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Abstract 

The large-scale superconducting magnets used in the International Thermonuclear 

Experimental Reactor (ITER), demand structural materials that can endure long-term 

cyclic electromagnetic loading at 4.2 K. In this study, the microstructural evolution and 

plasticity mechanisms of a 316LN stainless steel welded joint subjected to fatigue at 

4.2 K were systematically investigated for the first time. A combination of 

nanoindentation, electron backscatter diffraction, energy dispersive spectroscopy, 

electron channeling contrast imaging and transmission electron microscopy was 

employed for comprehensive characterization. The results reveal distinct fatigue 

mechanisms between the heat-affected zone (HAZ) and the fusion zone (FZ). The HAZ 

primarily accommodates deformation through wavy dislocation slip, while the FZ is 

dominated by planar slip. Notably, the FZ exhibits enhanced formation of stacking 

faults and nanotwins. These features are attributed to the elemental segregation in the 

interdendritic regions, which locally reduces the stacking fault energy and lowers the 

critical stress required for stacking fault formation via dislocation dissociation. Besides, 

a strong solidification-induced texture is formed in the FZ, which increases the local 

Schmid factor and thereby the resolved shear stress for promoting the nucleation of 

stacking faults and nanotwins. Additionally, Lomer–Cottrell locks are observed in the 

FZ as a result of dominant planar slip, contributing to dislocation multiplication. These 

findings offer important insights into the cryogenic fatigue behavior of austenitic 

stainless steel welds and contribute to the design of reliable structural components for 

fusion energy applications. 

Keywords: Austenitic stainless steel, welded joint, fatigue, microstructural evolution, 

cryogenic temperature 

INTRODUCTION 

316LN austenitic stainless steel is a critical structural material for superconducting 

magnetic confinement fusion reactors owing to its excellent combination of high 

strength, exceptional ductility, high fracture toughness and non-magnetic properties [1–

4]. During operation at liquid helium temperature (4.2 K), electromagnetic loads 

generated during plasma disruptions impose cyclic stress on 316LN components, 
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making them susceptible to fatigue damage. The acceptance criterion for the ITER 

correction coil cases requires a fatigue limit of at least 500 MPa after a minimum of 

30,000 cycles [5]. These ITER correction coil cases are large welded structures of 

316LN, with the welded joints being the most susceptible regions to fatigue damage. 

Thus, understanding the microstructural evolution and fatigue mechanisms of welded 

joints at 4.2 K is critical for ensuring the long-term reliability and structural integrity of 

these components under extreme service conditions. 

At cryogenic temperatures, the plasticity mechanisms of austenitic stainless steels 

include dislocation slip, deformation twinning and martensitic transformation [6–8]. The 

reduced thermal activation at cryogenic temperatures increases the resistance to 

dislocation slip while promoting planar slip [9]. Nevertheless, dislocations remain 

mobile and continue to multiply during deformation, forming dislocation tangles or 

cells that generate high internal stresses to initiate microcracks [7, 10, 11]. Below a critical 

temperature, e.g., ~34 K for 316LN [12], the mobility of screw dislocations becomes 

lower than that of edge dislocations, leading to pronounced serrated plastic flow and 

the formation of localized deformation bands on the deformed specimens [13]. 

Deformation twinning is normally promoted under cryogenic conditions due to 

enhanced interactions between dislocations and stacking faults [7, 9, 10, 14], which 

contributes to improved toughness and ductility [15]. Martensitic transformation is 

another critical deformation mechanism in austenitic stainless steels at cryogenic 

temperatures. As the temperature decreases, the critical stress required for strain-

induced martensitic transformation is reduced, allowing the transformation to initiate 

earlier during deformation [16]. This transformation-induced plasticity (TRIP) effect 

enhances strain hardening, absorbs deformation energy, and delays the onset of necking 

and fracture [17, 18]. Notably, stacking fault energy (SFE) plays a decisive role in 

governing these dominant deformation mechanisms [19]. In austenitic steels, an increase 

in SFE can shift the mechanism from martensite-driven TRIP to twinning-induced 

plasticity (TWIP) [20, 21]. While the TRIP effect primarily enhances strength, the TWIP 

effect improves ductility, offering a favorable balance of mechanical properties for 

cryogenic applications [22]. 

At 4.2 K, both deformation twinning and martensitic deformation are normally 
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activated during the deformation of 316LN stainless steels [23–26]. Under uniaxial 

tension at this temperature, martensitic transformation generally follows the γ→α′ 

pathway, which enhances strength and ductility but reduces fracture toughness [10, 27–31]. 

Liu et al. [26] reported that ~43 vol.% of austenite transforms into α′-martensite when 

316LN is deformed to fracture at 50% engineering strain. Nevertheless, detailed TEM 

analyses by Xin et al. [15] revealed the presence of a small amount of ε-martensite, only 

a few nanometers thick, in 316LN after tensile deformation. Similarly, Singh et al. [32] 

found that the plasticity mechanism of 316L stainless steel at 15 K involves stacking 

fault formation, the two-step martensitic transformation (γ→ε→α′) and α′-martensite 

twinning, which collectively result in significantly improved fatigue life compared to 

room temperature. However, under high-cycle fatigue at 4.2 K, Xin et al. [7] observed 

that 316LN maintains highly stable magnetization under strong magnetic fields, 

indicating the absence of martensitic transformation. Consistently, Fu et al. [33] reported 

that only nanotwins were observed in 316LN welds after fracture toughness tests at 4.2 

K. Conversely, other studies have shown the formation of dense nanometer-sized ε-

martensite in 316LN welds after fracture toughness testing at 4.2 K [34]. These 

conflicting observations suggest that the plasticity mechanisms of 316LN welds under 

cyclic loading are complex and likely depend on the initial weld microstructure and 

loading conditions. Notably, the weld zone undergoes significant microstructural 

evolution due to localized melting and rapid solidification during welding [35]. This non-

equilibrium solidification introduces a high density of crystal defects and elemental 

segregation [36], which may substantially alter the dominant deformation mechanisms 

during fatigue. 

 

This study aims to explore the microstructural evolution and plasticity mechanisms of 

316LN laser-welded joints subjected to fatigue at 4.2 K. Detailed microstructural 

characterization of the fusion zone (FZ), heat-affected zone (HAZ) and base material 

(BM) after cyclic loading was conducted using electron backscatter diffraction (EBSD), 

electron channeling contrast imaging (ECCI) and transmission electron microscopy 

(TEM). Based on the comprehensive observations, the plasticity mechanisms during 

cyclic loading were systematically analyzed. These findings provide valuable insights 

for optimizing the design, ensuring the safe operation and managing the aging of 

structural materials in nuclear fusion reactors under extreme cryogenic conditions. 
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EXPERIMENTAL 

The BM used in this study is a hot-rolled 316LN austenitic stainless steel plate with the 

chemical composition (in wt.%): 0.02% C, 16.33% Cr, 12.53% Ni, 0.5% Si, 1.67% Mn, 

2.1% Mo, 0.11% N, 0.015% P, 0.001% S, 0.01% Co, 0.01% Nb, 0.001% B and 66.703% 

Fe. Butt joint was fabricated by laser welding 20-mm- and 30-mm-thick 316LN plates, 

as illustrated in Fig. 1. Welding was performed using an IPG YLS-20000 fiber laser, 

configured with a 300 mm focal length, 200 mm collimator, and a 300 μm fiber core 

diameter, producing a focal spot diameter of 0.45 mm. Welding was carried out using a 

laser power of 19 kW, a travel speed of 1.0 m/min, and a focal position set at +16 mm. 

To prevent oxidation of the weld seam, high-purity argon gas (99.999%) was supplied 

at a flow rate of 15 L/min throughout the process. 

 

As shown in Fig. 1, the fatigue specimens were machined from the welded plate with 

their loading axis oriented perpendicular to the weld seam. The gauge section has a 

length of 20 mm and a diameter of 6 mm. Fatigue tests were conducted at 4.2 K 

according to the JIS Z2283 standard. The specimens were subjected to cyclic loading 

between 85 and 850 MPa for 30,000 cycles at 1 Hz using a sinusoidal waveform. Noted 

that the yield stress of BM measured by uniaxial tensile tests is ~822 MPa at 4.2 K [34]. 

The fatigue test of the specimen was stopped at 30100 cycles without fracture, and after 

testing, specimens were sectioned parallel to the loading direction by wire-electrode 

cutting for microstructural analysis. This study focuses on the microstructural evolution 

of the HAZ and FZ. 

 

 
Fig. 1. Schematic illustrating the sampling location, orientation, geometry and 
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dimensions of the specimen for fatigue tests. 

 

EBSD, ECCI and energy dispersive spectroscopy (EDS) were performed using a 

ThermoFisher Verios 5UC scanning electron microscope equipped with an Oxford C 

Swift device. The accelerating voltages were 15 kV for EBSD, and 20 kV for ECCI as 

well as EDS. The step size for EBSD mapping is 1.2 μm. The EBSD maps of the initial 

microstructure are provided in Supplementary Fig. S1, while the corresponding post-

fatigue maps are shown in Fig. 2. In addition, key microstructural parameters, including 

grain size, geometrically necessary dislocation density and Schmid factor, for both 

conditions are summarized in Table 1 for direct comparison. Nanoindentation testing 

was carried out using a FemtoTool system equipped with a Berkovich tip. Indentations 

were performed at a constant displacement rate of 0.5 μm/s, reaching a maximum depth 

of 500 nm. A total of 400×150 indents were made with 5 μm spacing, covering an area 

of 2000×750 μm2 under consistent loading conditions. TEM samples were extracted 

from fatigue specimens and thinned to electron transparency using focused ion beam 

milling (ThermoFisher Helios 5UX). High-resolution TEM (HRTEM, ThermoFisher 

Talos F200X) and aberration-corrected scanning TEM (STEM, JEOL JEM-ARM300F2) 

were employed to analyze the microstructures in detail. 

 

RESULTS 

As illustrated in Fig. 2, the microstructure of the 316LN welded joint is divided into 

three distinct regions: BM, HAZ and FZ. Crucially, no voids were observed within the 

weld region, a key factor conducive to enhanced fatigue life [37]. Fig. 2(a) confirms that 

the 316LN retains a single-phase austenitic structure after both welding and cyclic 

loading, demonstrating excellent austenite stability under cryogenic fatigue conditions. 

The inverse pole figures (IPFs) in Figs. 2(c–c3) provide a detailed view of the grain 

morphology and crystallographic orientation across the joint. The BM exhibits fine 

equiaxed grains with a weak texture. In contrast, the FZ consists of coarse columnar 

grains that grew opposite to the thermal gradient during solidification, which exhibits a 

significantly-enhanced texture. The average grain sizes of HAZ and FZ are 30.01 μm 

and 75.51 μm, respectively, as shown in Fig. 2(c5–c6) and summarized in Table 1. The 

slight differences in the average grain sizes before and after cyclic loading are attributed 

to variations in measurement that arise from the small mapping area relative to the large 
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grain size. The Schmid factor map for the {111}<110> slip system, relative to the 

loading direction perpendicular to the fusion line, is shown in Fig. 2(b), with the 

corresponding average values provided in Table 1. Similar to grain size, the observed 

variations in Schmid factors of HAZ and FZ before and after cyclic loading are likely 

due to measurement uncertainty rather than microstructural changes. 

 

Fig. 2(d) is the Kernel average misorientation map, showing the distribution of 

geometrically-necessary dislocations (GNDs) in different regions. The GND density 

(𝜌𝜌𝐺𝐺𝐺𝐺𝐺𝐺) was calculated using [38]: 

 

𝜌𝜌𝐺𝐺𝐺𝐺𝐺𝐺 = 2Δ𝜃𝜃𝑖𝑖
𝜇𝜇𝜇𝜇

,                               (1) 

 

where Δ𝜃𝜃𝑖𝑖 is the weighted average of local misorientation, 𝜇𝜇 is the scanning step size 

(1.2 μm) and 𝑏𝑏 is the Burgers vector of the current 316LN stainless steel (0.254 nm) 
[38]. Figs. 2(d1–d3) display the frequency distributions of GND densities in BM, HAZ 

and FZ. Table 1 lists the average GND densities for samples before and after cyclic 

loading. HAZ exhibits a GND density higher than that of FZ. Yet, the increment in 

GND density after cyclic loading is larger in FZ (37.63%) compared to HAZ (7.95%). 

This suggests that the higher GND density in HAZ is attributed to the welding process, 

and FZ experiences more plasticity during cyclic loading. 
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Fig. 2. (a) Phases map, (b) Schmid factor map, (c-c3) inverse pole figures, (c4-c6) grain 

size statistical diagrams, (d) Kernel average misorientation map, and (d1-d3) GND 

density statistical diagrams of the as-fatigued welded joint. 

 

Table 1. EBSD data of welded joint before and after fatigue testing at 4.2 K 

Region HAZ FZ 

Grain size (μm) 
initial 24.69 79.33 

as-fatigued 30.01 75.51 

GND density 

 (m-2) 

initial 3.02×1013 1.86×1013 

as-fatigued 3.26×1013 2.56×1013 

Schmid factor 
initial 0.46 0.43 

as-fatigued 0.44 0.47 

 

To further exam the microstructure evolution of the welded joint after cyclic loading, 

the local mechanical properties were measured using nanoindentation. Fig. 3(a) 

presents the hardness map across the three distinct regions of the welded joint after 

cyclic loading. Since measurements were taken within individual grains, the hardness 

values primarily reflect the defect density inside the grains, independent of grain 
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boundary effects. To illustrate the hardness variation across the three regions, the 

hardness values were averaged along the Y-axis and plotted as a function of the X 

position (Fig. 3b). The results reveal that BM exhibits the highest hardness, which 

decreases significantly in FZ. Nevertheless, after normalizing the hardness by the grain 

orientation–dependent Taylor factor, the different regions display comparable 

normalized hardness values. This suggests that the observed hardness variations are 

mainly attributed to the difference in grain orientation rather than internal defect density. 

Furthermore, the comparable normalized hardness across all regions implies that, 

although plastic deformation is primarily concentrated in the FZ as revealed by the 

GND density measurement (Table 1), the difference is not large enough to produce a 

clear variation in hardness. 

 

 
Fig. 3. Hardness distribution across the three distinct regions after cyclic loading at 4.2 

K: (a) hardness map; (b) average hardness and Taylor factor-normalized average 

hardness plotted as a function of the X position. 

 

Electron channeling contrast imaging, with a high spatial resolution, enables direct 

observation of dislocations near the surface (~100 nm depth) and when combined with 
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slip trace analysis, can identify active slip systems [39, 40]. Thus, the microstructural 

evolution of the HAZ before and after cyclic loading at 4.2 K was examined using ECCI. 

Fig. 4(a) presents the ECCI image of the HAZ prior to cyclic loading, showing that the 

relatively large grains exhibit uneven in-grain contrast. Since ECCI contrast is closely 

linked to local grain orientation, this uneven contrast indicates the formation of 

subgrains with small misorientations (<2°), consistent with the high Kernel average 

misorientation values in HAZ (Fig. 2d). These subgrains are likely formed due to the 

residual stress and localized deformation during welding. A magnified view of the 

marked area in Fig. 4(a), shown in Fig. 4(b), reveals a high density of tangled 

dislocations within the HAZ grains before cyclic loading, also originating from residual 

stresses and localized deformation induced during welding. After cyclic loading, as 

illustrated in Figs. 4(c) and 4(d), the HAZ shows a similar dislocation density with 

networks of tangled dislocations, suggesting very mild dislocation activity during 

cyclic loading. Additionally, dislocation accumulation along a few slip bands is 

observed, reflecting localized micro-plasticity. No lamellar structures were detected 

upon careful examination, indicating that neither ε-martensite nor deformation twins 

formed in the HAZ after cyclic loading. 

 

 
Fig. 4. ECCI images of the HAZ before and after cyclic loading at 4.2 K: (a) HAZ 

before fatigue, (b) the magnified view of the region marked by the dash rectangle in (a), 
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(c) HAZ after fatigue, (d) the magnified view of the region marked by the dash rectangle 

in (c). 

 

Fig. 5(a) presents the ECCI image of the FZ prior to cyclic loading, revealing a distinct 

post-weld dendritic structure with an average dendrite size of ~80 μm. EDS analysis 

confirms the enrichment of Cr, Mn, and Mo in the interdendritic regions (Figs. 5(a1–

a4)), which is attributed to rapid cooling and non-equilibrium solidification in the FZ, 

as widely reported in the literature [41–43]. The results of EDS point measurements for 

dendritic and interdendritic regions are summarized in Table 2. Interdendritic elemental 

segregation in laser welds primarily arises from the significant deviation of 

solidification from equilibrium. The extremely high cooling rate during welding leads 

to a solidification rate so rapid that solid-phase diffusion is effectively suppressed, 

preventing compositional homogenization. Meanwhile, liquid-phase diffusion and 

convective mixing cannot keep pace with the advancing solidification front, resulting 

in the concentrated accumulation of solutes in confined interdendritic spaces. 

 

Similar to the HAZ, a relatively high density of dislocations is already present in the 

FZ before fatigue (Fig. 5(a5)), introduced by residual stresses and localized deformation 

during welding. Additionally, the rapid solidification associated with laser welding is 

known to generate dislocations and dislocation cells, with densities far exceeding those 

caused by constitutional stresses from microsegregation during directional 

solidification [44, 45]. After fatigue, the FZ retains a well-defined dendritic structure (Fig. 

5b) and pronounced elemental segregation at interdendritic regions (Figs. 5(b1–b4)), 

indicating that the plastic strain induced by fatigue was not severe. Otherwise, intense 

shear deformation on multiple slip systems would have disrupted the segregation. 

Moreover, the dislocation density in the FZ increases markedly after fatigue (Fig. 5(b5)), 

consistent with the GND measurements shown in Table 1. Careful examination of larger 

regions revealed no evidence of ε-martensite or deformation twins, consistent with the 

observations in the HAZ. 
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Fig. 5. ECCI images and EDS maps of the FZ before and after cyclic loading at 4.2 K: 

(a) FZ before fatigue, (a1) the magnified image in dash rectangle in (a), (a2) to (a4) the 

EDS elemental distribution maps corresponding to (a1), (a5) the magnified image in 

dash rectangle in (a) showing the dislocations, (b) FZ after fatigue, (b1) the magnified 

image in yellow rectangle in (b), (b2) to (b4) the EDS elemental distribution maps 

corresponding to (b1), (b5) the magnified image in dash rectangle in (b) showing the 

dislocations. 

 

Table 2. The chemical compositions of the dendrite and interdendrite in FZ after 

cyclic loading 

Position  Point Ni Cr Mn Si Mo 

Interdendrite 

#1 13.7 18.8 2.1 0.7 3.3 

#2 13.6 19.4 2.2 0.9 4.3 

#3 13.7 18.4 2.0 0.7 3.0 

#4 13.9 18.8 2.2 0.8 3.4 
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Dendrite 

#1 12.7 16.2 1.4 0.5 1.6 

#2 12.6 16.1 1.4 0.4 1.4 

#3 12.7 16.3 1.5 0.4 1.5 

#4 12.7 16.4 1.5 0.5 1.6 

 

Plastic deformation in metallic materials primarily occurs through slip activities 

accompanied by dislocation gliding which is of great interest for understanding, 

predicting and enhancing the mechanical behavior of materials. To investigate the slip 

behavior of the 316LN welded joint after fatigue, EBSD mapping was conducted on 

grains exhibiting slip traces in both HAZ and FZ. By correlating the slip trace 

orientations with the crystallographic orientations of the grains, it was determined that 

plasticity deformation in 316LN is predominantly governed by the {111}<110> slip 

system with large Schmid factors, as shown in Fig. 6(a-a2, b-b2). In the HAZ, two sets 

of slip bands intersecting at approximately 45° were observed within individual grains 

(Fig. 6(a1)). This configuration explicitly indicates the activation of multiple slip 

systems and the occurrence of cross-slip. Moreover, cross slip of dislocation plays an 

important role in work hardening [46], resulting in a high hardness in HAZ as shown in 

Fig. 3. 

 

In contrast, the larger grains in the FZ primarily exhibited single-direction slip bands, 

suggesting the dominance of a planar slip mode (Fig. 6(b, b1)). Non-equilibrium 

segregation of solute elements (such as Ni, Cr, Mo, Mn) in the weld is expected to form 

local low SFE zones (Fig. 5 and Table 2). Shao et al.[47] revealed that reducing the Mn 

content within Fe-xMn-0.6C alloys leads to a significant decrease in SFE, consequently 

driving a transition of dislocation slip mode from wavy slip to planar slip. For low SFE 

in FZ, perfect dislocations readily dissociate into Shockley partial dislocation pairs. 

Partial dislocations cannot cross-slip unless they recombine into a perfect dislocation. 

Therefore, it is generally accepted that cross-slip of partial dislocation is very difficult 
[48, 49]. Overall, cross-slip is more easily activated in the HAZ, while a planar slip mode 

prevails in the FZ. As illustrated in Fig. 6(a2) and 6(b2), the slip bands align with 

regions of consistently high Schmid factors, which own to the critical shear stress for 

the initiation of slip system is directly proportional to the Schmid factor. A high Schmid 

factor indicates that the resolved shear stress is more likely to reach the critical resolved 

Ac
ce

pt
ed

 A
rti

cle



14 
 

shear stress, thereby promoting slip activation. 

 

 
Fig. 6. ECCI and EBSD images of the HAZ and FZ after cyclic loading at 4.2 K: (a) 

ECCI image, (a1) IPF and (a2) Schmid factor image of HAZ, (b) ECCI image, (b1) IPF 

and (b2) Schmid factor image of FZ.  

 

To further clarify the plasticity mechanisms of the 316LN welded joint during cyclic 

loading, TEM characterization was performed on the HAZ. Fig. 7(a) shows a typical 

bright-field TEM image of the HAZ before cyclic loading, revealing a relatively high 

dislocation density with sparse dislocation tangles localized near prior austenite grain 

boundaries, consistent with the ECCI observations in Fig. 4(b). The corresponding 

selected area electron diffraction (SAED) pattern (Fig. 7b) displays only diffraction 
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spots from the austenitic matrix. A high-resolution TEM (HRTEM) image (Fig. 7c) 

further confirms the absence of deformation twins or martensite. After cyclic loading, 

the HAZ exhibits a comparable dislocation density to that of the initial condition, as 

shown in Fig. 7(d), but with dislocations forming more pronounced tangles. A long 

dislocation pile-up is also observed, consistent with the slip bands shown in the ECCI 

image (Fig. 4d). Detailed examination of multiple regions reveals the formation of 

stacking faults within the grain interiors, which do not connect to grain boundaries, as 

shown in Fig. 7(e). High-angle annular dark-field (HAADF) STEM imaging was 

further used to identify nanotwins and stacking faults. As shown in Fig. 7(f), isolated 

stacking faults are clearly observed within the grain interiors of the HAZ after fatigue. 

These stacking faults result from the dissociation of perfect dislocations into Shockley 

partial dislocation pairs. Careful inspection of multiple locations confirms that neither 

deformation twins nor martensite formed in the HAZ during cyclic loading. 

 

 
Fig. 7. TEM images of the HAZ before and after cyclic loading at 4.2 K: (a) the bright-

field image before fatigue, (b) the SAED pattern obtained from (a), (c) the HRTEM 

image obtained from (a), (d) the bright-field image after fatigue, (e) the image of HAZ 

after fatigue showing the formation of stacking faults, (f) HAADF STEM imaging of 

HAZ after fatigue, showing the stacking faults. 
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Fig. 8(a) displays an aberration-corrected STEM image of the FZ before fatigue, 

revealing a relatively low dislocation density, consistent with the ECCI observation in 

Fig. 5(a1). The SAED pattern confirms that the FZ consists solely of an austenitic phase, 

without deformation twins, or martensite (Fig. 8b). After cyclic loading at 4.2 K, a 

significant increase in dislocation density is observed in the FZ (Fig. 8c), forming the 

dislocation tangle structure. The weak-beam dark-field images reveal dissociated 

dislocations and the formation of Lomer-Cottrell locks (Figs. 8d-f). During the initial 

stages of fatigue, the motion of leading partial dislocations is followed by trailing 

partials that eliminate the intervening stacking faults. The interaction between two 

leading partial dislocations in conjugate {111} planes results in the formation of a 

Lomer-Cottrell lock. For example, as shown in Fig. 8(e), two perfect dislocations with 

respective Burgers vectors of 𝑎𝑎
2

[011]  and 𝑎𝑎
2

[01�1�]  lying on the (111�)  and (11�1) 

planes undergo dissociation as: 

 
𝑎𝑎
2

[011] → 𝑎𝑎
6

[1�21] + 𝑎𝑎
6

[112],                    (2) 

 
𝑎𝑎
2

[01�1�] → 𝑎𝑎
6

[11�2�] + 𝑎𝑎
6

[1�2�1�].                   (3) 

 

The interaction of the leading partials produces a stair-rod dislocation, 𝑎𝑎
6

[011�], via: 

 
𝑎𝑎
6

[1�21] + 𝑎𝑎
6

[11�2�] → 𝑎𝑎
6

[011�].                     (4) 

 

This 𝑎𝑎
6

[011�]  dislocation, known as the Lomer–Cottrell lock, is sessile because the 

Burgers vector does not lie on an active slip plane. These immobile dislocations impede 

the motion of other dislocations on the slip planes, leading to dislocation pile-up and 

thereby high stress concentration for nucleation of twins and martensite. Moreover, 

Lomer–Cottrell locks as strong barriers to dislocation motion can promote dislocation 

multiplication, leading to enhanced work-hardening. This observation is consistent with 

Zhang et al.’s finding that the critical hardening coefficient of 304L stainless steel 

increases significantly with decreasing temperature [50], while this study provides 

complementary evidence from a different perspective by elucidating the underlying 
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deformation mechanisms. 

 

 
Fig. 8. TEM images of the FZ before and after cyclic loading at 4.2 K: (a) the STEM 

image of the FZ before fatigue, showing the dislocations, (b) the SAED pattern obtained 

from (a), (c) the STEM image of the FZ after fatigue, showing the dislocation 

multiplication, (d) The weak-beam dark-field images of dislocations in the FZ after 

fatigue, (e) the image of a Lomer-Cottrell lock that formed by the reaction of two partial 

dislocations in the FZ after fatigue, (f) the images of dissociated dislocations in the FZ 

after fatigue. 

 

HAADF-STEM was used to investigate the atomic-scale microstructure of the FZ 
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before and after fatigue. As shown in Fig. 9(a), dislocations are already present in the 

FZ prior to fatigue, and the inverse fast Fourier transform (FFT) of the SAED pattern 

confirms their presence (Fig. 9(b)). After fatigue deformation, numerous nanotwins are 

observed in the FZ, with sizes ranging from 4.50 to 8.24 nm in length and only a few 

atomic layers in thickness, as illustrated in Fig. 9(c). These observations indicate that 

fatigue deformation in the FZ is accommodated by multiple concurrent mechanisms, 

including dislocation slip, stacking fault formation and deformation-induced nano-

twinning. The atomic structure of the nanotwins is clearly resolved in the HAADF-

STEM image in Fig. 9(d), where their nucleation and growth are found to originate 

from the bases of stacking faults. Notably, localized chemical composition segregation 

is observed along stacking faults and nanotwins, which promotes the formation of a 

high density of stacking faults that act as preferential nucleation sites for nanotwins. In 

contrast, no deformation twins are detected in the HAZ after cyclic loading at 4.2 K. 

 

 
Fig. 9. The atomic microstructure of FZ before and after cyclic loading at 4.2 K: (a) an 

STEM HAADF image of the FZ before fatigue, showing an edge dislocation, (b) IFFT 

of (a), (c) an STEM HAADF image of the FZ after fatigue, showing the formation of 

nanotwins, (d) the corresponding formation of nanotwins near the stacking faults in FZ 

after fatigue, with EDS results for individual elements of Ni, Cr, Mn, and Si, displaying 

the segregation of elements along the stacking faults and nanotwins. 
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DISCUSSION 

The experimental results clearly reveal that the HAZ and FZ of 316LN welded joint 

follow different plasticity mechanisms during cyclic loading at 4.2 K. It is well 

established that the deformation mechanism depends primarily on the SFE of austenite 
[51, 52]. Here, a thermodynamics-based method [53, 54] was utilized to calculate the 

temperature dependent SFE of different regions in the current 316LN welded joint 

based on the following equations: 

 

SFERT = 28.87 + 1.64Ni - 1.1Cr + 0.21Mn - 4.45Si + 36.5N (wt.%)          (5) 

 

SFET = SFERT + 0.05(T - 293)                                       (6) 

 

Calculations show that the SFE of 316LN BM is 33.60 mJ/m² at 298 K, decreasing to 

19.16 mJ/m² at 4.2 K. For comparison, other reported values for 316LN stainless steel 

at 298 K are 30.14 mJ/m² and 30.26 mJ/m² [54], which align well with our results. Within 

this SFE range, a lower SFE is known to promote twin formation, leading to an 

increased twin volume fraction, higher twin density, and refined twin size [55]. TEM 

observations highlight distinct faulting behaviors between the HAZ and FZ after fatigue 

(Figs. 7 and 8). In the HAZ, only stacking faults are observed, while the FZ exhibits 

both stacking faults and deformation twins, with a noticeably higher density of stacking 

faults. Since the HAZ shares the same composition as the BM, its SFE remains 19.16 

mJ/m² at 4.2 K. In contrast, the FZ displays significant elemental segregation at the 

interdendrite (Fig. 5), locally reducing the SFE to 17.22 mJ/m², whereas the SFE within 

the dendrites slightly increases to 19.66 mJ/m². This local SFE reduction at the 

interdendrite promotes the formation of stacking faults and deformation twins in the FZ 

during cyclic loading at 4.2 K. Accordingly, differences in SFE suggest that the stacking 

fault and twin densities should vary between the dendritic and interdendritic regions. 

However, the overall defect densities are extremely low and the TEM sampling volume 

is limited, rendering reliable quantitative measurements difficult. 

 

TEM analysis shows that the stacking faults in both HAZ and FZ are formed within 

grain interior, indicating that they originate from the dissociation of perfect dislocations 

during fatigue. To evaluate the probability of this dissociation process for forming wide 
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stacking faults, we considered a perfect dislocation with a Burgers vector 𝑏𝑏�⃑  (�𝑏𝑏�⃑ �=0.254 

nm) aligned along the 𝑦𝑦-axis (Fig. 10a). The angle between the Burgers vector and the 

dislocation line is denoted as 𝜃𝜃 . Driven by applied resolved shear stress, 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 , the 

perfect dislocation may dissociate into leading and trailing Shockley partial dislocations, 

with Burgers vectors 𝑏𝑏�⃑ 𝑙𝑙  and 𝑏𝑏�⃑ 𝑡𝑡 , respectively ( �𝑏𝑏�⃑ 𝑙𝑙� = �𝑏𝑏�⃑ 𝑡𝑡� =0.147 nm). The angles 

between the partial dislocation Burgers vectors and the dislocation line are: 𝜃𝜃1 = 𝜃𝜃 +

30°  and 𝜃𝜃2 = 𝜃𝜃 − 30° . The formation of a wide stacking fault is governed by the 

following two conditions: 

 

𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 ∙ �𝑏𝑏�⃑ 𝑙𝑙� ∙ sin𝜃𝜃1 − 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝑓𝑓0 ∙ �𝑏𝑏�⃑ 𝑙𝑙� ≥ 0 (leading partial moves),    (7) 

 

𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 ∙ �𝑏𝑏�⃑ 𝑡𝑡� ∙ sin𝜃𝜃2 + 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝑓𝑓0 ∙ �𝑏𝑏�⃑ 𝑡𝑡� ≤ 0 (trailing partial remains sessile),  (8) 

 

where 𝛾𝛾𝑆𝑆𝑆𝑆 is SFE, and 𝑓𝑓0 represents the slip resistance due to the combined effects 

of lattice friction and solid solution in the current stainless steel. For simplicity, the 

interaction between the leading and trailing partials was neglected, as the interaction 

force decays rapidly with increasing separation distance [55].  

 

To estimate 𝑓𝑓0, the flow resistance due to lattice friction and solid solution (𝜎𝜎0) was 

first determined using the Hall-Petch relation: 𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + 𝑘𝑘𝐻𝐻𝐻𝐻 √𝑑𝑑⁄ , where 𝜎𝜎𝑦𝑦 is the 

yield stress, 𝑘𝑘𝐻𝐻𝐻𝐻  is the Hall-Petch constant and 𝑑𝑑  is the grain size. Previous 

investigation on the same stainless steel reported a yield stress of 822 MPa at 4.2 K for 

a grain size of 34 μm [6]. With a Hall–Petch constant of 𝑘𝑘𝐻𝐻𝐻𝐻=465.6 MPa‧μm0.5 from 

similar stainless steels [56], 𝜎𝜎0 was estimated to be 737 MPa at 4.2 K. Applying the 

average Taylor factor (𝑀𝑀=3.06) for polycrystalline face-centered cubic materials [57], 

the slip resistance was calculated as: 𝑓𝑓0=𝜎𝜎0 𝑀𝑀⁄ ≈241 MPa.  

 

Assuming random dislocation orientations (𝜃𝜃 ranging from 0º to 90º), the probability 

of wide stacking fault formation under certain applied stress was assessed by 

determining the angular range over which both conditions (1) and (2) are satisfied. 

Additionally, both leading and trailing partial dislocations must remain sessile when the 

applied stress decreases to around zero during cyclic tensile loading. Calculation 
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confirms that 𝛾𝛾𝑆𝑆𝑆𝑆 < 𝑓𝑓0 ∙ �𝑏𝑏�⃑ 𝑙𝑙�=𝑓𝑓0 ∙ �𝑏𝑏�⃑ 𝑡𝑡�, indicating that this sessile condition is always 

achieved at zero applied stress. 

 

Fig. 10(b) shows the probability of forming a wide stacking fault via dislocation 

dissociation as a function of resolved shear stress using the SFE values corresponding 

to HAZ, the subgrain boundary and the interior of FZ after fatigue. The probability 

remains zero below a critical resolved shear stress, 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅∗  , where either the leading 

partial dislocation is unable to move, or the trailing partial dislocation moves 

simultaneously, preventing fault formation. For the HAZ with an SFE of 19.16 mJ/m2, 

𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅∗  is 381 MPa. In the FZ, where elemental segregation reduces the SFE to 17.22 

mJ/m2, 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅∗   drops to 364 MPa. Above the critical resolved shear stress, the 

dissociation probability increases rapidly, and at any given stress level, lower SFE 

results in a higher probability of forming wide stacking faults.  

 

To further assess the faulting behavior, we analyzed the distribution of 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅  in the 

HAZ and FZ based on Schmid factors obtained from EBSD (Fig. 2b) and a maximum 

applied tensile stress of 850 MPa during fatigue loading, as shown in Fig. 10c. Due to 

the strong solidification texture in the FZ, Schmid factors are confined between 0.4 and 

0.5, corresponding to 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 values ranging from 340 to 425 MPa. In contrast, the HAZ, 

with its randomly oriented grains, exhibits a wider Schmid factor distribution, resulting 

in 𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 values from 250 to 425 MPa. This indicates that the local resolved shear stress 

is higher in the FZ than in the HAZ. The total probability of forming a wide stacking 

fault (𝑃𝑃𝑡𝑡𝑡𝑡 ) was calculated by summing the product of the dissociation probability, 

𝑃𝑃(𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅) , and the frequency distribution, 𝑓𝑓(𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅) : 𝑃𝑃𝑡𝑡𝑡𝑡 = ∑𝑃𝑃(𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅) ∙ 𝑓𝑓(𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅) . The 

result shows that 𝑃𝑃𝑡𝑡𝑡𝑡 for the FZ (0.157) is over three times that of the HAZ (0.053), 

explaining the higher density of stacking faults and the formation of nanotwins in the 

FZ after fatigue (Figs. 7 and 8). In summary, these evaluations demonstrate that 

stacking faults form more readily in the FZ after fatigue due to both the reduced SFE 

from elemental segregation at subgrain boundaries and the elevated local resolved shear 

stress associated with the solidification texture. Additionally, the analysis also 

highlights the importance of slip resistance in preventing the backward movement of 

the leading partial dislocation—and hence the collapse of stacking faults—during 

unloading in cyclic loading. 
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Fig. 10. Analysis of perfect dislocation dissociation during fatigue loading: (a) 

schematic illustrating the dissociation of a perfect dislocation into leading and trailing 

Shockley partial dislocations on a { }111  plane driven by applied resolved shear stress; 

(b) the probability of forming a wide stacking fault as a function of the resolved shear 

stress for different values of SFE; (c) the distribution frequency of resolved shear stress 

of grains with different Schmid factors in both the HAZ and FZ zones. 

 

It is commonly shown that the laser welding process leads to a fluctuation in the content 

of various elements in the FZ compared to the HAZ [58]. Such compositional variations 

not only act as obstacles to dislocation glide by enhancing solid solution strengthening, 

but also locally adjust the SFE, reducing the critical stress for twin nucleation and 

increasing the number of nucleation sites. This observation is consistent with the 

findings of Wang et al. [43], who reported that solute segregation along cellular walls 

and low-angle grain boundaries enhances dislocation pinning and twinning. As 

demonstrated in Fig. 7, cross-slip is promoted in the HAZ with a relatively high SFE 

during fatigue, resulting in only a minor increase in dislocation density (~8%), from an 

initial GND density of 3.02×10¹³ m⁻² to 3.26×10¹³ m⁻² after fatigue (Table 1). In contrast, 

dislocations in the FZ (i.e., a low-SFE region) are confined to planar slip and readily 

dissociate into partials, inhibiting cross-slip. This leads to enhanced dislocation 

accumulation, causing a significant increase in dislocation density (~37.6%), from 

1.86×10¹³ m⁻² to 2.56×10¹³ m⁻² after fatigue. This higher dislocation density intensifies 

local stress concentrations under cyclic loading. Liu and Li et al. [59, 60] proposed to 

correlate the slip mode to a unified evolution factor: 𝛼𝛼 = 𝑦𝑦𝑠𝑠/𝑑𝑑𝑒𝑒𝑒𝑒 , where 𝑦𝑦𝑠𝑠  is the 

annihilation distance and 𝑑𝑑𝑒𝑒𝑒𝑒  is width of stacking fault. Larger evolution factors 

correspond to narrower stacking faults and greater annihilation distances, which favor 
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wavy slip with frequent cross-slip. Conversely, smaller evolution factors result in wider 

stacking faults, reduced annihilation distances, and suppressed cross-slip, leading to 

planar slip. Similarly, Shih et al. [61] highlighted that SFE governs dislocation mobility, 

cross-slip capability and twin formation in FCC crystals. A lower SFE restricts cross-

slip, promotes planar slip, and facilitates twin formation, resulting in twinning-assisted 

plasticity in the FZ. Additionally, reduced SFE enhances planar slip by limiting 

dislocation annihilation and enabling greater dislocation pile-ups, which in turn activate 

stacking faults and nanotwins, introducing dynamic Hall–Petch effect. Thus, the 

combined effects of higher dislocation density and nanotwin formation contribute to 

the increased normalized hardness observed in certain local regions within the FZ after 

fatigue. TEM observations confirm that L-C locks form more readily in the FZ than in 

the HAZ (Fig. 8). The formation of L-C locks requires the glide of Shockley partial 

dislocations on both primary and conjugate slip planes. In the FZ, the lower SFE in 

interdendritic regions promotes partial dislocation activity, increasing the probability of 

L-C lock formation. Furthermore, the solidification-induced texture in the FZ provides 

a higher Schmid factor for partial dislocation slip, offering a stronger driving force that 

further facilitates L-C lock nucleation. Deformation-induced martensitic transformation 

typically occurs when the SFE drops below ~20 mJ/m² [62]. In the present sample, the 

lowest SFE—17.22 mJ/m²—occurs in the interdendritic regions of the FZ, near the 

upper limit for such transformation. Under these conditions, martensitic transformation 

is difficult to initiate. Additionally, the plastic strain induced during high-cycle fatigue 

at 4.2 K is minimal, further preventing the formation of martensite. Together, these 

factors explain the absence of martensitic transformation in this sample. 

 

CONCLUSIONS 

In this study, the microstructural evolution and plasticity mechanisms of 316LN 

stainless steel laser-welded joints under cyclic loading at 4.2 K were systematically 

investigated through a combination of experiments and theoretical analysis. The main 

conclusions are drawn as follows: 

 

1. The welded joint maintains a stable single-phase austenitic structure both before and 

after fatigue, with no evidence of martensitic transformation. The FZ consists of large 

columnar grains with dendritic substructures. Elemental mapping reveals Cr, Mn and 
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Mo segregation at the interdendrite in the FZ, leading to localized reductions in SFE 

compared to the HAZ. 

 

2. Dislocation densities increase in both the HAZ and FZ after fatigue, with the FZ 

exhibiting a significantly greater rise. The HAZ primarily accommodates plastic 

deformation through wavy dislocation slip, while the FZ is characterized by planar slip, 

a higher density of stacking faults and the formation of deformation twins. 

 

3. The promoted formation of stacking faults and nanotwins in the FZ is attributed to 

two key factors: the locally-reduced SFE in the interdendrite, which lowers the critical 

stress required for wide stacking fault formation via dislocation dissociation; and the 

solidification-induced texture, which increases the local Schmid factor and thereby 

raises the resolved shear stress for promoting the nucleation of stacking faults and 

nanotwins. 

 

4. Lomer–Cottrell locks are observed in the FZ as a result of dominant planar slip, 

contributing to dislocation multiplication. In contrast, such locks are absent in the HAZ 

due to its relatively higher local SFE, which favors more wavy and cross-slip dominated 

dislocation motion. 
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Supplementary Materials 

Fig. S1. Microstructure before the fatigue test: (a) Phases map, (b) Schmid factor map, 

(c-c3) inverse pole figures, (c4-c6) grain size statistical diagrams, (d) Kernel average 

misorientation map, and (d1-d3) Frequency-Average misorientation diagrams of the 

initial welded joint. 
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