
Rare Metal Materials and Engineering 

Volume 49, Issue 12, December 2020 

Available online at www.rmme.ac.cn 

 

 

Cite this article as: Rare Metal Materials and Engineering, 2020, 49(12): 4031-4040. 

 

               

Received date: April 17, 2020 

Foundation item: National Natural Science Foundation of China (51875452, 51804251) 

Corresponding author: Zong Xuewen, Ph. D., Associate Professor, School of Mechanical Engineering, Xi’an University of Science and Technology, Xi’an 710054,  

P. R. China, Tel: 0086-29-85583159, E-mail: zongw007@xust.edu.cn 

Copyright © 2020, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved. 

ARTICLE 

 

Science Press 

 

Anisotropy in Microstructure and Impact Toughness of 316L 

Austenitic Stainless Steel Produced by Selective Laser 

Melting 

Zong Xuewen

1

,    Liu Wenjie

1

,    Yang Yumeng

2

,    Zhang Shuzhe

3

,    Chen Zhen

3

 

 

1 

School of Mechanical Engineering, Xi’an University of Science and Technology, Xi’an 710054, China�

2

 AVIC Optoelectronic Technology Co., 

Ltd, Luoyang 471023, China; 

3 

School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China 

 

 

Abstract: Anisotropy of microstructure and impact toughness of 316L austenitic stainless steel fabricated by selective laser melting 

(SLM) was studied. The microstructures were characterized by optical microscope (OM), X-ray diffraction (XRD), scanning 

electron microscope (SEM) and electron backscatter diffraction (EBSD). The impact toughness tests were carried out using a metal 

pendulum tester. The results show that both the microstructure and impact toughness of SLM processed 316L stainless steel exhibit a 

fancy anisotropy. The phase in the X/Y and Z direction is the γ-Fe phase, and its structure perpendicular to Z direction is in a 

checkerboard morphology. Most of the grains are refined (d

mean

=9.177 µm) and show equiaxed morphology, especially in the 

overlapped area of the molten pool, grains are observed to be finer (maximum 6 µm). However, the columnar grain parallel to the Z 

direction resembles a fish-scale pattern, with an average diameter of 21.247 µm. Meanwhile, the texture perpendicular to the Z 

direction exhibits a strong fiber texture <110>//rolling direction (RD) and a weak plate texture {112}<110>, while the texture 

parallel to the Z direction exhibits a strong fiber texture <110>//RD. Under a similar density condition, the impact toughness of X/Y 

direction and Z direction is 62.8±3.2 and 38.6±4.5 J, respectively, and the impact toughness of the X/Y direction is 62.69% higher 

than that of the Z direction. Also, grain size, grain boundary misorientation and texture type have an significant effect on the 

anisotropy of impact toughness. The grains perpendicular to the building direction are also refined with an increased grain boundaries 

with large angles and an enhancement in the grain toughness. Since the fiber texture <110>//RD shows a low impact toughness 

resistance, plate texture {112}<110> exhibits a good impact toughness resistance, and the <110>//RD texture perpendicular to the Z 

direction has low strength and weak {112}<110> texture exists, the impact toughness of X/Y direction is preferred. 
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316L stainless steel is a typical ultra-low carbon austenitic 

stainless steel, which is characterized by high corrosion 

resistance, good biocompatibility, high oxidation resistance 

and excellent comprehensive mechanical properties, and 

widely used in aerospace, petrochemical, automotive industry 

and biomedical fields

 [1-3]

. In recent years, the preparation of 

some specific and complex parts of aircraft 316L stainless 

steel by selective laser melting (SLM) has been a research 

focus. Through comparison with the traditional molding 

technology, it has the advantage of producing arbitrarily 

complex parts without any requirement for mold, thus 

shortening the production cycle

 [4,5]

. Up to now, researches are 

mainly focused on exploring the characteristics of 316L 

stainless steel powder, optimization of the process parameters, 

density and mechanical properties. Kamath et al

[6]

 processed 

316L stainless steel samples with a laser power of 400 W, 

layer thickness of 30 µm and scanning speed of 300~800 

mm/s, and the density reached approximately 99.3%~99.5%. 

Casati et al

 [7] 

analyzed the microstructure and fracture 

behavior of SLM processed 316L austenitic stainless steel to 
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investigate the influence of processing mode on micro- 

structure, texture, and tensile fracture mechanism. Surya- 

wanshi et al

[8] 

studied the quasi-static mechanical properties of 

316L stainless steel processed by SLM to obtain the crack 

propagation mechanism during the process. Wang et al 

[9]

 

produced 316L stainless steel by SLM and found that the yield 

strength and tensile ductility performance of 316L stainless 

steel are both higher than those of the traditional manufacture. 

Gray et al

[10]

 investigated the dynamic compression 

mechanical properties and spalling characteristic of 316L 

stainless steel materials prepared by SLM, and discussed the 

effect of heat treatment on the quality of SLM. Yasa et al

[11]

 

studied the influence of heat treatment methods on the impact 

toughness of 316L stainless steel formed by SLM. Wu et al

 [12]

 

investigated the anisotropy of impact toughness of TC4 titanium 

alloy formed by SLM and analyzed the influence of different 

forming defects on impact toughness. However, there is 

inadequate systematic research on the impact toughness of 

SLM-fabricated 316L stainless steel, especially the relationship 

among microstructure, texture, fracture behavior and toughness. 

In this study, 316L stainless steel impact test samples were 

successfully prepared by SLM. The microstructure, textures, 

fracture behavior and the impact toughness of the impact 

specimens in the X/Y and Z directions were studied, which 

provides a certain reference for the application of 316L 

stainless steel. 

1  Experiment 

In this research, 316L stainless steel metal powder was 

atomized with water, and the chemical composition of the 

powder is shown in Table 1. The powder particles are 

approximately regular spheres with a diameter of 20~80 µm, 

and the average particle size is 37.058 µm, as shown in Fig.1. 

The oxygen content of the powder is less than 500 µL/L, and 

the powder flowability is less than 18 s/50 g. Rectangular 

samples were processed by the SLM150 system (China 

Zhongrui 3D Technology Co., Ltd). A scanning angle rotating 

by 67° around the Z-axis for each layer was adopted, as shown 

in Fig.2a. The experiment was carried out in a nitrogen- 

protected environment, with an oxygen concentration below 

100 µL/L. The models were placed on the construction platform 

with a maximum size of 150 mm×150 mm×200 mm, and a 

weight capacity of 20 kg. The fiber laser had a maximum output 

of 500 W, a laser wavelength of 1064 nm and a spot diameter of 

70 µm. The optimized parameters were adopted: laser power 

200 W, scan speed 800 mm/s, hatching space 0.06 mm and layer 

thickness 0.03 mm. The size of the fabricated impact sample 

was 55 mm×10 mm×10 mm, as shown in Fig.2b. 

 

Table 1  Chemical composition of 316L stainless-steel 

powder (wt%) 

Cr Ni Mo Si Mn P Fe 

17.92 12.04 2.42 0.52 0.051 0.035 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  SEM image of 316L austenitic stainless-steel powder (a) and 

powder particle size distribution (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Scanning mode of 316L austenitic stainless-steel (a) and 

schematic diagram of impact samples (b) 
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The XY plane of the transverse samples and XZ plane of the 

vertical samples were taken for the structure analysis. An 

observed area was plane composed of a transverse (TD) and a 

rolling direction (RD), which was the building direction 

EBSD observation. It was performed using JSM-7001F field 

emission scanning electron microscope equipped with an 

SEM-EBSD system on an electron microscope. XRD was 

used for phase analysis. After the observation, the specimen 

was prepared by side grinding and polishing, and its 

metallographic structure was observed by aqua regia corrosion. 

The impact samples formed by SLM were tested by the 

ZBC2000 series metal pendulum testing machine and the 

pendulum energy was set as 150 J. Under the condition of 

normal temperature 21 °C, the specimen was impacted, and 

the fracture morphology of the specimen was analyzed. 

2  Results and Discussion 

2.1  Microstructure  

Fig.3 shows the optical micrographs of the SLM processed 

samples in the XY plane and XZ plane. As shown in Fig.3a and 

3b, the morphology of the molten pool in the XY plane of the 

sample has a checkerboard pattern, the lapping effect is good, 

and there are no holes and lap defects on the surface. 

According to Fig.3c and 3d, the morphology of the molten 

pool in the longitudinal section of the sample looks like a 

fish-scale 

[13]

, the overlap rate is high, and no pores are found 

on the surface. Also, the height of the molten pool is 50~70 

µm and the width is 100~130 µm. This is a combined effect of 

the temperature gradient of the molten pool that is directly 

determined by laser energy density, the fluidity of the molten 

metal and the overlap effect between the melting channels, 

thus promoting the stability of the molten pool and the overlap 

rate of the sample formation. 

Fig.4a shows that the XY plane morphology of the grains 

are equiaxed morphology, the grain size is small with an 

average diameter of 9.177 µm, and the grain diameter is 

distributed in the range of 1.692~70.175 µm with a dispersion 

degree of 9.582. In particular, the grains in the re-melting area 

of the melting pool are fine (below 6 µm), as shown in Fig.5, 

which is a result of twice laser scanning upon the overlapped 

area, making the grain size finer after re-melting

[13,14]

. As can 

be seen from Fig.4b, most of the grains in the XZ plane are 

columnar crystal morphology, the grain size is large with an 

average diameter of 21.247 µm, and the grain diameter is 

distributed in the range of 5.136~97.694 µm with a dispersion 

degree of 15.382. The main distribution is about 15 µm, the 

grain distribution in adjacent regions is not obvious and the 

grain size is larger than that in the XY plane. 

Through the above comparison, grains in the XY plane are 

refined and the average diameter is reduced by 66.32% 

compared to the XZ plane. An obvious difference in adjacent 

grains is observed, with a low degree of dispersion, but the 

dispersion degree is low. Meanwhile, according to the 

Hall-Petch relationship, the mechanical properties depend on 

the size of grains, grain morphology and texture

[15,16]

: 

1

2

s 0

σ σ Kd

−

= +                                  (1) 

where σ

s

 is the yield strength, σ

0

 is the material correlation 

coefficient, K is the coefficient of grain boundary’s influence 

on strength, and d is grain size. According to the dislocation 

theory, the stress is concentrated in the grain boundary, and if 

the dislocation accumulation and stress are high enough, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Optical micrographs of SLM-ed 316L samples: (a, b) XY plane and (c, d) XZ plane 
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Fig.4  Grain size distribution of SLM-ed 316L samples: (a) XY plane 

and (b) XZ plane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Ultra-fine grain distribution of SLM-ed 316L samples: (a) XY 

plane and (b) XZ plane 

 

slippage will spread from one grain to another, and then yield 

occurs

[17]

. Therefore, the grain of the XY plane is refined and 

the properties of the material are well promoted. 

Fig.6 shows the distribution of grain orientation obtained by 

EBSD; the small-angle grain boundary (LAGBs, θ≤15°) and 

large-angle grain boundary (HAGBs, θ>15°) are represented by 

green and black, respectively. As shown in Fig.6, LAGBs on the 

XY plane and XZ plane are 73.14% and 88.45%, respectively, 

indicates that LAGBs are more suitable for the building 

direction of SLM processed samples. HAGBs on the XY plane 

are higher than on the XZ plane, because the repeated re-melting 

of the adjacent fusion pool promotes the grain refinement and 

the increase of HAGBs. It is well known that LAGBs are 

caused by severe deformation, which also indicates the density 

of dislocation, so the more LAGBs, the more dislocation. 

However, HAGBs are usually expressed as recrystallized grain 

boundaries

[15]

. Therefore, the XY plane with large LAGBs 

obtains a preferred match of strength and toughness. 

However, the deformation of the sample is not uniform due 

to different deformation capacities of the crystals. Fig.7 shows 

the Schmid factor (SF) distribution of SLM samples, in which 

different colors represent different crystal deformation capa- 

cities. As the values changes from 0 to 0.50 (color changes 

from blue to red), the crystal changes from hard to soft 

orientation

[18]

. As shown in Fig.7, the value of the Schmid 

factor of the samples in both directions ranges from 0.28 to 

0.5, so the crystals of SLM processed samples exhibit soft 

orientation ability. It is well known that the plastic deforma- 

tion of a single crystal at the microscopic scale is chara- 

cterized by slip and twinning and belongs to shear strain. On 

the slip plane, the critical sectorial stress along the slip direction 

and the applied normal stress obey the following formula: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Grain orientation difference and distribution of SLM-ed 316L 

samples: (a) XY plane and (b) XZ plane 
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Fig.7  Schmid factor distribution of SLM-ed 316L samples: (a, b) XY plane and (c, d) XZ plane 

 

τ

σ

=σ

s 

cosλcosφ                                  (2) 

where SF=cosλcosφ, φ is the angle between stress and the 

direction normal to the slid plane, λ is  the angle between 

stress and the sliding direction, τ

σ

 is the material coefficient, 

and σ

s

 is material yield strength. The larger the Schmid factor, 

the easier the slip system to initiate, and the easier the material 

to deform, then lowering the yield strength

[19]

. Fig.7b and 7d 

show that the Schmid factor values of the XY plane and XZ 

plane are 0.425 19 and 0.453 53, respectively. Therefore, the 

XZ plane slip system is easier to initiate, and the material is 

easier to deform. 

Fig.8 shows the local misorientation difference distribution 

(LMAA) of SLM processed samples. As shown in Fig.8a and 

8b, the average local misorientation, the maximum misorien- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Local misorientation distribution of SLM-ed 316L samples: (a, b) XY plane and (c, d) XZ plane 
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tation, and the minimum misorientation on the XY plane are 

2.050°, 4.94°, and 0°, respectively. The higher local misorien- 

tation is mainly distributed in the overlapped area. As shown in 

Fig.8c and 8d, the average local misorientation, the maximum 

misorientation, and the minimum misorientation on the XZ 

plane are 3.091°, 4.99°, and 0°, respectively. Since LMAA 

qualitatively denote the uniformity of plastic deformation, a 

higher value indicates a greater degree of plastic deforma- 

tion

[20]

. Therefore, the degree of plastic deformation of the XY 

plane is small, but the strength is high, and the local misorien- 

tation of the XY plane is related to the re-melting region. 

2.2  Phase analysis 

According to the XRD patterns (Fig.9), the phase of the XY 

plane and XZ plane of SLM samples and the powder is mainly 

composed of the γ-Fe phase (fcc). In comparison with the 

standard austenitic powder 316L, the diffraction peaks of (111) 

and (200) of the XY plane and XZ plane of the SLM processed 

samples change greatly. In the XY plane, the peak value of 

(111) diffraction increases by about two times, the peak strength 

of (200) increases by about two times, and the intensity of other 

diffraction peaks also changes to some extent. In the XZ plane, 

the peak value of (111) diffraction increases by approximately 

three times, and the peak strength of (200) increases by about 

1.5 times. This indicates that the building direction has a 

significant effect on the formation of texture in SLM. 

2.3  Texture analysis 

As shown in Fig.10, on the XY plane, the grain direction 

distribution is slightly random, but the re-melting zone is 

mainly on the (101) plane. However, on the XZ plane, grain 

direction distribution is mainly along (111) and (101) plane; 

this indicates that the grain has a strong crystal orientation 

<110> in the XZ plane, and the grain orientation is random in 

the XY plane. It can be seen from the pole figure (Fig.11) that 

the XY plane has a strong fiber texture <110>//RD (texture 

intensity of 7.83) and a weak plate texture {112}<110>, while 

the XZ plane is mainly composed of a strong fiber texture 

<110>//RD (texture intensity of 12.23), which is due to the 

high-temperature gradient and the fast cooling rate (10

5

 K/s) 

in SLM process

[21,22]

. This is further confirmed by the orien- 

tation distribution function (Fig.12). 

2.4  Impact toughness 

Fig.13 shows the impact energy of SLM processed samples 

in X/Y direction and Z direction with value of 62.8±3.2 J and 

38.6±4.5 J, respectively. The impact energy of the X/Y direc- 

tion is higher than that of the Z direction and increases by 

62.69%, but the density of samples in both directions is 99.6%. 

This shows that even if the relative density of the two samples 

is the same, the forming direction has a significant effect on 

the impact toughness of SLM processed 316L samples. 

Therefore, the 316L stainless steel sample formed by SLM has 

obvious anisotropy of impact toughness.  

2.5  Impact fracture morphology 

Fig.14 shows the fracture morphologies of impact samples in 

both the X/Y direction and Z direction. As shown in Fig.14a~14c, 

the impact fracture morphology of the transversal samples is 

macroscopically flat with a large number of dimples dispersed 

on the surface, and the tearing ridge is less noticeable. As shown 

in Fig.14d~14f, the impact fracture morphology of the vertical 

samples shows that the tearing is larger and the dimples are 

smaller and less noticeable. Through the comparison, it can be 

seen that the fracture surface of transverse samples are charac- 

terized by large and deep dimples, which indicates more impact 

energy absorption during the impact test, and consequently 

 

 

 

 

 

 

 

 

 

 

 

�

�

Fig.9  XRD patterns of SLM-ed 316L samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Grain orientation distribution of SLM-ed 316L samples (IPF): (a) XY plane and (b) XZ plane 
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Fig.11  Polar figure of SLM-ed 316L samples (IPF): (a) XY plane and (b) XZ plane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Orientation distribution function (ODF) of SLM-ed 316L samples: (a) XY plane and (b) XZ plane
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2.6  Discussion 
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The basic relationship between the grain size and toughness 
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uniform force within the material, and it is not easy to crack

[23]
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Fig.13  Impact energy of SLM processed samples in X/Y direction 

and Z direction 

 

Grain size has a great influence on cleavage fracture strength, 

and the relationship between cleavage fracture strength and 

grain size is as follows

[24-26]

: 

1

2

f

4Gγ

σ d

d

−

= ∝

���������������������������    (3) 

where σ

f

 is cleavage fracture strength, d is the grain diameter, 

G and γ are the shear modulus of the metal and the surface 

energy of crack, respectively. Refining grains can improve 

cleavage fracture strength while lower the ductile-brittle 

transition temperature (T

c

) 

[27]

. SLM processed 316L austenitic 

stainless-steel undergoes a high-temperature gradient and ex- 

tremely fast cooling rates, resulting in significant differences 

in grain sizes in the X/Y direction and Z direction. As shown in 

Fig.4 and Fig.5, the average grain diameter of the XY plane 

grains is 9.177 µm. In particular, the average grain diameter in 

the fusion pool re-melting area is smaller than 6 µm, while the 

grain diameter in the XZ plane is 21.247 µm, Therefore, grains 

are refined in the X/Y direction of SLM samples, leading to an 

increased grain boundaries and consequently an increased 

cleavage fracture strength, and decreased ductile brittle 

transition temperature. There is apparent impact toughness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14  Fracture morphologies of impact samples: (a~c) X/Y direction and (d~f) Z direction 
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anisotropy in the SLM samples. 

The effect of small-angle grain boundary on cleavage crack is 

weak, and the brittle crack cannot be stopped effectively. 

Whereas the effect of large-angle grain boundary on cleavage 

crack is strong

[28,29]

, as the number of large angular grain 

boundaries increases, the cleavage crack growth is hindered. As 

shown in Fig.15, the portion of large-angle grain boundary of the 

XY plane is 26.86%, which is increased by 1.33 times compared 

to that of XZ plane (11.55%), and large-angle grain boundary in 

the XY plane and XZ plane is 26.86% and 11.55%, respectively. 

Since the XY plane has finer grains with large grain boundary 

where the atoms are disorderly arranged, crack deflection occurs 

and crack propagation can be effectively resisted, thus improving 

the impact toughness. As a result, the large-angle grain boundary 

of 316L stainless steel formed by SLM has an obvious influence 

on the impact toughness anisotropy. 

2.6.2  Effect of texture on impact toughness 

The strength and toughness of material strongly depend on its 

texture

[30,31]

. However, the relationship between the texture types 

and mechanical properties is yet to be established

[32]

. Yang et 

al

[30,31]

 studied the effect of texture and layering on ductile 

anisotropy in API X100 pipeline steel, and it was found that 

texture type and strength have obvious influence on the 

anisotropy of impact toughness, while {001}<110> texture is 

bad for toughness and makes steel brittle, and the texture of 

{112}<110> and {332}<113> can obtain better impact 

performance. As shown in Fig.8~10, there are strong fiber 

texture <110>//RD and weak sheet texture {112}<110> on the 

XY plane of SLM processed 316L stainless steel samples, while 

the XZ plane has much stronger fiber texture <110>//RD than the 

XY plane. Analysis has shown that the fiber texture <110>//RD is 

bad for the impact toughness, while the sheet texture 

{112}<110> is good for the toughness. Therefore, contrast to the 

XZ plane, the XY plane <110>//RD has low texture strength, and 

the existence of {112}<110> texture improves the toughness. 

Meanwhile, combined with Fig.12, it is obvious that the 

toughness of the XY plane is better than that of the XZ plane, and 

texture leads to obvious anisotropy of impact toughness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15  Grain boundary distribution of SLM-ed 316L samples 

3  Conclusions 

1) In the SLM process, the extremely high-temperature 

gradient and rapid cooling rate (10

5

 K/s) promote the 

non-equilibrium transformation of the molten pool and the 

formation of ultrafine grains, resulting in anisotropy of 

microstructure and mechanical properties. 

2) The microstructure of 316L austenitic stainless steel 

processed by SLM has obvious anisotropy. The microstructure 

perpendicular to Z direction has checkerboard morphology, and 

grains are mostly equiaxed morphology and refined (d

mean

= 

9.177 µm). In particular, the grains in the re-melting area of 

the molten pool are finer (below 6 µm). The microstructure in 

Z direction shows a fish-scale morphology, and most of grains 

are columnar morphology with larger grain diameters 

(d

mean

=21.247 µm) and small angle grain boundaries. 

3) The Schmid factors perpendicular and parallel to the 

building direction are 0.425 19 and 0.453 53, respectively. All 

crystals belong to soft orientation, and the average local 

misorientation perpendicular to the Z direction is small. There- 

fore, the plastic deformation is low, but the strength is high. 

Meanwhile, the local misorientation perpendicular to Z 

direction has an obvious relationship with the re-melting area. 

4) Phases perpendicular and parallel to the building 

direction of SLM processed 316L stainless steel are γ-Fe 

phase. Microstructure in the direction perpendicular to the Z 

direction has strong fiber texture <110>//RD and weak sheet 

texture {112}<110>, while in the direction parallel to the Z 

direction, it is strong fiber texture <110>//RD. It is further 

confirmed that the increase of peak strength at (100), (200) 

and (220) is related to the formation of texture. 

5) The impact toughness of SLM processed 316L austenitic 

stainless steel has obvious anisotropy. The density is 99.6% in 

both X/Y direction and Z direction, but the impact energy is 

62.8±3.2 and 38.6±4.5 J, respectively; the impact toughness of 

the transversal section is 62.69% higher than that of the 

vertical. Meanwhile, grain size, high angle boundary and 

texture type have significant effects on anisotropy of impact 

toughness. The grains in plane perpendicular to the building 

direction are refined with a large number of high angle grain 

boundaries, the cleavage fracture strength increases and the 

ductile and brittle transition temperature is reduced, so the 

toughness is better. Since fiber texture <110>// RD is bad for 

impact toughness, and plate texture {112}<110> is good for 

toughness, the strength of the direction perpendicular to the 

building direction with strong texture of <110>// RD and weak 

{112}<110> texture is lower than that parallel to the building 

direction, but the toughness of X/Y direction is better. 
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