to have 
cracking parallel to and perpendicular to the AM building direction, 
respectively. 

The high-temperature water tests were performed in a static nickel 
coated autoclave. The applied high-temperature water environment is a 
simulated BWR water with ~10 wppm oxygen and ~100 wppm Cl- 

(added as NaCl) at 288 ◦C. Redox and stainless-steel electrode potentials 
were monitored versus a 0.05 M KCl/AgCl/Ag external pressure 
balanced reference electrode to ensure the presence of oxygen in the 
water (resulting in corrosion potential of about +0.1 VSHE). The high- 
temperature water environment chosen was based on the work of Gor-
don [37] and this environment should heavily promote SCC. The pres-
ence of Cl- ions in the test environment can increase the susceptibility of 
pitting and SCC. The application of this oxygenated BWR water with 
high impurity level of Cl- should lead to a substantial decrease in SCC 
resistance of test materials and thus provide a worst-case scenario 
judgement on the SCC behaviour in nuclear-relevant high-temperature 
water environment (e.g. during an impurity transient). The U-bend 
specimens were exposed to the oxygenated high-temperature water 
environment for a period of 2 weeks in the autoclave. Liquid penetrant 
testing were performed after the exposure to clearly discern the extent of 
cracking. 

2.3. Microstructure characterisation 

The baseline microstructural analysis of the as-built and post-LPBF 
solution-annealed specimens and the post-test characterization of 
specimens after oxygenated high-temperature water exposure, were 

Fig. 7. SEM images of the upper bent surfaces of LPBF 316L U-bend samples tested in oxygenated high-temperature water. (a-c) SA1 sample with as-built surface; (d- 
f) SA1 sample with wire cut surface; (g-i) SA3 sample with as-built surface. 

Table 6 
Summary of the SCC crack length and density of the upper bent surfaces of U- 
bend samples and the SCC crack depth and density from the cross-sectional 
specimens by SEM. The crack density on the upper bend surface was calcu-
lated as the amount of cracks observed per area whereas the crack density from 
the cross section as the amount of cracks observed per length of the upper 
surface.  

Solution 
annealing 

Surface 
finish 

Upper bent surfaces Cross section 

Crack 
length 

Crack 
density 

Crack 
depth 

Crack 
density 

µm Parts/ 
mm2 

µm Parts/mm 

SA1 As-built - - - - 
SA1 Wire cut 305 

± 121 
7.2 253 

± 66 
8.3 

SA3 As-built 1140 
± 470 

3.1 1026 
± 521 

2.9  
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performed using a ZEISS Axio Observer Inverted Microscope and a Zeiss 
Crossbeam 540 scanning electron microscope (SEM), which is equipped 
with a solid-state four-quadrant backscatter detector, an energy 
dispersive X-Ray (EDX) detector and an EDAX Hikari Plus electron 
backscatter diffraction (EBSD) detector [34]. SEM secondary electron 
(SE) and backscatter electron (BSE) images were taken. EBSD image 
quality maps, inversed pole figures (IPF), rotation angles and kernel 
average misorientation (KAM) images were analysed with TSL OIM 
Analysis 8 software. 

The Vickers micro-hardness measurements with loads of 1 kg (HV1) 
on the wire cut and as-built surfaces were performed using a Struers 
DuraScan-80 device. 

3. Results 

3.1. Baseline microstructural characterisation 

The baseline microstructural characterisation was studied with 
specimens fabricated from the untested tensile bars. The SEM-BSE im-
ages and EBSD maps of the LPBF as-built and solution-annealed samples 
are shown in Figs. 3 and 4. The fractions of low-angle boundaries and 
high-angle grain boundaries for LPBF as-built sample are 75.8 % and 
24.2 %, respectively. No twin boundaries were formed. The SA1 treat-
ment was not sufficient to homogenise the microstructure (Fig. 3(a,c)). 
The microstructure analysis reveals that the SA1 (1066 ◦C) heat treat-
ment resulted in a highly anisotropic microstructure with high amount 
of low-angle boundaries, which is characteristic of LPBF processed 
materials (Fig. 4(a,c)). Only few low-strain recrystallized grains were 
observed for SA 1 sample in Fig. 4(e). Furthermore, the strain is localised 
at the low-angle grain boundaries (Fig. 4(e)). The fractions of low-angle 
boundaries and high-angle grain boundaries for SA1 sample are 74.4 % 
and 25.6 %, respectively. 2.5 % of the boundaries are twin boundaries. 
For the SA2 specimen (1150 ◦C), the microstructure is mostly recrys-
tallized (Fig. 3(e)) but locally a few un-recrystallized grains exhibiting 
concentrated low-angle boundaries were observed (Fig. 4(g,i)). The 
fractions of low-angle boundaries and high-angle grain boundaries for 
SA2 sample are 43.4 % and 56.6 %, respectively. 23.7 % of the 

boundaries are twin boundaries. For the SA3 specimen (1200 ◦C), an 
almost completely recrystallized microstructure was observed (Fig. 3 
(g)) with locally very few un-recrystallized grains. The average recrys-
tallized grain sizes were 85 and 100 µm for SA2 and SA3 conditions, 
respectively. The recrystallized regions consist of high-angle grain 
boundaries or twin boundaries while the few non fully recrystallized 
regions consist of low-angle boundaries (Fig. 4(j,l)). The fractions of 
low-angle boundaries and high-angle grain boundaries for SA2 sample 
are 14.9 % and 85.1 %, respectively. 42.7 % of the boundaries are twin 
boundaries. As shown in Fig. 4(c,f,i,l), the ratio of the high-angle grain 
boundaries and twin boundaries increases with the SA temperature. The 
KAM maps reveal that the local strain within grains is decreasing with 
increasing annealing temperature (Fig. 4(b,e,h,k)). 

Non-metallic oxide inclusions were found at the grain boundaries of 
all samples and their size increased with annealing temperature. 
Therefore, the SA3 specimen has the largest average inclusion size in all 
three conditions (Fig. 3(b,d,f,h)). Fig. 5 shows the SEM-SE image and 
EDX of the inclusions of the LPBF 316L specimen with SA3 treatment. 
Inclusions enriched in Si, Mn, Mo and O were found in the microstruc-
ture of all three solution-annealed materials. 

3.2. High-temperature SCC behaviour 

3.2.1. U-bend tests and liquid penetrant evaluation 
According to the liquid penetrant testing, the post-exposure U-bend 

samples were categorised as cracked, pitted or negligible (examples 
shown in Fig. 6) depending on the extent of damage. The results of the U- 
bend test are summarised in Table 5. 

With an as-built surface finish, 5/6 of SA1 samples showed no crack 
indications with only one sample having pitted. In comparison, 2/6 of 
SA2 samples were cracked. For SA3 samples, 3/6 were cracked and 2/6 
were pitted. It is clear that a higher annealing temperature leads to a 
higher susceptibility to SCC in oxygenated high-temperature water with 
relatively high chloride concentration. 

For SA1 samples with wire cut surface finish, 2/6 were cracked and 
1/6 was pitted. For SA 1 samples with as-built surface finish, 1/6 was 
pitted and 5/6 showed no indication in the liquid penetrant testing. This 

Fig. 8. Cross-sectional SEM-SE and BSE images of the LPBF 316L specimen with SA1 treatment and the as-built surface tested in oxygenated high-temperature water. 
(a-c) SEM-SE; (d-f) SEM-BSE. 
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result reveals that an industry-prepared wire cut surface finish can result 
in a higher susceptibility to SCC than the LPBF as-built surface finish. 

For samples with X orientation, 3/12 were cracked and 1/12 was 
pitted. For samples with a Z orientation, 4/12 were cracked and 3/12 
were pitted. This indicates that the sample orientation might play only a 
minor role on SCC resistance. It is not conclusive if one orientation is 
better than the other on SCC resistance based on the results. 

3.2.2. Post-exposure characterisation 
As discussed in Chapter 3.2.1, annealing temperature and surface 

finish have evident effects on the SCC behaviour of LPBF 316L stainless 
steel in oxygenated high-temperature water with chloride addition. In 
this chapter, detailed post-exposure characterisation of three represen-
tative specimens were performed to investigate the effects of SA tem-
perature and surface finish. All these selected samples were printed in Z 
orientation. 

SEM images of the upper bent surfaces of LPBF 316L U-bend samples 
after the 2-week exposure to oxygenated high-temperature water are 
shown in Fig. 7. The SA1 sample with as-built surface reveals no 
cracking (Fig. 7(a–c)). There are some left-over powders on the as-built 
surface but they did not influence the SCC resistance. In Fig. 7(d–f), the 
SA1 specimen with the wire cut surface shows many cracks with length 
from tens of microns up to several hundred microns. In Fig. 7(g–i), there 
are several cracks with length of several millimetres on the SA3 sample 
with the as-built surface. It is evident that higher annealing temperature 

and a wire cut surface promote SCC in the test environment. The density 
of SCC cracks on the specimen surface of SA3 sample with the as-built 
surface is 2–3 times lower but the average crack length is around 3–4 
times longer than in SA1 specimen with the wire cut surface. The SCC 
crack length and density of the upper bent surfaces of U-bend samples 
revealed by SEM are summarised in Table 6. 

The cross-sectional SEM-SE and BSE images of the upper part of LPBF 
316L U-bend samples after the exposure to oxygenated high- 
temperature water with chloride addition are shown in Figs. 8–10. 
The SA1 sample with the as-built surface reveals no cracking from the 
cross section (Fig. 8). A thin and continuous inner oxide layer with a few 
disperse oxide particles in the outer oxide layer is present. 

In Fig. 9, several cracks with tens of microns to a few hundred mi-
crons depth can be observed from the cross section of SA1 specimen with 
the wire cut surface. Extensive branching of the transgranular SCC 
cracks can be seen in Fig. 9(b,c). Locally some branching cracks followed 
the high-angle boundaries (Fig. 9(b)). As seen in Fig. 9(c), the inclusions 
promote the crack propagation. In Fig. 9(d-e, g-h), an oxide layer with a 
high porosity can be seen at the crack initiation sites, which is not 
observed for the SA1 sample with the as-built surface in Fig. 8. The SCC 
cracks were filled with oxides (Fig. 9(f)), resulting from the dissolution 
and oxidation during the cracking. 

Fig. 10 shows the cross-sectional SEM images of SA3 sample with as- 
built surface. SCC cracks with a few hundred microns to several milli-
metre depth can be found throughout the whole cross section. The 

Fig. 9. Cross-sectional SEM-BSE and SE images of the LPBF 316L specimen with SA1 treatment and the wire cut surface tested in oxygenated high-temperature 
water. (a-c, g-i) SEM-BSE; (d-f) SEM-SE. 
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density of SCC cracks on the cross section is 2–3 times lower in SA3 
sample with as-built surface but the average crack depth is around 3–5 
times deeper than in SA1 specimen with the wire cut surface. The SCC 
crack depth and density from the cross-sectional specimens examined by 
SEM are summarised in Table 6. Fig. 10(c) revealed that SCC occurred 
mainly in the transgranular mode. As seen in Fig. 10(c,f), the inclusions 
facilitate the crack propagation (particularly those inclusions with 
larger size). Locally some SCC branching propagated along the high- 
angle boundaries (Fig. 10(f)). In Fig. 10(d,g), disperse oxide particles 
were observed at the crack initiation site and no oxide layer with a high 
porosity as in Fig. 9(d–e, g–h) was observed. 

The EDX mapping on specimen with SA1 treatment and the wire cut 
surface in Fig. 11 shows no indication of local segregation or elemental 
enrichment. The oxides in the cracks are mainly iron oxides. However, 
as revealed by the EDX mapping on specimen with SA3 treatment and 
the as-built surface in Fig. 12, the oxides within the SCC crack is Cr/Mo- 
enriched and Fe/Ni/Si-depleted. There is an evident difference of 
elemental diffusion velocity during cracking/oxidation in SA1 and SA3 
specimens. 

4. Discussion 

4.1. Effect of solution annealing 

SA around 1050 ◦C is commonly applied to introduce a complete 

recrystallization of rolled or forged stainless steel 316L [38]. However, 
the standardized method of SA at 1066 ◦C cannot remove the highly 
anisotropic microstructure of LPBF 316L induced by the AM process. 
The microstructure evolves from anisotropic and only partially recrys-
tallized microstructure after SA at 1066 ◦C to almost fully recrystallized 
and strain-free microstructure with annealing twins at 1150 ◦C and 
1200 ◦C as indicated by SEM and EBSD analyses. It is worth mentioning 
that in this study specimens with all SA conditions exhibit very low 
porosity and thus porosity was not considered as an influencing factor 
on SCC properties. 

Large amount of inclusions were observed in the microstructure of all 
solution-annealed conditions investigated and the size of inclusions 
increased with the annealing temperature. According to Aota et al. [39], 
grain boundary pinning by inclusions plays a major role to delay 
recrystallization in LPBF 316L compared to conventionally fabricated 
materials. The distribution and size of these inclusions affect the 
migration of nucleated grain boundaries by grain boundary pinning. The 
drag force drops as the particles grow in sizes. 

The microstructural changes in the LPBF 316L after different SA 
treatments were correlated with the changes in mechanical properties. 
Although the yield strength and ultimate tensile strength declined with 
the increase of SA temperature, all studied conditions fulfilled the re-
quirements for mechanical properties specified in ASTM F-3184 and 
nuclear guidelines. The high-temperature annealing at 1200 ◦C in this 
work resulted in strength and ductility similar to that obtained after HIP 

Fig. 10. Cross-sectional SEM-BSE and SE images of the LPBF 316L specimen with SA3 treatment and the as-built surface tested in oxygenated high-temperature 
water. (a-c, g-h) SEM-BSE; (d-f, i) SEM-SE. 
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process [15]. However, the grain size is larger and the inclusion sizes are 
also larger than those after HIP process [16]. An annealing treatment at 
1150 ◦C yields slightly higher strength and leads to a similar micro-
structure (grain size and inclusion size) as that of HIP material [15,16], 
and is considered more optimal for LWR application. 

In this work, the U-bend testing, liquid penetrant testing and post- 
exposure characterizations showed that a higher annealing tempera-
ture leads to a higher susceptibility to SCC in the applied high- 
temperature water environment. The potential microstructural factors 
resulting from high annealing temperature that contributes to the 
decrease of the SCC resistance are discussed below. Inclusion coars-
ening, the evolution from low-angle boundaries to high-angle bound-
aries as well as the enhancement of local elemental diffusivity lower the 
resistance to SCC. 

Oxide inclusions enriched in Mn, Si, Mo were widely distributed in 
the microstructure of LPBF 316L. These inclusions facilitate the crack 
propagation (particularly those inclusions with larger size), as observed 
in Figs. 9 and 10. Furthermore, nano-precipitates enriched in Cr were 
also found in SA1 treated material by transmission electron microscopy 
[16]. The Mo-rich inclusions become the anodic sites enabling a for-
mation of local potential difference. Furthermore, the immediate sur-
rounding matrix of Cr-rich inclusions are Cr-depleted, which makes 
them also become anodic sites in oxygenated high-temperature water 
environment. Coarsening of the precipitates can reduce corrosion 
resistance resulting from local elemental depletion in neighbouring 
areas [40–43] and thus serves as one of the main contributors, which 
promote SCC. 

Inhomogeneous microstructural defects and residual stresses 
concentrate at the melt pool boundaries in the as-built LPBF 316L 
samples. The dissolution of the melt pool boundaries occurs after ther-
mal treatment at 950–1100 ◦C [40] and thus melt pool boundaries did 
not play a role in the current study as the applied SA treatment tem-
peratures were 1066–1200 ◦C. High-angle boundaries promote diffusion 
and inward oxidation. The high-angle boundaries normally exhibit 
lower resistance to SCC compared to low-angle boundaries [44]. In 
comparison with the almost fully recrystallized grain structures in SA2 

and SA3 conditions, the portion of high-angle boundaries in the SA1 
sample is much lower (see chapter 3.1). In SA1 sample, the propagation 
of transgranular SCC cracks is required to overcome the resistance of 
large amount of low-angle boundaries and cell boundaries of the 
partially recrystallized grains. In contrast, for SA2 and SA3 specimens, 
there are almost no internal boundaries within fully recrystallized 
grains. Moreover, the oxide inclusions facilitate the crack propagation 
(particularly those inclusions with large sizes), as observed in Figs. 9 and 
10, where local intergranular cracks followed the high-angle bound-
aries. As revealed by the U-bend testing, the SA1 sample exhibited lower 
SCC susceptibility than the other solution-annealed conditions in 
high-temperature water. Similarly, Zhou et al. [40] reported a reduced 
corrosion resistance after recrystallization at 1100 ◦C, accompanied 
with a decreasing percentage of low-angle cell and grain boundaries. 
The evolution from low-angle boundaries to high-angle boundaries due 
to high annealing temperature is accelerating the SCC. 

The EDX mappings on specimen with SA1 treatment in Fig. 11 show 
no indication of local elemental enrichment in SCC cracks. However, the 
EDX mappings on specimen with SA3 treatment in Fig. 12 show clear 
indication of Cr and Mo-enrichment in the cracks. This reveals that the 
elemental diffusivity of alloying elements in SA3 microstructure is much 
faster than in SA1 sample when the matrix is in direct contact with the 
high-temperature water. The low-angle boundaries and the cell 
boundaries are natural sinks for elemental diffusion, which can slow 
down the diffusion onto these internal boundaries within grains. The cell 
size in the SA1 sample is measured to be around 500 nm [16]. The 
low-angle boundaries and the cell boundaries form a 3D sub-micrometre 
network within grains, which inhibits the overall diffusivity of elemental 
diffusion in SA1 sample. The crack propagation relies on dissolution, 
oxidation and diffusion processes. A faster dissolution and diffusion are 
linked to a higher corrosion rate. Ettefagh et al. [45] and Kong et al. [46] 
reported that the eletrochemical potential of LPBF 316L was reduced 
after recrystallization, indicating higher anodic activity of the material, 
i.e. higher corrosion rate, at least locally. Though these corrosion studies 
were performed at ambient temperatures, they indicate similar effect of 
heat treatment temperature on the corrosion resistance. 

Fig. 11. SEM-SE image and EDX of the SCC crack of the LPBF 316L specimen with SA1 treatment and the wire cut surface tested in oxygenated high-temperature 
water. The analysed area is from Fig. 9(f). 
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To sum up, the microstructural changes (increase of the number of 
high-angle boundaries, the coarsening of the oxide inclusions and the 
enhancement of local elemental diffusivity) due to solution annealing at 
higher temperatures promote the SCC crack initiation and propagation. 
Based on the discussions above, an annealing temperature around 
1150 ◦C or slightly below this temperature might be optimal for appli-
cations in LWR environments. At such temperature, the anisotropic 
microstructure of the as-built material is largely removed, while the 
deterioration of mechanical properties and SCC resistance evident at 
higher annealing temperatures could be avoided. 

4.2. Effects of surface finish 

As revealed by the U-bend tests, the wire cut surface leads to a higher 
susceptibility to SCC than the as-built surface finish in oxygenated high- 
temperature water with chloride addition. The near-surface gradient 
microstructure together with its resulted passive film, the surface 
microhardness and the residual stress can influence the SCC suscepti-
bility of the as-built and EDM surfaces. 

The passive layers formed on stainless steels in high-temperature 
water environment plays an essential role in determining their SCC 
susceptibility [47]. Surface finish influences the oxide film formation 
and thus the SCC resistance [44,48]. In Fig. 9(d-e, g-i), a thick inner 

oxide layer with a high porosity was observed in SA1 sample with the 
wire cut surface, whereas a thin and relatively compact oxide film was 
observed in the SA1 sample with the as-built surface. The thicker oxide 
film in sample with the wire cut surface indicates a higher corrosion rate 
and faster transportation of ions through the oxide film [49]. The high 
thermal gradients generated by electric sparks during EDM machining 
induce the white and heat-affected surface layers [50], which promote 
the easily soluble Cr and Mo depletion regions of the surface layers and 
result in the porous oxide structure in high-temperature water (as shown 
in Fig. 9(g–i)). A more compact passive film on LPBF 316L stainless steel 
normally shows better pitting resistance and barrier properties [51,52]. 
Man et al. [53] reported that the 3D cell boundaries and low-angle 
boundaries (as in the SA1 condition) led to a continuous and stable 
passive film due to an increasing amount of nucleation sites. The porous 
oxide layer (as in the case of samples with the wire cut surface) indicates 
that high-temperature water (together with oxygen and chloride) has 
better access towards the metal surface. A porous oxide layer is not an 
efficient protective barrier towards the inward oxidation from the 
high-temperature water. 

The microhardness of the as-built and EDM surfaces is measured as 
407 and 309 HV1, respectively. A higher hardness normally results in a 
higher susceptibility to SCC. However, the higher microhardness of the 
as-built surface cannot explain the lower SCC susceptibility compared to 

Fig. 12. SEM-SE and BSE images and EDX of the SCC crack of the LPBF 316L specimen with SA3 treatment and the as-built surface tested in oxygenated high- 
temperature water. The analysed area is from Fig. 10(e). 
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a wire cut surface. Moreover, according to Chen et al. [54] and Sidhom 
et al. [50], the peak tensile residual stresses induced by the EDM process 
and the LPBF process at the surfaces are rather similar though the LPBF 
process could result in a deeper profile of tensile residual stresses into 
the bulk. Since the effect of residual stress on the susceptibility to SCC is 
mainly dependent on the residual stress in near-surface layers other than 
in the matrix, it is reasonable to assume that the residual stress does not 
significantly contribute to the difference observed in the SCC suscepti-
bility of the as-built and EDM surfaces. 

The deeper into the material the SCC cracks extend, the smaller is the 
effect of the wire cut surface. The density of SCC cracks in SA3 specimen 
with the as-built surface is 2–3 times lower but the depth is around 3–4 
times deeper than in SA1 specimen with the wire cut surface (Table 6). 
This indicates that the wire cut surface finish plays a more significant 
role on accelerating the SCC initiation than on the SCC propagation, in 
comparison with the high solution annealing temperature at 1200 ◦C. 

It is noteworthy that though an as-built surface finish led to a better 
SCC resistance than an industry-prepared wire cut surface in this work, 
the as-built surface finish might deteriorate the environmentally- 
assisted cracking or environmentally-assisted fatigue properties in 
high-temperature water environment attributed to a high surface 
roughness. Therefore, a fine polished surface could be applied instead to 
control the passive layer formation and corrosion behaviour in high- 
temperature water. 

4.3. Effects of sample orientation 

The LPBF 316L samples oriented along X (horizontal) and Z (vertical) 
directions have SCC cracks parallel to and perpendicular to the AM 
building direction, respectively. Horizontally printed LPBF 316L speci-
mens have been reported to show a lower resistance to SCC than verti-
cally printed LPBF 316L [29,31], where the grain structure orientation 
played a significant role on the SCC. However, in this study LPBF sample 
orientation seems to play a minor role on SCC resistance since there is no 
evident influence of orientation on either SCC or pitting in the U-bend 
testing. The liquid penetrant test results of SA1 samples with wire cut 

surface and SA3 samples with as-built surface in both X and Z orienta-
tions are shown in Fig. 13. The SCC crack macroscale morphology on 
samples in X and Z orientations indicated by the liquid penetrant test are 
similar. In the studies of Cruz and Lou [29,31], dynamic loading during 
slow strain rate tests or compact tension tests is different from the static 
bending condition in this work. In addition, in their works the SCC 
propagated either intergranularly or along melt pool boundaries. 
Although some local SCC branching followed the high-angle boundaries, 
SCC occurred in the dominating transgranular mode in all LPBF 316L 
specimens in this work. Therefore, sample orientation might have 
played a smaller role on SCC in this study compared to their works. 

The application of the U-bend test method together with the 
oxygenated BWR water with high impurity level of Cl- is an accelerated 
technique, which provides a worst-case scenario judgement and a fast 
screening of material conditions on the SCC behaviour in nuclear- 
relevant high-temperature water environment (e.g. during an impurity 
transient). Consequently, this method may change the cracking mode 
from intergranular to transgranular (e.g. due to the effect of Cl-) and may 
ignore some time-dependent effects. It is possible that the effects of 
sample orientation on SCC behaviour could be revealed with less 
accelerated testing methods. The U-bend tests and slow strain rate tests 
in less aggressive high-temperature water environment are ongoing. 

5. Conclusions 

The effects of SA temperature (1066, 1150 and 1200 ◦C), surface 
finish (as-built and wire cut) and the sample orientation (X and Z) on the 
SCC behaviour of LPBF 316L in oxygenated high-temperature water 
with chloride addition at 288 ◦C were studied. Based on the obtained 
results, the following conclusions can be drawn:  

• The standardized method of SA at 1066 ◦C cannot remove the highly 
anisotropic microstructure of LPBF 316L. A higher annealing tem-
perature introduces further recrystallization, a significant increase of 
percentage of high-angle boundaries and the coarsening of the non- 
metallic inclusions and a decrease in tensile strength. 

Fig. 13. Liquid penetrant test results of SA1 samples with wire cut surface in (a) X orientation and (b) Z orientation and SA3 samples with as-built surface in (c) X 
orientation and (d) Z orientation. 
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• U-bend testing, liquid penetrant testing and post-exposure charac-
terizations showed that a higher annealing temperature and the wire 
cut surface lead to a higher susceptibility to SCC in oxygenated high- 
temperature water with chloride addition. Sample orientation seems 
to play a minor role on SCC resistance in this study.  

• The increase of high-angle boundaries, the coarsening of the oxide 
inclusions and the enhancement of local elemental diffusivity due to 
a high solution annealing temperature at 1200 ◦C facilitate the SCC 
crack initiation and propagation.  

• The wire cut surface accelerates the SCC initiation due to formation 
of a porous passive film, indicating a higher corrosion rate and faster 
transportation of ions through the oxide film.  

• An annealing temperature around 1150 ◦C or slightly below this 
temperature might be optimal for applications in LWR environments. 
At such temperature, the anisotropic microstructure of the as-built 
material is largely removed, while the deterioration of mechanical 
properties and SCC resistance evident at higher annealing tempera-
tures could be avoided. 
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multiscale correlative microstructure analysis of additive manufacturing of 
stainless steel 316L processed by selective laser melting, Mater. Charact. vol. 160 
(110074) (2020). 

[11] P. Tang, H. Xie, S. Wang, X. Ding, Q. Zhang, H. Ma, J. Yang, S. Fan, M. Long, 
D. Chen, X. Duan, Numerical analysis of molten pool behavior and spatter 
formation with evaporation during selective laser melting of 316L stainless steel, 
Metall. Mater. Trans. B vol. 50B (2019) 2273–2283. 

[12] Z. Li, T. Voisin, J. Mckeown, J. Ye, T. Braun, C. Kamath, W. King, Y. Wang, Tensile 
properties, strain rate sensitivity, and activation volume of additively 
manufactured 316L stainless steels, Int. J. Plast. vol. 120 (2019) 395–410. 

[13] T. Kurzynowski, K. Gruber, W. Stopyra, B. Ku?nicka, E. Chlebus, Correlation 
between process parameters, microstructure and properties of 316 L stainless steel 
processed by selective laser melting, Mater. Sci. Eng. A vol. 718 (2018) 64–73. 

[14] R. Belles, W. Poore, T. Harrison, M. Muhlheim, T. Muth, A survey of additive 
manufacturing capabilities, ORNL/TM- 2018/1013 (2018). 

[15] J. Reijonen, R. Björkstrand, T. Riipinen, Z. Que, S. Metsä-Kortelainen, M. Salmi, 
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