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Abstract 12 

Most mechanisms used for strengthening crystalline materials, e.g. introducing crystalline 13 

interfaces, lead to the reduction of ductility. An additive manufacturing process – selective 14 

laser melting breaks this trade-off by introducing dislocation network, which produces a 15 

stainless steel with both significantly enhanced strength and ductility. Systematic electron 16 

microscopy characterization reveals that the pre-existing dislocation network, which 17 

maintains its configuration during the entire plastic deformation, is an ideal “modulator” 18 

that is able to slow down but not entirely block the dislocation motion. It also promotes the 19 

formation of high density of nano-twins during the plastic deformation. Meanwhile, notable 20 

strain rate hardening also contributes to stabilize the plastic deformation. This finding paves 21 

the way for developing high performance metals by tailoring the microstructure through 22 

additive manufacturing processes. 23 

Key words: Additive manufacturing; Selective laser melting; Stainless steel; Mechanical 24 

property; Transmission electron microscopy; 25 

1. Introduction 26 

The motion of dislocations governs the plastic deformation hence the mechanical properties 27 

of many metals.1,2,3 The strength of the metals can be improved by hindering dislocation 28 

motion through the designing of microstructure including introducing secondary phases, 29 

grain boundaries and other internal interfaces.4 Unfortunately most of such strategies that 30 

effectively strengthen materials sacrifice ductility, resulting in the so called strength-ductility 31 

trade-off.5 Although a few methods have shown the capability of improving strength while 32 

retaining the ductility of materials (for instance by introducing coherent twin boundaries2,6, 33 

introducing bimodel grain sizes7 and  by controlling the size, morphology and distribution of 34 
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secondary phases8,9), making final parts with complex shapes from these methods requires 35 

intensive additional machining and may even not be feasible in some cases.  36 

Selective laser melting (SLM) is a type of additive manufacturing (AM) processes which is 37 

now rapidly changing the ecosystem of manufacturing by enabling the manufacturing of 38 

complex components directly from digital files, thus benefiting the customized production 39 

and the freedom of designing.10 During SLM, particle granules are fused directly into 3D 40 

components by repetitive scanning of a high energy laser beam over each layer of powder 41 

granules, thereby consolidating them via partial or full melting. Another important feature of 42 

AM is the ultrafast cooling rate (103-108 K/s). Unlike the other rapid cooling techniques e.g. 43 

splat quenching and melt spinning which can produce only metals in low dimensional shapes 44 

e.g. metal powder, ribbon and foil, AM can produce metals in 3-dimensional shapes (bulk 45 

parts) with extraordinary high cooling rate.11-14 The bulk metal parts show microstructures 46 

distinct from those produced by traditional manufacturing routes such as casting and 47 

wrought processes.15-21 In this study, we show that a dislocation network structure with the 48 

accompanying segregation of the alloying elements produced during SLM manufacturing of 49 

316L stainless steel (316LSS) leads to unprecedented mechanical properties of a 50 

combination of enhanced yield strength and ductility compared to those with the same 51 

composition but produced in the other manufacturing processes.22–28 In-situ SEM and TEM 52 

study reveals that the dislocation network with the accompanying segregation provides high 53 

density of “flexible interfaces” that significantly tunes the dislocation behaviours, resulting in 54 

the ameliorated mechanical properties. The results indicate the possibility to directly 55 

manufacture products with good combination of strength and ductility while retain the 56 

benefits of the process in manufacturing parts with complex or customized geometries.   57 
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2. Materials and Methods 58 

2.1 Sample manufacturing process 59 

As received gas-atomized spherical 316LSS powder with the granular size ranging from 10 to 60 

45 μm was purchased from Carpenter powder products AB, Torshälla, Sweden.  The 61 

standard build was performed by a selective laser melting facility EOSINT M270 (EOS GmbH, 62 

Krailling, Germany) equipped with a continuous Nd:YAG fiber laser generator with maximum 63 

200 W power output and typically 70 μm diameter laser spot. During the building process, a 64 

layer of powder (20 µm in thickness) was laid by a recoating blade on a steel building plate 65 

which was preheated to 80 oC. The full laser power of 200 W was used and the laser beam 66 

was moving at the speed of 850 mm/s. The laser scanned line by line along the same 67 

direction at the same layer and with the line spacing of 100 μm. After the scanning was 68 

complete, a new layer of powder was laid and the laser scanned the new layer with the 69 

scanning direction rotated by 67o. The sample was built up by repeating this process.  70 

To investigate the effect of scanning speed on dislocation cell size, the samples were built up 71 

by using standard parameters and the last layer of each sample was scanned by laser with 72 

different scanning speed and line spacing (7000 mm/s, 10 μm; 4250 mm/s, 20 μm; 283 73 

mm/s, 300 μm). The SEM images were taken from the area within the top layers.  74 

2.2 Tensile tests 75 

Tensile test specimens (as-build size Ф8 × 52 mm) were prepared by SLM using standard 76 

building parameters and machined to cylindrical test specimens (Gage length: 12 mm; gage 77 

diameter: 3 mm). All the tensile test bars were built in the same build and with the 78 

longitudinal axes along the building direction. Tensile tests were performed according to 79 
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ASTM E8 with a strain rate of 0.015 min-1 up to yield point, and afterward 0.05 min-1 till 80 

failure. An extensometer was used to measure the elongation. The reported values in this 81 

study for tensile properties were the average values of 5 tests. 82 

2.3 Micropillar tests 83 

For the micropillar compression test, two pellets were cut from the same bar built with the 84 

longitudinal axis along the building direction. One of them were packed in the stainless steel 85 

envelop and heated to 1050 oC  with the ramp rate of 10 oC/min, kept for 2 hours and 86 

followed by water quench. The other one was kept in the as-SLMed state. Two pellets were 87 

grinded and polished before micropillar experiment. A commercial Hysitron PI85 88 

PicoIndenter installed inside a Tescan Mira-3 scanning electron microscope was used for 89 

micropillar compressions. The micropillars with dimensions of about 5 µm, length of about 90 

10 µm and tapering angles less than 5 degree were fabricated in a FEI Quanta 3D FEG Focus 91 

Ion Beam (FIB) by Ga+ ion beam with the current ranging from 30 nA to 0.1 nA at 30 kV. Both 92 

of the two micropillars were fabricated from the grains with the (056) plane parallel to the 93 

top surface. The micropillars were then compressed using a flat punch diamond tip with 94 

diameter of 20 μm with constant loading rate of 100 µN/s-1. 95 

2.4 TEM analysis 96 

TEM specimen were twin-jet electropolished in an alcoholic solution containing 5 vol.% 97 

perchloric acid at 30 mA and -25 °C. Equipped with both bright field and annular dark field 98 

detectors, a Cs-corrected FEI 80-200 G2 with Super-X operated at 200 kV is employed to 99 

analyse the microstructure and elemental distribution of the SLMed 316LSS. The in-situ 100 
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tensile tests were achieved by a Gatan model 654 single-tilt straining holder in a FEI Tecnai 101 

G2 F20 TEM operated at 200 kV.  102 

SEM images were taken on the etched surfaces. Etching was done by submerging the 103 

mechanical polished samples into the etching agent (HF:HNO3:H2O = 1:4:45) for 60 seconds.  104 

3. Results and discussion 105 

3.1 Tensile properties of the SLMed 316LSS and TEM characterization of the dislocation 106 

network structure  107 

Fig. 1b shows a component with the dimensions of 28 cm × 16 cm × 16 cm and a built-in 108 

complex internal cooling channel system manufactured by using SLM process from 316LSS 109 

powders (particle size: 10µm - 45µm) for the potential application as the first wall panel part 110 

in the International Thermonuclear Experimental Reactor (ITER). Tensile tests reveal that the 111 

SLMed 316LSS shows notable improvement in both strength and ductility compared to the 112 

fully dense 316LSS processed by the other manufacturing methods (Fig. 1a).22–28 The tensile 113 

yield strength of 552 ± 4 MPa and elongation to failure of 83.2 ± 0.7 %, was obtained for the 114 

SLMed 316LSS (along the building direction). In contrast, the wrought-annealed 316LSS with 115 

average grain size of 17.5 µm from Ref.22 shows yield Strength of 244 MPa and failure 116 

elongation of 63%.22 A number of previous research on SLMed 316L reported that the 117 

process improves the yield strength but reduces or has little effect on ductility.11,29,30 The 118 

ductility of metals is sensitive to the defects like voids and cracks whose presence largely 119 

depends on the process parameters. Only when the defects are supressed, the contribution 120 

from the other factors would be revealed.  121 
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 122 

Figure 1. The dislocation network with the accompanying segregation of the alloying elements in 123 

SLMed 316LSS. a, The yield strength and ductility data of the SLMed 316LSS and the fully dense 124 

316LSS from literature. The elongation to failure was used. b, A photo of the ITER first wall penal part 125 

manufactured by SLM. c, A bright field (BF) STEM image of the dislocation network in the SLMed 126 

316LSS with the corresponding selected area electron diffraction (SAED) pattern which shows the 127 

single grain signal. d-i, An annular dark field (ADF) STEM image and elemental distribution maps of 128 

the selected area in c.  129 

Residual stress can be generated during SLM process, but it was not considered as the main 130 

factor affecting the tensile results in this work. Previous studies show that residual stress in 131 

SLMed sample can be comparable to the yield strength of the material near the top surface 132 

but is much lower in the lower part of the sample. 31-33 The gage section of the tensile test 133 

bar in this study is far below the top surface. Moreover the building plate was preheated to 134 

80 oC during process to reduce the residual stress. Thus the residual stress is unlikely to have 135 

much effect on the tensile results. The microstructure of the material is then considered as 136 

the main reason for the ameliorated mechanical properties. The SLMed 316LSS is composed 137 

of mainly columnar grains with the diameters ranging from a few to tens of micrometres and 138 
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lengths up to hundreds of micrometres. TEM analysis reveals a unique dislocation network 139 

embedded in individual grains. The dislocation network has been previously found only in 1D 140 

or 2D structures (e.g. the welding track or laser treated metal surface34,35), but not in bulk 141 

metals produced by any other manufacturing methods. Figure 1c shows the typical 142 

dislocation network within a coarse grain, with dislocations concentrated as the wall of 143 

columnar cells. SEM analysis shows that the cells have an average diameter of around 500 144 

nm and lengths ranging from a few micrometres to a few tens micrometres. The dislocation 145 

cells are often aligned with the temperature gradient direction in the solidification process. 146 

The elemental maps (Fig. 1e-i) from energy dispersive spectroscopy (EDS) analysis show that 147 

the element distribution on the dislocation network is fairly uniform with slight segregation 148 

of Cr, Mo and Mn at the walls. Quantitative EDS analysis was performed on five random 149 

spots at the dislocation walls and in the other areas, respectively. The results (Table 1) show 150 

that Mo, Mn, Cr and Ni content at the dislocation network are all higher than those in the 151 

other areas. The formation of dislocation network structure with the accompanying 152 

segregation of the alloying elements is due to the cellular growth mode under the high 153 

temperature gradient and high growth rate condition.35 Slight orientation differences for the 154 

neighbouring cells cause the dense dislocation walls to form when cells grow together into 155 

coarse single grains. Meanwhile, the solidification front rejects the alloying elements to the 156 

liquid phase leading to higher content of alloying elements at the later solidified region – the 157 

cell boundaries.36 Dislocation cells can also form after plastic deformation in a wide range of 158 

metals. The flow strength of the deformed metal is inversely linked to the size of such cells. 159 

Therefore the dislocation cells in SLMed 316LSS is presumably the main reason of the 160 

improved mechanical property.   161 

Table 1. The content of the elements at the cell wall and inside the cell (wt.%) from EDS analysis.  162 
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            Element 
position  Fe Cr Ni Mo Mn 

Cell wall 65.9±1.30 18.5±0.65 11.0±0.16 2.8±0.50 1.74±0.06 
Cell inner 69.9±0.11 16.7±0.24 10.3±0.14 1.59±0.11 1.42±0.05 

3.2 The strengthening effect of dislocation network confirmed by Micropillar compression 163 

tests 164 

To examine the role of this characteristic dislocation network in affecting the mechanical 165 

properties, we performed micropillar compression tests on two samples, viz. the as-SLMed 166 

316LSS whose microstructure was decorated by dislocation network and SLMed-annealed 167 

316LSS which was free of dislocation network after annealing at 1050 oC for 2 hours (Fig. 2a, 168 

b, d, e).  169 

 170 

Figure 2. Micropillar compression test result. a, b, SEM and TEM images of the microstructure of the 171 

as-SLMed 316LSS. c, Compression tested micropillar of the as-SLMed 316LSS. d, e, SEM and TEM 172 

images of the microstructure of the annealed 316LSS. f, Compression tested micropillar of the 173 

annealed 316LSS. g, The engineering stress-strain curves obtained from two micropillars. The as-174 

SLMed sample shows almost doubled yield strength and much smoother plastic flow behavior than 175 

the annealed sample.  176 
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Both single crystal micropillar samples were of the same size (5 µm in diameter) before 177 

pressing and were compressed along the [0 5 6] direction. As shown in Fig. 2g, the yield 178 

strength is about 240 MPa for the annealed sample in contrast to 460 MPa for the as-SLMed 179 

sample. The three remarkable plateaus on the stress-strain curve correspond to the three 180 

slip traces on the surface of the annealed micropillar (Fig. 2f), indicating that catastrophic 181 

shear-off happened quite often due to the escape of large number of dislocations from the 182 

intersections of the same slip planes and the surface. In contrast, the as-SLMed pillar had 183 

smoother plastic flow behaviour. It indicates that with the dislocation network, the as-184 

SLMed pillar had much better ability of dislocation storage where dislocations found 185 

significant difficulty during glide before they eventually slipped out from the surface 186 

therefore displayed both higher strength and better plastic stability.  187 

3.3 Effects of the dislocation network on dislocation motion and twin formation revealed 188 

by in-situ TEM analysis 189 

 190 
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Figure 3. Dislocations in SLMed 316LSS. a, A high-angle annular dark field (HAADF)-STEM image of a 191 

partial dislocation pair within a cell in the as-SLMed sample. b-d, High resolution annular dark 192 

field (ADF)-STEM images showing the stacking fault, trailing partial dislocation and leading partial 193 

dislocation in (a). e, Screenshots from the Video 1 showing interaction between partial dislocations 194 

and dislocation cell walls.  195 

The details of the dynamic motion and interaction of dislocations within such dislocation 196 

network were further investigated by performing in-situ TEM mechanical testing at room 197 

temperature by using a Gatan in-situ straining holder. The major carrier for plastic 198 

deformation was partial dislocations, whose motion was significantly but not fully impeded 199 

by the dislocation network. Dislocations widely dissociated into Shockley partials with jerky 200 

motion when they were temporarily trapped by the dislocation walls and would move 201 

forward again with the increase of applied stress (Video 1). For instance, as shown in Fig. 3a-202 

d, the partial dislocations within a cell in the as-SLMed sample have Burgers vector 1/6[211] 203 

and 1/6[12-1], respectively. The dislocations in the cell walls are also mostly dissociated 204 

partial dislocations with Burgers vector 1/6<112>. Figure 3e shows the dynamic evolution of 205 

stacking fault, which corresponds to the motion of partial dislocation pairs through the 206 

dislocation cells. When the external stress was high enough, a leading partial was emitted 207 

from a cell wall “A” and stopped at the cell wall “B” against it. At this moment, the trailing 208 

partial was still trapped by the cell wall “A”.  As the applied stress increased gradually, the 209 

leading partial overcame the impediment of wall “B” and glided into the neighbouring cell. 210 

The trailing partial glided to wall “B” as well. Clearly the motion of dislocations in SLMed 211 

316LSS was hindered but not fully stopped by these cell walls. Slip transferred across the 212 

cells with increasing strain; therefore the strength was enhanced without sacrificing the 213 

ductility. This is a scenario similar to the coherent twin boundaries reported before.2 Besides 214 
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the impediment effect, the complex dislocation network with mostly dissociated partial 215 

dislocations might also have supplied sites for nucleation of dislocation loops, with which the 216 

dislocation interactions became even more prolific and complicated.  217 

 218 

Figure 4. STEM micrographs of the SLMed 316LSS after deformation. a, High density of nano-219 

twins in a BF-STEM image. The inset is the selected area electron diffraction pattern obtained from 220 

the left side of the sample in (a). b, c, High resolution (HR)-STEM micrographs showing the atomic 221 

structures of the bunched nano-twins and twin boundary with a step. The twin and matrix are 222 

colorized into blue and yellow, respectively.  223 

Meanwhile, the cell walls could also trap partial dislocations so that some of the paired 224 

dislocations lost their partners. Consequently deformation twinning formed as the same 225 

type of partial dislocations glided on the adjacent planes. Figure 4a shows nano-twins 226 

formed after deformation. The dislocation network was found in the whole visible region; 227 

however, due to the slight orientation difference the network on the left side was less visible 228 

under this imaging condition. The slim nano-twins oriented along the same direction and 229 

usually propagated through several cells. It was also observed that the nano-twins were 230 
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bunched and initiated from the cell walls and not necessarily from the grain boundaries. 231 

Figure 4b shows a HR-STEM image of the nano-twin structure; the thickness of twins ranged 232 

from 2 nm to 6 nm in general. However as shown in Fig. 4c, the stable twin can be as thin as 233 

two atomic layers, which supports the layer by layer growth mechanism of twins in this case 234 

and it experimentally confirms the theoretical simulation which proposed that the minimum 235 

thickness of a stable twin in FCC structure is 2 atomic layers.34 Those nano-twins should have 236 

significant influence on dislocation motion, resulting in stable plastic deformation by strain 237 

hardening through the dynamic Hall-Petch effect similar to that in nano-twined copper and 238 

TWIP steels.38, 39 239 

3.4 The mechanism of simultaneously improvements of strength and ductility 240 

Combining the multiscale mechanical properties-structure characterizations and in-situ TEM 241 

testing, it is confirmed that the pre-existing dislocation network structure has significant 242 

contribution to the high strength and ductility of as-SLMed 316LSS. Firstly the pre-existing 243 

dislocation network impedes dislocation motion and thus increases dislocation storage 244 

contributing as the main mechanism to the high yield strength. Meanwhile, the segregated 245 

alloying elements at the cell walls provide an extra solid solution strengthening effect. 246 

Secondly, with the increase of stress, the impeded dislocations are allowed to transmit 247 

through the dislocation walls; meanwhile the pinning effect from the segregated atoms 248 

effectively stabilizes the dislocation network to maintain its size during the entire plastic 249 

deformation, enabling the stable plastic flow. In addition, the misorientation between cells 250 

can also contribute to the stability of the dislocation network as well as provides dislocation 251 

sources for the continuous plastic flow. Dislocation cells can also form in a wide range of 252 

metals after moderate to large strain. In contrast, such dislocation cells strengthen deformed 253 
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metals but reduce the tensile elongation. A major difference from the cells formed in SLM is 254 

that the wall of such dislocation cells is mobile and the cells shrink as the increase of the 255 

stress. The good stability of pre-existing dislocation network structure even at ultra-high 256 

stress level in our as-SLMed 316LSS is crucial for the enhancement of ductility.  257 

 258 

Figure 5. Tensile properties of the SLMed 316LSS from the present work and the wrought-annealed 259 

316LSS with average grain size of 17.5 µm from Ref. 22. a, Engineering tensile stress-strain curves. b, 260 

True stress-strain curves. c, Strain hardening rate curves. d, Comparison of the strain hardening rate 261 

and true stress of both SLMed and wrought-annealed 316LSS. Bar specimens with gage diameter and 262 

length of 3 mm and 12 mm were used for tensile test of SLMed samples. Plate specimens with gage 263 

dimensions of 12.5 × 57 × 0.75 mm was used in Ref. 22 for the tensile test of wrought-annealed 264 

samples.  265 
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In general the increase of ductility is achieved by delaying the onset of necking. The necking 266 

caused by plastic instability takes place when the Hart criterion is satisfied (d𝜎
dε

+ 𝑚 ∙ 𝜎 ≤ 𝜎, 267 

where 𝜎 is the true stress, 𝜀 is the true strain and m is the strain rate sensitivity). So both the 268 

strain hardening (dσ
dε

) and strain rate hardening (𝑚 ∙ 𝜎) contribute to the delay of necking.37 269 

In wrought-annealed 316LSS, the contribution from strain rate hardening is not significant 270 

due to a negligible m value at the latter stage of plastic deformation.28 In contrast, SLMed 271 

316LSS shows notable elongation after the flow stress outweigh the strain hardening rate, 272 

which is presumably from the contribution of strain rate hardening (Fig. 5d). Similar to the 273 

ultrafine and nanocrystalline Ni,41 the concentrated dislocations in dislocation walls lead to a 274 

small activation volume and hence a high m value. Besides nano-twins formed during 275 

deformation can also cause the increase of m value. On the other hand, the evolution of 276 

strain hardening rate also plays an important role for the high tensile elongation of SLMed 277 

316LSS. The strain hardening rate of SLMed 316LSS starts at a low value but maintains stable 278 

and even gradually increases during entire plastic deformation till the failure. While the 279 

wrought-annealed 316LSS shows initially high strain hardening rate but with substantial 280 

decrease afterward (Fig. 5c). The difference in the strain hardening rate is highly related to 281 

the distinct microstructural evolution processes in the two 316L stainless steels due to the 282 

different stability of the dislocation cellular structure. In SLMed 316L, the pre-existing 283 

dislocation network structure formed during manufacturing is pinned by the elements 284 

segregation and the misorientation across the cell walls. The characteristic size of the 285 

dislocation network structure is retained even at the late stage of the plastic deformation 286 

when high flow stress is reached. The misorientation across the cell walls can also act as 287 

dislocation source. These enable continues dislocation motion, nanotwins formation and 288 
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thus the stable plastic flow during the entire plastic deformation. Meanwhile the formation 289 

of nano-twins promoted by the dislocation network also contributes to the strain hardening 290 

through dynamic Hall-Petch effect to delay the necking. On the contrary, in wrought-291 

annealed 316LSS, dislocation network structure forms during plastic deformation, which 292 

contributes to strain hardening rate in the beginning. However, the cells later shrink to small 293 

sizes and the dynamic recovery at cell boundaries leads to the decrease of work hardening 294 

rate. 42-44  295 

 296 

Figure 6. Different scanning speeds result in different sizes of the dislocation cells. a-d, SEM images 297 

from the etched surfaces of the samples built with laser scanning speed of (a) 7000 mm/s; (b), 4250 298 

mm/s; (c) 850 mm/s and (d) 283 mm/s. 299 

Importantly the cell size and morphology of the dislocation network which are sensitive to 300 

the cooling rate and temperature gradient are also tunable by changing the cooling speed. 301 

As shown in Fig. 6, the cell size of the dislocation network is effectively adjusted to be 302 

around 200 nm, 250 nm, 500 nm and 1 µm, respectively, by using different scanning speed 303 

(7000, 4250, 850 and 283 mm/s) to tune the cooling speed. It indicates that the mechanical 304 
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properties of SLMed alloys can be designed purposefully based on its controllable 305 

microstructure-properties relationship. 306 

4. Conclusions 307 

To sum, besides the ability to produce complex shaped parts, the AM processes also provide 308 

ultra-fast cooling rate during solidification which results in unique microstructure that 309 

consequently leads to outstanding mechanical properties in bulk metal parts that is not 310 

possible to be achieved by any other so far established manufacturing method. A systematic 311 

SEM and TEM work reveals that the dislocation network with the accompanying segregation 312 

of alloying elements acts as stable and “soft” barriers that hinder dislocation motion for 313 

strength but meanwhile guarantee continuous plastic flow by allowing dislocations from 314 

transmitting. This strategy to improve both the strength and ductility by introducing a 315 

dislocation network may also be applied to other alloys with low stacking fault energy. In 316 

addition, the mechanical properties can potentially be designed purposefully since its 317 

microstructure is directly tuneable by scanning parameters. This work paves the way for 318 

developing high performance metals with desired mechanical properties by in situ tailoring 319 

the microstructure during the manufacturing process thus further boosting the AM as a 320 

disruptive technology to reshape the manufacturing.  321 
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