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Abstract 

Additively manufactured (AM) 316L stainless steel (SS) after hot isostatic pressing (HIP) was 

found to exhibit superior resistance to irradiation-assisted stress corrosion cracking (IASCC) in 

high-temperature water, as compared to wrought 316L SS. The well-accepted IASCC factors of 

radiation-induced segregation (RIS) and radiation hardening are not accurate descriptions of 

IASCC susceptibility in this case. A decreased strain localization along grain boundaries, caused 

by dislocation channel broadening, was confirmed to suppress crack initiation. A unique 

distribution of irradiation-induced defects in HIP AM 316L SS eased dislocation cross-slip 

compared to those in the wrought counterpart, thus increasing the channel width near the grain 

boundaries. For the first time, this study highlights the importance of dislocation channel 

broadening as a potential mechanism to further improve the IASCC resistance of 316L SS and 

provides direct experimental evidence based on commercial-grade materials.  

Keywords: 316L stainless steel, additive manufacturing, irradiation-assisted stress corrosion 

cracking (IASCC), dislocation channel broadening, grain boundary 
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1. Introduction 

Additive manufacturing (AM) is being evaluated by the nuclear industry to support future 

reactor component manufacturing and revolutionize reactor service. This manufacturing method 

offers the potential to shorten the supply chain, enable unparalleled design flexibility, and 

accelerate the deployment schedule. In the past few years, extensive research has been conducted 

specifically looking into the performance of AM 316L stainless steel (SS) in nuclear environments, 

including microstructural features [1–3], mechanical properties [4,5], radiation damages [6,7], 

corrosion [8], stress corrosion cracking (SCC) [9,10], and irradiation-assisted stress corrosion 

cracking (IASCC) [11–13].   

Song et al. [11] reported the excellent IASCC resistance of AM 316L SS made by laser powder 

bed fusion (LPBF) AM in high-temperature water when hot isostatic pressing (HIP) was applied. 

Under the same testing conditions, AM 316L SS was found immune to IASCC when its wrought 

counterpart exhibited extensive cracking. The U.S. Nuclear Regulatory Commission (NRC) soon 

highlighted this phenomenological observation and emphasized the importance of understanding 

AM materials’ nuclear-specific properties and the effects of post-AM processing [14]. Literature 

data concerning the radiation effects on AM materials have been increasing over the years. 

Discrepancies exist in almost all the studied areas [7,11,13,15]. Note that most of these studies 

mainly reported the observations, with little mechanistic insight to explain the differences between 

AM and conventional materials, which is critical to regulating AM for long-term nuclear service. 

Microstructural variation is generally considered the main reason behind all these conflicting 

conclusions. Radiation effects were highly dependent on local microstructure and microchemistry. 

Understanding the underlying mechanisms behind these observations provides the regulatory basis 

for qualifying AM materials for nuclear use and assessing long-term risks.   

Austenitic 316L SS, widely used for manufacturing in-core components, was found susceptible 

to IASCC in high-temperature water [2,18,19]. IASCC involves multiple factors, including stress, 

corrosion, and radiation, making it challenging to identify the dominant mechanism. Earlier work 

suggested that radiation-induced segregation (RIS) on grain boundaries (GBs) and radiation 

hardening are the primary factors, while later studies confirmed that neither could necessarily lead 

to IASCC [16–19]. Localized deformation along grain boundaries was recently recognized as 

contributing to IASCC cracking initiation. It is believed that the stress localization on GBs through 

dislocation channel-GB interaction would facilitate microcrack initiation [20–22]. 316L SS 
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exhibited Cr depletion on GBs after radiation [23]. Stress localization on GBs is elevated by 

radiation hardening, and can rupture the surface oxide film and expose GBs directly to the 

corrosive environment, accelerating the dissolution and promoting IASCC [24].  

Dislocation channeling originates from the constrained plastic flow during the deformation of 

irradiated alloys. It is associated with the interaction between dislocation and radiation induced 

defects such as voids, loops, and stacking fault tetrahedra (SFTs). The defects could be partially 

or fully cleared in channels through the defect absorption mechanisms [25] or the defect 

annihilation mechanisms [26], resulting in the preferential glide within the channels for the 

subsequent dislocations. Multiple factors were found to contribute to dislocation channeling, 

including stacking fault energy (SFE), irradiation dose, temperature, strain rate, and the types and 

density of radiation-induced defects [27–29]. The deformation degree of dislocation channeling 

can be quantified by the spacing between channels, channel height, and channel width. Previous 

studies [13,30–32] believed that the channel height is essential as it is proportional to the number 

of dislocations accumulated in the channel. Channel width is usually treated as a constant value, 

~100 nm. However, extensive experimental and modeling studies [33–36] revealed that dislocation 

channel width could vary from tens of nanometers to hundreds of nanometers, suggesting that the 

contribution of channel width to strain localization should not be negligible. Still, the connection 

between channel width and IASCC behavior has not yet been demonstrated by either experimental 

observation or simulation. 

In the present work, we investigated the origin of the superior IASCC resistance of HIP AM 

316L SS reported by Song et al. [11] as compared to wrought AM 316L SS. The effects of multiple 

factors on IASCC were systematically explored, including alloy composition, grain structure, RIS, 

radiation hardening, radiation-induced defects, and channel density/height, none of which provides 

a direct explanation. A comprehensive characterization of dislocation channels along with the local 

strain analysis revealed channel broadening in HIP AM 316L SS is the leading mechanism that 

lowered the strain localization along the GBs, and therefore reduced the chance of IASCC 

initiation. The potential mechanisms that induced channel broadening in HIP AM 316L SS as 

compared to its wrought counterpart are also discussed. 
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2. Experimental  

2.1. Materials and heat treatment 

 The commercial 316L SS powder was provided by Carpenter Powder Products (Bridgeville, 

PA, USA), with a mesh size from -100 to +325 (~45-100 μm). AM 316L SS blocks were printed 

by an EOS M270 LPBF AM system at Quad City Manufacturing Laboratory (Rock Island, IL, 

USA). Printing parameters of 195 W laser power, 1200 mm/s scan speed, and 20 μm layer 

thickness were applied to achieve good material density. The HIP treatment of 1150 ℃ for 4 hours 

and 1000 bar was performed in argon, and followed by solution annealing (SA) at 1066 ℃ for 1 

hour and water quenching to minimize the potential sensitization caused by the slow cooling 

process of HIP.  

 The wrought 316L SS used in this study was initially ordered by GE-Hitachi Nuclear Energy 

from Crucible Specialty Metals. The material was further annealed at 1066 ℃ for 50 min, followed 

by water quenching. The chemical compositions of the HIP AM 316L SS and wrought 316L SS 

are listed in Table 1.  

Table 1. Chemical compositions of HIP AM 316L SS and wrought 316L SS were measured by 

inductively coupled plasma–optical emission spectrometry (ICP-OES). 

 

Element (wt.%) Fe Cr Ni Si Mn Mo Co C N O 

HIP AM 316L SS Bal. 16.9 10.7 0.71 1.13 2.24 0.12 0.027 0.094 0.0384 

Wrought 316L SS Bal. 16.2 10.1 0.35 1.59 2.06 0.17 0.017 0.085 - 

 

2.2. Proton irradiation 

 HIP AM and wrought 316L SS were machined to two types of geometry: tensile bar and TEM 

bar. The tensile bar was designed for the IASCC initiation test with a square cross-section of 2 mm 

by 2 mm and a gauge length of 21 mm. The geometry of the tensile bar was described in detail in 

our previous work [23] and elsewhere [13,30]. The TEM bar is 20 mm long with a square cross-

section of 2 mm by 2 mm. Fig. 1(a) shows the schematic of tensile and TEM bars relative to the 

build direction and load direction for HIP AM 316L SS. The tensile specimen was machined with 

crack initiation along the build direction (loading along the Y direction). For AM 316L SS, it has 

been concluded that this direction presents the highest cracking susceptibility in AM 316L SS 
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[11,37]. The TEM bar was extracted from the AM block in the same manner (Fig. 1(a)). The gauge 

section of the tensile bars and the TEM bars were first ground from 120 grits to 800 grits by SiC 

paper and then electropolished with 10 vol% perchloric acid of methanol solution at 40 V for 30 

sec to achieve a scratch-free surface.  

Fig. 1. (a) Drawing of the tensile and TEM bars relative to the build direction and load direction 

for HIP AM 316L SS. The proton radiation was conducted on the Z-Y plane (as is highlighted 

with the red color), and the load was applied along the Y direction; (b) SEM backscattered electron 

image showing the grain structure of HIP AM 316L SS from the Z-Y plane; (c) SEM backscattered 

electron image showing the grain structure of HIP AM 316L SS from the X-Y plane. 

 Proton irradiation was conducted on the well-polished surface of these specimens by a 3 MV 

National Electronics Corporation Pelletron accelerator in Michigan Ion Beam Laboratory (MIBL) 

at the University of Michigan. A total of 2 MeV protons with the fluence of ~ 7 × 1019 ions/cm2 

were performed within a 2 mm by 10 mm area in the center of the specimens at 360 °C, resulting 

in a damage level of 2.5 dpa at 10 μm below the surface. The radiation depth profile was estimated 

based on the Kinchin-Pease (K-P) mode in Stopping and Range of Ions in Matter (SRIM) [38] 

simulation, and the total penetration depth was ~20 μm. A flux of 1.9 × 1014 - 2.4 × 1014 ions/cm2s 

was delivered during the test, corresponding to a damage rate of 6.9 × 10-6 - 8.7 × 10-6 dpa/s. 
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2.3. Microhardness 

 Radiation hardening was evaluated by measuring the hardness before and after proton 

irradiation, using a MICROMET Ⅱ Vickers hardness indenter. A total of 25 indents were made on 

each specimen to get statistically meaningful results. A load of 25 gf with 15 sec dwell time was 

applied for each indent, providing a plastic deformation zone within the irradiated depth (<20 μm 

below the surface), as shown elsewhere [12].   

2.4. Constant extension rate tensile (CERT) test 

 The CERT test was used to evaluate the IASCC susceptibility of HIP AM and wrought 316L 

SS specimens after proton irradiation. The test was conducted in a simulated boiling water reactor 

(BWR) normal water chemistry (NWC) environment (288 ℃, 1500 psi, 2 ppm dissolved oxygen, 

20 ppb sulfate) with a strain rate of 1 × 10-7 s-1. The details of the testing apparatus were described 

elsewhere [9]. The specimens were pulled to 4% and 6% plastic strain to get representative IASCC 

behaviors. 20 ppb sulfate injection has been standardized for accelerating the cracking severity in 

the BWR-NWC environment without altering the cracking mode [39,40].  

2.5. Microstructure, dislocation channel, and crack characterization 

HIP AM and wrought 316L SS samples for microstructure characterization were prepared 

using a PACE NANO-2000S auto polisher. The samples were first ground with a 320 grit SiC pad 

and then polished with 9 μm, 3 μm, and 0.05 μm diamond suspension until a scratch-free surface 

was achieved. The sample preparation was completed by vibratory polishing with 0.03 μm 

colloidal silica suspension in a PACE GIGA900 vibratory polisher.  

Scanning electron microscope (SEM) and electron backscatter diffraction (EBSD) 

characterization were performed by using an FEI Quanta 650 SEM equipped with an EDAX EBSD 

detector. The dislocation channels and cracks after the CERT tests were characterized at 10 kV 

with a working distance of 10 mm. EBSD scans were applied in a rectangle zone of 811 μm × 634 

μm at 20 kV and 1.7 μm step size. EBSD was also conducted on the IASCC samples after the 

CERT tests to select the comparable grains with a similar crystallographic orientation for 

transmission electron microscopy (TEM) characterization. To ensure imaging quality, the surface 

oxides were stripped off by using two types of solutions: sodium hydroxide (10%) and potassium 

permanganate (30%) in DI water, and ammonium oxalate (10%) in DI water. The EBSD data was 
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processed by using the MTEX toolbox in MATLAB to obtain the grain orientations, grain 

boundary mappings, Schmid factors, and slip vectors. 

TEM lamellae of HIP AM and wrought 316L SS after CERT tests were fabricated by focused 

ion beam (FIB) lift-out technique using an FEI Quanta 3D FEG dual beam SEM at the Center for 

Advanced Energy Studies (CAES). A platinum overlay was first deposited in the area of interest 

to prevent the sample from ion damage. These lamellae were then carefully thinned step-by-step 

until ~100 nm using ion milling under low voltage (2 keV). Most of the TEM work was done in 

an FEI Talos F200X FEG STEM at Idaho National Laboratory, including channel morphology 

characterization and STEM-EDX analysis. A voltage of 200 kV was applied for both TEM and 

STEM modes. Thermo Scientific Velox software was used to analyze the STEM-EDX data. The 

aberration-corrected high-resolution TEM characterization of dislocation channels was carried out 

by a Thermo Scientific Themis Z S/TEM at 300 kV accelerating voltage at the Electron 

Microscopy Center at Purdue University.  

2.6. Atomic force microscopy (AFM) 

 The height and width of dislocation channels were measured by a Bruker Dimension Icon AFM. 

Before the probe scanning, SEM and EBSD were taken in an area of ~1200 μm by 700 μm from 

the irradiated region of the strained IASCC specimens to document the dislocation channel 

morphology, grain orientation, grain boundary type, and Schmid factor for the grains. Then AFM 

characterization was conducted on the selected grains. The selection criteria for these grains will 

be discussed in detail in the discussion section. The AFM image was taken under Scanasyst mode 

using a Bruker SCANASYS-AIR tip. A high-resolution scanning was achieved with a 0.5 Hz scan 

rate and 512 sample/line. After the scanning, the AFM files were loaded to ProfimOnline software 

and the dislocation channel width and height were obtained by conducting the line measurements 

perpendicular to the dislocation channels. 

 

2.7. Modeling of dislocation channel broadening 

The effect of radiation induced defects on channel broadening was simulated based on a 

stochastic model adapted from Doyle et al. [33]. The model assumes the average dislocation 

interaction distance along the glide plane as ∆𝐿, which is associated with the defect density (𝑁) 
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and size (𝑑). That is, ∆𝐿 = (𝑁𝑑)−0.5 . Each time a dislocation interacts with a defect, it will 

stochastically jog up or down with a distance of 𝑑/2 and eliminate the defect from the interaction 

matrix. Dislocations were emitted at a fixed point, one at a time, from one side of the defect matrix. 

To get a representative channeling behavior, each condition with a given defect size and density 

included 1000 histories, each containing 500 dislocations. As a result, the channel width at a certain 

propagation distance can be determined as the distance between the highest and lowest glide planes. 

The details regarding this model can be found in the reference [33]. In this study, the channel width 

was collected at 50 μm away from the source, which is close to the average grain size of HIP AM 

and wrought 316L SS. Defect sizes from 1 nm to 35 nm with 5 nm space and densities from 1.1 

(1021/m3) to 20 (1021/m3) with a space of 5 (1021/m3) were calculated. 

3. Results 

3.1. Microstructure of HIP AM and wrought 316L SS 

Although AM 316L SS by LPBF AM under as-built state usually present highly textured 

microstructure [10], it is not uncommon that high-temperature heat treatment can promote 

complete recrystallization and produce equiaxed coarse grain structure with random texture, 

benefiting from its higher residual strain after processing.  In this case, after HIP+SA, the material 

was found isotropic in all directions (Figs. 1(b) and (c)), similar to the fully-annealed wrought 

316L SS. In fact, our previous study [37] reported comparable tensile behavior of HIP AM 316L 

SS tested from the Y and Z directions, suggesting the isotropic mechanical property. Isotropic 

microstructure and mechanical behavior of AM 316L SS after high-temperature treatment were 

also reported elsewhere [41–43]. In Figs. 2(a) and (b), HIP AM 316L SS exhibited an equiaxed 

grain structure from the Z-Y plane with a grain size of 51.9 ± 39.1 μm, similar to the wrought 

counterpart with a grain size of 54.8 ± 39.7 μm (Figs. 2(e) and (f)). The length fraction of twin 

boundary (CSL3) in the HIP AM and wrought 316L SS is 48.8% and 46.8%, respectively. Both 

materials show random texture (Figs. 2(c) and (g)). A larger area (~1.3 mm2) of the EBSD scan 

was also included in Supplementary Fig. S1, confirming the equiaxed grain structure with random 

texture in HIP AM 316L SS.   

 Fig. 2(d) shows a TEM bright field image of HIP AM 316L SS, confirming that the high-

temperature treatment completely removed the cellular dislocation structures produced by AM, as 

comparable to wrought 316L SS (Fig. 2(h)). A small amount of oxide particles was present along 
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the grain boundaries of HIP AM 316L SS (Fig.2(d)), resulting from the oxygen content from SS 

feedstock powders and oxide coarsening, both of which have been extensively reported [44]. The 

oxides were further confirmed as Si-Mn rich oxides by STEM-EDX, as shown in Supplementary 

Fig. S2.  

 

Fig. 2. Microstructure characterization of HIP AM and wrought 316L SS without irradiation. (a)-

(d) are the EBSD boundary mapping, EBSD IPF mapping, EBSD grain orientation distribution 

mapping, and bright-field TEM image of the HIP AM 316L SS, respectively. (e)-(h) are the figures 

of the wrought 316L SS with the same types. The comparison suggests a similar microstructure 

between the HIP AM 316L SS and the wrought 316L SS. 

 

3.2. IASCC evaluation 

Fig. 3(a) compares the IASCC susceptibility of HIP AM and wrought 316L SS after the 4% 

and 6% CERT test in high-temperature water, respectively. The 4% data was referred from our 

previous study [11]. No crack was observed from HIP AM 316L SS in both testing conditions, 

while extensive intergranular cracking appeared in wrought 316L SS, suggesting the HIP AM 

316L SS showed excellent IASCC resistance in high-temperature water. Intergranular cracks in 

the irradiated region of wrought 316L SS are primarily perpendicular to the load direction, as 

shown in Fig. 3(b). A similar IASCC cracking behavior of wrought 316L SS was also reported 
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elsewhere [13,45]. Extensive dislocation channeling was present in both HIP AM and wrought 

316L SS (Fig. 3(c)). 

   

Fig. 3. (a) IASCC crack density of the HIP AM and wrought 316L SS after 4% [11] and 6% of 

CERT tests. No cracks were observed from the HIP AM 316L SS sample; (b) SEM image shows 

the intergranular cracks in the wrought 316L SS sample after 6% of the CERT test. (c) SEM image 

shows the sample surface of HIP AM 316L SS after 6% of the CERT test. 

 

3.3. Proton radiation effect on HIP AM and wrought 316L SS 

3.3.1. Radiation induced segregation (RIS) 

RIS in terms of Fe, Cr, Ni, and Si segregation on the grain boundaries of HIP AM and wrought 

316L SS after 2.5 dpa proton irradiation is shown in Fig. 4. Fe, Cr depletion, and Ni, Si enrichment 

were measured from the grain boundaries of both materials, consistent with the typical RIS of 
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316L SS reported by other studies [46,47]. The grain boundaries in the HIP AM 316L contained 

~2 wt.% less Fe (Fig. 4(a)) and ~4 wt.% less Ni (Fig. 4(c)) than those in the wrought counterpart. 

In Fig. 4(b), a similar degree of Cr depletion was found in both materials on grain boundaries (11.5 

wt.% for HIP AM 316L SS vs. 11.7 wt.% for wrought 316L SS). More Si was segregated on grain 

boundaries in HIP AM 316L SS (3.7 wt.% vs. 2.1 wt.%). Si was believed to promote intergranular 

IASCC [48] and stress corrosion cracking [49,50] due to the dissolution of Si-rich oxide in high-

temperature water. Other minor elements not presented in the figures are either because they are 

less reactive with oxygen, such as P [48], or their roles in SCC are unclear. In general, the 

differences in RIS between the two materials are insignificant. It is highly unlikely that the present 

differences in GB segregations could be a key contributor to the IASCC difference reported in the 

earlier section.  

 

Fig. 4. Radiation-induced segregation (RIS) in terms of (a) Fe, (b) Cr, (c) Ni, and (d) Si distribution 

on grain boundaries of HIP AM and wrought 316L SS after 2.5 dpa proton irradiation at 360 ℃.  

 

3.3.2. Radiation hardening and radiation damage 
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Radiation hardening of HIP AM and wrought 316L SS, demonstrated by hardness change, is 

shown in Fig. 5. Before radiation, the two materials exhibited similar hardness values. The 

hardness after radiation for HIP AM 316L SS is 417 ± 14 kg/mm2, which is ~30% higher than the 

wrought counterpart (322 ± 29 kg/mm2).  
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Fig. 5. Radiation hardening of HIP AM and wrought 316L SS after 2.5 dpa proton radiation at 

360 ℃. The white columns at the bottom represent the hardness without radiation. The red columns 

on the top are the radiation hardening. 

 

Radiation hardening stems from radiation induced damages, primarily voids and dislocation 

loops for 316L SS. The dispersed barrier hardening (DBH) model [51] was utilized to calculate 

the contribution of these features to radiation hardening. The equation is listed in Eq. 1. 

                                                          ∆𝜎 = 𝑀𝛼𝜇𝑏(𝑁𝑑)0.5                                                        Eq. 1 

∆𝜎 (MPa) is the change of yield strength contributed by obstacles, M is the Taylor factor (3.06), α 

is the strength factor, μ is the matrix shear modulus (77.47 GPa), b is the Burgers vector of the 

material (0.253 nm), N is the number density of the obstacles, and d is the size of the obstacles. 

The measurement of voids and dislocation loops used in the calculation here were referred from 

our previous work [11]. The results are listed in Table 2. It is not surprising that dislocation loops 

dominated hardening in both materials as they are strong barriers to dislocations. The DBH model 

reasonably predicted the hardness increase as a combined effect of voids and dislocation loops in 
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both materials, confirming that the higher hardness measured from HIP AM 316L SS originated 

from the defects. Although radiation hardening is recognized as a critical factor for IASCC [18,52], 

the mechanism does not explain the higher IASCC resistance of HIP AM 316L SS. The more 

severe radiation hardening in HIP AM 316L SS contradicts its excellent IASCC resistance. 

Table 2. The contribution of voids and dislocation loops on radiation hardening of HIP AM and 

wrought 316L SS was calculated by the Dispersed Barrier Hardening (DBH) model.   

 

  HIP AM 316L SS Wrought 316L SS 

Void size (nm) 8.4 19.5 

Void density (10
21

/m
3
) 0.08 0.34 

Swelling (%) 0.0025 0.156 

Loop size (nm) 20.2 32.6 

Loop density (10
21

/m
3
) 15 3.2 

∆Hv Loop (HV) 194.3 130.3 
∆Hv Void (HV) 13.3 58.8 

∆𝑯𝑽,  𝒎𝒊𝒄𝒓𝒐𝒔𝒕𝒓𝒖𝒄𝒕𝒖𝒓𝒆(𝑯𝑽)) 196.30 146.05 

∆𝑯𝑽,  𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅(𝑯𝑽) 213 127 

 

3.4. Dislocation channels  

Dislocation channel spacing and height are widely used to quantify the degree of localized 

deformation. The channel spacing and height in HIP AM and wrought 316L SS were characterized 

by SEM and AFM after 6% CERT test. The data was collected from 90 channels in 25 grains from 

each material. As illustrated in Supplementary Fig. S3, channel spacing refers to the average 

distance between two neighboring dislocation channels, and channel height is the out-of-plane 

displacement induced by dislocations. In Fig. 6, the channel spacing is similar in both conditions 

at 2.86 ± 0.63 μm for HIP AM 316L SS and 2.78 ± 0.93 μm for wrought 316L SS. Weighted 

average channel height is employed to represent the channel height, as a larger height usually 

suggests greater susceptibility to crack initiation [20,30]. It can be calculated based on Eq. 2, where 

ℎ𝑖 is the channel height for the ith channel.  
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                                                                 ℎ̅ =
∑ ℎ𝑖

2𝑛
𝑖=1

∑ ℎ𝑖
𝑛
𝑖=1

                                                         Eq. 2 

As shown in Fig. 6, the weighted average channel height in HIP AM 316L SS is 290.8 nm, 

significantly smaller than in wrought 316L SS (361.9 nm). The height of the dislocation channel 

is believed to reflect the number of dislocations within the channel since each dislocation glide is 

equivalent to its Burgers vector [30]. The smaller channel height in HIP AM 316L SS may suggest 

a reduced strain localization on GBs, revealing a consistent trend in IASCC susceptibility of the 

two materials.  
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Fig. 6. Dislocation channel characterizations of HIP AM and wrought 316L SS after 6% of CERT 

test in high-temperature water, including average channel space (the blue columns) and weighted 

average channel height (the pink columns). 

 

4. Discussion 

Above, we compared the steel composition, microstructure, RIS, and radiation hardening of 

HIP AM and wrought 316L SS, none of which provided direct evidence to support the high IASCC 

resistance of HIP AM 316L SS. HIP AM 316L SS contained slightly more Si and O, resulting in 

a higher density of Si-Mn rich oxides. Si-rich oxides are somewhat soluble in high-temperature 

water (unlike Fe, Ni, and Cr oxides) [3,50,53], which was believed to increase cracking 

susceptibility in stainless steels. Other impurities, such as N and P, were reported to have minor 

effects on SCC in high-temperature water [54,55]. The most notable difference is in dislocation 
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channel morphology, suggesting strain localization is different between the two materials. An in-

depth discussion on channel formation will be provided in the following sections.  

 

4.1. Dislocation channeling in HIP AM and wrought 316L SS 

4.1.1. The selection criteria for dislocation channel study 

TEM lamellae were prepared by FIB, lifting out a series of dislocation channels from selected 

grains in HIP AM and wrought 316L SS specimens after 6% CERT test. Selection criteria were 

established to achieve a fair comparison of channels between the two materials.  

First, the dislocation channels should terminate at the grain boundaries instead of transmitting 

through, which ensures a similar GB-dislocation channel interaction, as shown in Figs. 7(a) and 

(b). This arrangement implies a relatively high stress/strain localization [20,32]. Second, the 

Schmid factors of the two grains need to be similar (Table 3), corresponding to a similar shear 

stress applied to the slip plane. Third, the grain orientation, as well as the grain boundary 

misorientation angle, were also similar. Figs. 7(c), (d), (e), and (f) confirmed that the 

crystallographic orientation of the two selected grains is close to <111>. The Euler angles of the 

grains are presented in Table 3. While it is challenging to locate grain boundaries that shared 

similar grain misorientation angles and also satisfied other criteria, the studied GBs were both 

high-angle GBs (Figs. 7(e) and (f)). Several studies reported the promise of using geometric 

compatibility factor, 𝑚′, to predict slip resistance across a GB [56,57]. The 𝑚′ can be expressed 

as 

                                                            𝑚′ = cos𝜓 ∙ cos 𝜅                                                         Eq. 3 

where 𝜓  is the angle between the normal directions of two slip planes (target grain and its 

neighboring grain), and 𝜅 is the angle between the slip directions. The geometrical description of 

𝑚′ is shown in Fig. S4 in the supplementary document. 𝑚′ = 1 refers to the GB being transparent 

to dislocation slip, and 𝑚′ = 0  means an impenetrable GB. Guo et al. [58] found that an 

impenetrable GB typically has 𝑚′ less than 0.5. The calculated 𝑚′ for all the TEM samples in this 

study were less than 0.5 (Table 3), suggesting a high resistance to dislocation slip. In this work, 

two representative TEM samples were studied based on the same selection criteria for each 

material. The details of the grain parameters are listed in Table 3. 
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Table 3. Schmid factor, grain orientation, grain boundary angle, and geometric compatibility factor 

of two comparable grains in the HIP AM and wrought 316L SS. 

 

   Schmid factor 
Grain orientation 

<φ
1
, Φ, φ

2
> in ( ° ) 

Grain boundary 

angle ( ° ) 𝑚′ 

Group 1 
HIP AM 0.4342 < 233.0, 124.4, 328.1 > 48.9 0.36 

Wrought 0.4304 < 153.6, 129.3, 214.4 > 36.4 0.11 

Group 2 
HIP AM 0.3051 <93.4, 146.9, 226.0> 20.4 0.02 

Wrought 0.3907 <40.9, 123.2, 326.4> 49.8 0.12 
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Fig. 7. Two comparable grains with dislocation channels terminated at the grain boundaries in HIP 

AM and wrought 316L SS. (a) and (b) are SEM images showing their GB-dislocation channel 

interactions; (c) and (d) are the corresponding EBSD IPF maps; (e) and (f) are the pole figures 

exhibiting the grain boundary angle and the grain orientation on both sides. 

4.1.2. Dislocation channel broadening in HIP AM 316L SS 

Fig. 8 shows the representative TEM bright field images of dislocation channels in HIP AM 

(Figs. 8(a) and (b)) and wrought (Figs. 8(c) and (d)) 316L SS after 6% of CERT. In Figs. 8(a) and 

(c), dislocation channels are identified as the dark straight bands. About 4-5 channels were 

involved in each TEM lamellae. The higher magnification images of an individual dislocation 

channel (Figs. 8(b) and (d)) revealed a channel comprised of multiple slip planes with ~10 nm 

spacing. We emphasize that the two materials showed a significant difference in channel width. 

As shown in Figs. 8(b) and (d), the channel width in HIP AM 316L SS is ~2-4 times wider than in 

wrought 316L SS. In the first set of TEM lamellae, HIP AM 316L SS showed an average channel 

width of 141.08 ± 73.41 nm, compared to 79.17 ± 23.93 nm in wrought 316L SS. In the other set, 

the average channel width in HIP AM and wrought 316L SS were 138.16 ± 47.92 nm and 38.48 ± 

17.74 nm, respectively.  

Although dislocation channeling has been extensively investigated for decades [27,28,59–61], 

limited studies considered the effect of channel broadening on stress localization near GBs and 

IASCC resistance. Jiao et al. [28] observed the expansion of dislocation channels near the 

dislocation channel-GB intersect and believed it would generate shear strain in GBs. A similar 

phenomenon was not found in the present study, but a shear step at the channel-GB intersect was 

observed from wrought 316L SS, suggesting a high local strain. In Fig. 9(b), the narrower channel 

in wrought 316L SS produced a shear perpendicular to the GB, which was not observed in HIP 

AM 316L SS (Fig. 9(a)). The shear deformation was responsible for a larger stress field in wrought 

316L SS. If the shear step intersected with a GB at the surface, it could rupture the surface oxide 

film and promote crack initiation [24,62].   
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Fig. 8. TEM bright field images showing the morphology of dislocation channels in (a) and (b) 

HIP AM 316L SS, (c) and (d) wrought 316L SS after 6% of CERT test. The two locations were 

selected based on the grain selection criteria described in the section. 
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Fig. 9. STEM bright field images showing the dislocation channel-GB intersection in (a) HIP AM 

and (b) wrought 316L SS after 6% CERT test. The comparison suggests a high strain in the GB 

induced by the step due to dislocation channel-GB interaction in wrought 316L SS. 

 

4.1.3. High-resolution TEM (HRTEM) characterization on dislocation channels  

Fig. 10 shows the HRTEM view inside a dislocation channel in HIP AM 316L SS, taken from 

the same TEM lamella depicted above. Stacking faults (SFs) (Fig. 10(e)) and dislocations (Fig. 

10(d)) were present in these slip bands. Deformation-produced martensite or twins were not found, 

and the selected area diffraction (SAD) (Fig. 10(a)) only revealed the austenitic phase. Dislocation 

channeling is believed to be the dominant deformation mechanism for HIP AM 316L SS. As a 

comparison, besides SFs and dislocations (Fig.10(d)), fine nanotwins with the thickness of a few 

atomic layers were observed in the dislocation channel of wrought 316L SS (Figs. 11(b) and (c)). 

The SAD in Fig. 11(a) further confirmed the formation of nanotwins. We note other studies also 

reported nanotwins formation from irradiated and deformed 316 and 316LN SS [35,63–65], 

suggesting a higher than normal strain localization within these channels. 

We emphasize that the plastic flow is primarily localized within several slip bands along {111} 

slip planes in wrought 316L SS (Fig. 11(a)), while the deformation is more uniform in the channels 

of HIP AM 316L SS (Fig. 10(a)). Although SFs were observed from HIP AM 316L SS, they were 

not highly concentrated in distinct bands. Sharp [61] observed a uniform glide of dislocations 

within the channels from irradiated high-purity copper, similar to the deformation of unirradiated 

materials. The channels were later confirmed to contain a low defect density, demonstrating that 

defects within channels played a role. Recent work [59] revealed that a certain level of dislocation 
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debris still existed in channels after straining. Thus, it is possible that the dislocations interacted 

with the remnant obstacles differently, resulting in different strain localization behavior even 

within a well-formed dislocation channel.  

The formation of twins within the dislocation channel also requires a relatively high level of 

applied stress. Byun [66] summarized that the deformed microstructures based on the applied stress 

from low to high are dislocation tangles/pileups (200-400 MPa), isolated SFs/dislocations (400-

600 MPa), and large stacking faults/twins/dislocations (600-900 MPa), indicating a higher 

localized stress within the channels in the wrought 316L SS. It is agreed that the formation of high-

density nanotwins in FCC metals is contributed by the multiplication of Shockley partial 

dislocations with the same sign on successive {111} planes [66–68]. The isolated spread of SFs in 

the HIP AM 316L SS suggests that the applied stress may not be high enough to facilitate SF 

multiplication, probably because of the channel broadening in the material (Fig. 8). SFE could be 

the intrinsic reason resulting in the difference, which will be discussed in the following section. 
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Fig. 10. (a) HRTEM image of a dislocation channel in irradiated HIP AM 316L SS after 6% CERT 

test in high-temperature water. (b) Matrix, (c) matrix from a different location, (d) dislocation, (e) 

stacking faults (SFs) with higher magnifications. 

 

 

Fig. 11. (a) HRTEM image of a dislocation channel in irradiated wrought 316L SS after 6% CERT 

test in high-temperature water. (b) Matrix, (c) fine nanotwins, (d) stacking faults (SFs) and 

dislocations with higher magnifications. 

 

4.2. Strain estimation in dislocation channels 

The strain accumulation inside a dislocation channel was quantified by measuring the 

morphology of the dislocation channel from the sample surface using AFM. Was et al. [60] 

characterized the shear strain within a channel by calculating the channel height divided by the 

channel width. Supplementary Fig. S5 exhibits an example of measuring the channel height and 

width by AFM. It should be noted that the measured height (ℎ′) and width (𝑤′) need to be 

converted to the actual channel height (ℎ) and width (𝑤) by the following equations: 
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                                                 𝑤 = 𝑤′ sin(𝛿) − ℎ′ cos(𝛿)                                                      Eq. 4 

                                                               ℎ = ℎ′/ cos(𝛼)                                                           Eq. 5 

where 𝛿 is the angle between the dislocation channel and the sample surface, and 𝛼 is the angle 

between the dislocation slip direction and the normal direction of the sample surface, as is shown 

in Supplementary Fig. S5(d).  

Fig. 12 shows the calculated shear strain from the dislocation channels near the GBs in HIP 

AM and wrought 316L SS after 6% of the CERT test. Two locations (L1 and L2) from each 

material were studied. The selection of the studied grains followed the criteria depicted in the 

earlier section. The shear strain of each channel was calculated from 3-4 measurements of its height 

and weight. The scattered strain data was due to the channels with relatively higher strain than the 

others, which were confirmed to be their representative behaviors. The channel shear strain in 

wrought 316L SS was found to be ~4-5 times higher than in HIP AM 316L SS. The average shear 

strain in the dislocation channel of wrought 316L SS reached 8.10 with a peak value of 16.17, 

shown in Fig. 12(a). Considering only 6% of the global tensile strain applied, the values suggest 

an extremely high strain localization near GBs. We note that it is common for the strain of a 

dislocation channel to reach >100 times that of the global strain [27,69]. McMurtrey et al. [20] 

reported ~500% strain from a dislocation channel of irradiated stainless steel with 4% plastic strain 

using a digital image correlation (DIC) method. The high strain localization in the wrought 316L 

SS is believed to promote crack initiation at GBs and is correlated well with the TEM observations. 

With a similar global strain and channel spacing (Fig. 6) of HIP AM and wrought 316L SS, it 

implies that the plastic strain created by each individual channel in the two materials is comparable.  

However, due to the broadening of the channels in HIP AM 316L SS, the local plastic strain of a 

channel was spread across the wider range, resulting in a broader channel width and less channel 

height. The local microstructure can be explained by Fig. 8. The broader channel in HIP AM 

material is comprised of a larger number of nanoscale slips. In contrast, the deformation in the 

wrought material exhibited narrower channels with more concentrated slips, resulting in larger 

local channel height. 
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Fig. 12. The strain of dislocation channels in HIP AM and wrought 316L SS after 6% of CERT 

test. (a) and (b) show the results from two groups of comparable grains following the grain 

selection criteria (L1: comparable location 1; L2: comparable location 2). The pole figure 

presented the grain orientations for each group. The results suggest that the strain within the 

dislocation channels in wrought 316L SS is ~4-5 times higher than in the HIP AM 316L SS. 

 

4.3. Further understanding of dislocation channel broadening 

4.3.1. The effect of defect distribution on channel broadening by stochastic simulation 

Radiation induced defects as the intrinsic factor of constrained plastic flow in irradiated alloys 

were also found to affect dislocation channel width through multiple mechanisms, such as the 

double cross-slip caused by the interaction with SFTs [70,71] or the point defect annihilation [72]. 

Doyle et al. [33] developed a model to predict the channel width as a function of defect size, 

density, and distance from the source. The model assumed the defect cluster could be completely 

absorbed, resulting in the dislocation jog to a distance equal to half of the size of defect clusters. 

Therefore, the defect size controls the jog distance, while the density governs the interaction 

frequency.  

Fig. 13 shows the simulated channel width by the aforementioned model as a function of defect 

size and density. The plot illustrates that the increase in defect size and density would lead to 

channel broadening. However, it should be noted that the channel width is less sensitive to defect 
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size towards lower defect density, especially less than 5 × 1021/m3. As marked in Fig. 13, the 

dislocation channels formed with a lower defect density but a larger defect size can be narrower 

than those formed with a high defect density and a finer defect size. This phenomenon corelates 

well with the experimental observations in HIP AM and wrought 316L SS in this study. HIP AM 

316L SS presented smaller-sized but higher-density dislocation loops, resulting in wider channels 

than wrought 316L SS (Table 2). The simulation suggests that even though the defect size is small, 

a higher density of defects may still significantly enhance dislocation cross-slip frequency, 

resulting in broader channels. 

We note that the simulation may still present an inaccurate prediction of a real material system 

in this study due to many factors, including neglecting the developed defects such as nanotwins 

and SFs, the effects from the crystal structure and cross-slip energy, simplifying the assumptions 

of jump frequency and dislocation-defect interaction, etc. [33]. SFE is believed to significantly 

affect the deformation mode by controlling dislocation cross-slip. For the materials with low SFE, 

dislocation channeling was found to be accompanied by deformation twinning as an alternative 

deformation mechanism [35]. The formation of twins could further retard dislocation glide and 

induce work hardening within dislocation channels, resulting in the constrained development of 

the channel width [35]. Doyle et al. [33] also mentioned that the model may be insufficient to 

predict the channel width with multiple deformation mechanisms working simultaneously, which 

could be the case in the present study. In fact, a similar overestimation in channel width was 

reported by feeding Farrell’s et al.[35,36] stainless steel data in the model [33].  

Source widening and dislocation multiplication were not considered in the model since the 

simulation only emitted dislocations from a fixed location one at a time. The HIP AM 316L SS 

contained more oxide inclusions (Fig. 2), which could potentially serve as the dislocation source 

that contributed to the channel broadening. While Doyle et al. [33] simulated the source widening 

by increasing the number of dislocation sources and believed the effect was minor, detailed studies 

with more realistic dislocation source size and distance are still necessary to confirm it. Dislocation 

multiplication could also play a role in channel width, especially for the multiplication at the edge 

of the channels. People believe that the tangled dislocations at the channel edge could initiate 

Frank-Read sources, which would further expand the channel width [59]. More advanced tools or 

models are needed to simulate these effects on dislocation channel broadening.  
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Fig. 13. Effect of irradiation induced defect size and density on channel width produced by 

simulation. Two pairs of zones are highlighted, representing that channels formed with a higher 

defect density but a smaller size could be broader than those formed with a lower density but a 

larger size. 

 

4.3.2. The effect of radiation induced precipitates/clusters on channel broadening  

Previous work [11] reported radiation induced 𝛾′ precipitates from both HIP AM and wrought 

316L SS. The 𝛾′ precipitates in HIP AM and wrought 316L SS are similar in terms of the size (6.6 

± 1 nm vs. 7.8 ± 1 nm) and the density (2.9 ± 0.3 × 1021/m3 vs. 2.2 ± 0.2 × 1021/m3). The formation 

of 𝛾′ precipitates is believed to stem from RIS at defect sites, such as line dislocations, dislocation 

loops, and oxide-matrix interface [11,73,74]. Besides 𝛾′ precipitates, STEM-EDX also revealed a 

high density of Ni-Si clusters around the 𝛾′  particles in irradiated HIP AM 316L SS. Such 

phenomenon was not observed in wrought material, as is shown in Fig. 14. It is rather challenging 

to quantify the size and density of the Ni-Si clusters due to their irregular morphologies. The 

formation of the Ni-Si cluster is believed as a result of RIS at radiation induced defects or vacancies 

[74,75]. It is known that Ni-Si clustering generally starts around imperfections, like dislocation 

loops or grain boundaries. HIP AM 316L SS has much higher loop density, thus clustering is 
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widely spread across the material. When local concentration is beyond the solute solubility, 

precipitation can occur, producing larger precipitates. We believe a wider spread of Ni-Si 

clustering in HIP AM 316L SS, caused by high-density dislocation loops, delayed local super- 

saturation which further affected precipitation. In addition, we note HIP AM 316L SS contains a 

higher level of Si than wrought 316L SS as shown in Table 1, which may be linked to the Ni-Si 

clustering. 

 

Fig. 14. STEM dark field (DF) image and the associated Ni and Si EDX mappings of proton 

irradiated HIP AM and wrought 316L SS. A high density of Ni-Si cluster was observed around 

the 𝛾′ precipitates in HIP AM 316L SS, while the mappings of wrought 316L SS mostly revealed 

𝛾′ precipitates. 

 

Compared with dislocation loops, 𝛾′  precipitates and Ni-Si clusters are weak barriers to 

dislocation motion [51]. Hence, their direct effect on deformation is minor. However, it is possible 

that a high density of Ni-Si clusters could alter the local SFE. It is well known that SFE is 

associated with dislocation cross-slip behaviors. Extensive studies revealed that high SFE caused 

less slip planarity or even changed the deformation mode from planar slip to wavy slip in irradiated 

materials, reducing the strain/stress localization and enhancing the IASCC resistance [24,30,74,76]. 
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The chemical compositions of the Ni-Si clusters, the steel matrix of HIP AM 316L SS, and the 

steel matrix of wrought 316L SS were measured by STEM-EDX, as listed in Table 4. The SFEs 

were estimated based on Eq. 6 [77] shown as follows:  

                                 𝛾 = −7.1 + 2.8𝑁𝑖 + 0.49𝐶𝑟 + 2.0𝑀𝑜 − 2.0𝑆𝑖 + 0.75𝑀𝑛                    Eq. 6  

In Table 4, the SFEs suggest an increase in SFEs due to the formation of the Ni-Si clusters. Whelan 

et al. [78,79] measured the SFE of 15-30 mJ/m2 from the stainless steels with the Cr content of 

18-20 wt.% and Ni content of 8-11 wt.%, similar to the matrix composition of HIP AM and 

wrought 316L SS. Yonezawa et al. [77] reported an SFE of 43.4 mJ/m2 from a solution annealed 

13.35Cr-15.51Ni-1.82Si SS followed by water quench, which is close to the composition of the 

Ni-Si clusters. Therefore, it is reasonable to believe that the SFE of the Ni-Si clusters is 10-15 

mJ/m2 higher than the matrix.  

Previous studies suggested the predominance of dislocation slip happened with the SFE 

higher than 50 mJ/m2 in stainless steels, while a mixture of twinning and slip is more common 

with the SFE from 15-50 mJ/m2 [74]. It was also reported [28,66] that the stress required for 

twining is directly proportional to SFE. That is, deformation twins are hard to form in the alloy 

with a high SFE. As a result, considering the different deformation behavior of HIP AM vs. 

wrought 316L SS (Fig. 10 and Fig. 11), it is possible that the wide distribution of Ni-Si clusters in 

HIP AM 316L SS facilitate the dislocation cross-slip and decreased slip planarity, resulting in the 

channel broadening.  

Table 4. Chemical compositions of HIP AM 316L SS matrix, HIP AM 316L SS Ni-Si cluster, and 

wrought 316L SS matrix measured by STEM-EDX. 

Element (wt.%) Fe Cr Ni Si Mn Mo SFE (mJ/m2) 

HIP AM 316L SS 

matrix Bal. 
18.67  
±0.34 

9.02  
±0.34 

0.71  
±0.05 

2.07 
±0.01 

5.88 
±0.52 

 

37.30 ± 0.22 

HIP AM 316L SS  

Ni-Si cluster Bal. 14.86 

±0.68 
14.42 

±1.02 
1.78 
±0.31 

1.60 
±0.01 

3.55 
±0.35 

 

45.29 ± 1.67 

Wrought 316L SS  

matrix Bal. 
19.00 
±0.12 

8.71 
±0.50 

0.76 
±0.10 

1.99 
±0.06 

5.36 
±0.52 

 

42.62 ± 2.13 
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4.4. Possible reasons for the defect formation differences in HIP AM vs. wrought 316L SS  

It remains unclear why radiation-induced defects formed differently in HIP AM 316L SS as 

compared to the wrought counterpart. This question is mainly centered on dislocation loops, as Ni-

Si clustering/precipitation is associated to different loop distributions. While the mechanistic 

causes of different defect distributions of HIP AM vs. wrought 316L SS is not the focus of this 

work, we believe two factors may contribute to the differences. First, the minor chemical 

composition difference, such as Si, could result in different damage responses. HIP AM 316L SS 

contained 0.71 wt.% of Si, as compared with 0.35 wt.% of Si in the wrought material. The higher 

Si content in HIP AM 316L SS could promote nucleation of dislocation loops, resulting in higher 

loop density and RIS on the defects. Studies [80–82] revealed that a minor amount of Si addition 

(0.3 wt.% or less) in stainless steel could promote interstitial loop nucleation, as it was found to 

bind with interstitials and increase the activation energy for loop formation. However, some other 

studies [28,83] reported suppression of radiation damage in stainless steel due to Si addition. They 

believed Si enhanced vacancy diffusivity as an undersized solute and promoted interstitial-vacancy 

recombination. In fact, our characterizations of void swelling are consistent with this perspective, 

as they were found to be suppressed in HIP AM 316L SS (Table 2). The consensus on the Si effect 

on radiation damage is yet to be reached.  

We note that some work has been done to study the effects of minor elements (including Si) 

on IASCC in wrought 316L SS, which did not show similar IASCC mitigation [48,50,53]. The 

conclusions from these work were mixed. Therefore, we believe the difference may also be 

attributed to the characteristics of HIP AM 316L SS. Even after HIP, residual dislocations (Figs. 

S6(a) and (b)), local minor chemical segregation (Cr, Mo, S) on GBs, and oxides were still present 

in HIP AM 316L SS. It was surprising to us that these features remained in HIP AM 316L SS even 

after multiple high-temperature treatments. Inside the grains, dislocations were patterned in lines 

with intercept angles near 60̊, clearly representing the difficult cross-slip between slip planes. We 

note this phenomenon may also be observed in fully-annealed wrought counterpart, but generally 

with less density. Near the GBs, dislocations were clustered in HIP AM 316L SS as well. It is 

known that pre-existing defects and chemical disorders (residual dislocation, chemical segregation, 

and oxides) can alter radiation defect nucleation and growth. One example is that the oxides in 

HIP or fully annealed AM SSs could suppress void swelling [11,84].  
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The contributions from minor alloy elements, low-level residual dislocations, local chemical 

segregation, and oxides to radiation damage (mainly loop nucleation in this study) are complex 

and have not yet been clearly understood for wrought material systems. The present study 

primarily focused on dislocation channel broadening as an alternative mechanism of IASCC. More 

work is needed to identify if the different radiation damage responses stem purely from the 

chemical compositions, or if the dislocation defects or chemical segregations in AM materials also 

play a role. It would be necessary to look at different heats of AM 316L SS and wrought 316L SS 

to support the ongoing development of nuclear AM specification to guide how AM 316L SS should 

be formulated, fabricated, and post-AM processed. 

4.5. A summary of physical insights 

Fig. 15 depicts the different types of dislocation channel-GB interactions in (a) unirradiated 

316L SS, (b) irradiated wrought 316L SS, and (c) irradiated HIP AM 316L SS, respectively. It is 

known that deformation is uniform in unirradiated material when radiation-induced defects or 

obstacles are not present. In the irradiated wrought and HIP AM 316L SS, plastic flow was 

constrained to form dislocation channels. Channel broadening in HIP AM 316L SS resulted in less 

strain localization inside channels and on GBs. We believe that the way defects were distributed 

in terms of their density and size in HIP AM 316L SS caused more frequent dislocation cross-slip, 

leading to broader channels. To compound this effect, Ni-Si clusters in HIP AM 316L SS increased 

the local SFE and the stress required for twinning, facilitating the dislocation cross-slip, and 

suppressing twinning. During deformation, the stress is highly confined in the channels in wrought 

316L SS, promoting twin formation.  
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Fig. 15. Schematics of dislocation channel-GB interactions in (a) unirradiated 316L SS; (b) 

irradiated wrought 316L SS; (c) irradiated HIP AM 316L SS. The dislocation loops are highlighted 

red, and the Ni-Si rich precipitates and clusters are colored green. 

 

5. Conclusions and Perspectives 

For the first time, this study highlights the importance of dislocation channel broadening on 

IASCC susceptibility of 316L SS and provides direct experimental evidence based on commercial-

grade materials. Channel broadening serves as the main mechanism for the superior IASCC 

resistance of HIP AM 316L SS as compared to wrought 316L SS in high-temperature water, 

originating from the reduced strain localization inside the channels and on the GBs. The 

distribution of radiation induced defects in terms of their density and size in HIP AM 316L SS 

makes dislocation cross-slip more frequent, thus producing broader channels. To compound this 

effect, the formation of Ni-Si clusters in HIP AM 316L SS increased the local SFE, facilitating 

dislocation cross-slip and suppressing twin formation during deformation, both of which assist 

channel broadening.   

This study also confirms that radiation hardening may not be a reliable measure for IASCC 

susceptibility of 316L SS. The nuclear industry is evaluating radiation hardening as a tool to 

evaluate IASCC susceptibility. However, a contradictory trend is shown in Fig. 5, where 316L SS 

with more significant radiation hardening yields lower IASCC susceptibility. Strain localization 

on GBs through dislocation channeling is the key driving mechanism for IASCC initiation. 
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Although this new mechanism of improving IASCC resistance was obtained from 316L SS 

made by LPBF AM, we believe it is applicable to 316L SS in other forms, and even different 

engineering alloy systems. At the same radiation dose, this mechanism promises the opportunity 

to reduce IASCC susceptibility of an engineering alloy by broadening the dislocation channels 

through altering defect distribution. Further studies are required to understand the relationship 

between steel chemistry, defect distribution, channel broadening, and processing conditions. 
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