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Abstract: A 316L stainless steel material is widely used in the design of impact-resistant structures. Using selective 

laser melting (SLM) technology to form 316L stainless steel to study its mechanical behavior under dynamic loading 

is vital to improve the service performance of this product. This study investigates the dynamic compression 

mechanical properties and the constitutive models of 316L stainless steel specimens formed at different scanning 

speeds. The quasi-static and dynamic compression mechanical properties of SLM316L stainless steel specimens 

formed at four scanning speeds were tested using an electro-hydraulic servo experimental system and split Hopkinson 

pressure bar experimental apparatus. Microstructure observation was used to analyze the differences in the mechanical 

properties of specimens with different forming parameters. Finally, the modified Johnson-Cook (J-C) constitutive 

model was established and compared with the experimental data to illustrate the applicability of the modified model in 

describing the dynamic mechanical properties of SLM316l stainless steel. In dynamic compression mechanics 

experiments, the results show that SLM316L stainless steel specimens exhibit typical viscoplastic characteristics and 

significant strain rate strengthening effects. Furthermore, the scanning speed significantly affects the stacking 

characteristics of SLM-formed specimens, and the yield strength in axial compression decreases with the loss of 

stacking characteristics. Finally, the modified J-C model can accurately describe the mechanical properties of 

SLM316l stainless steel. This study can provide a theoretical model and methodological support for the design and 

development of SLM316l stainless steel. 

Keywords: 316L stainless steel; Selective laser melting; Mechanical properties; Constitutive module 

1 Introduction 

Selective laser melting (SLM) is one of the typical additive manufacturing (AM) technologies [1,2]. This 

technology enables the rapid preparation of complex structural parts and has the advantages of a short forming cycle 

and high material utilization rate [3-5]. It has a broad application prospect in the field of metal parts manufacturing 

[6-8]. 316L stainless steel is a common metal material formed by SLM technology, which has good mechanical 

properties and is widely used in the aerospace, automotive industry, and other fields. Formed SLM316L stainless steel 

components are often used in the design of compressive structures [9,10]. However, the dynamic mechanical 

properties of SLM316L stainless steel developed by different process parameters vary greatly. Therefore, clarifying 
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the dynamic mechanical properties of slm316l stainless steel with varying parameters of the process, establishing the 

constitutive model for ensuring the service safety of the material, and realizing the optimal design of the product are 

of great significance. 

In recent years, many researchers have made extensive studies on the microstructure and mechanical properties 

of SLM stainless steel materials around process parameters, such as laser power, scanning speed, and powder feeding 

rate. For example, optimizing the laser energy density can enhance the intensity of SUS316L material [11], and 

choosing a reasonable scanning speed can improve the surface quality and increase the hardness of 316L material 

[12]. Furthermore, the forming angle and scanning strategy also significantly affect the microstructure and tensile 

strength of SLM316L material [13,14]. Some scholars have optimized the Johnson-Cook (J-C) model to predict the 

dynamic mechanical behavior of materials at high strain rates more accurately. Zhou et al. [15] analyzed the 

stress-strain curve obtained from the SHPB experiment and modified the J-C model of Ti6Al4V based on dislocation 

stacking theory. Zhu et al. [16] modified the strain rate hardening coefficient in the J-C model by studying the 

adiabatic heating of the specimen in the SHPB experiment. Seo et al. [17] carried out a wide strain rate tensile test on 

304/316 stainless steel. They improved the J-C model by combining the relationship between plastic strain and strain 

rate to reduce the error between the model and experimental data at different strain levels. 

Given the existing literature, studies on the dynamic compressive mechanical behavior of SLM316L stainless 

steel materials prepared by different forming processes under high strain rates are limited. The present study prepared 

four kinds of SLM316L stainless steel samples at different scanning speeds and tested their quasi-static and dynamic 

compression mechanical properties. The microstructure of slm316l stainless steel formed by different processes was 

analyzed to clarify the micro mechanism of mechanical properties difference. Finally, the J-C model of the material is 

established to describe its quasi-static and dynamic compression mechanical behavior, and the applicability of the 

constitutive model is illustrated by comparing it with the experimental data. This study can provide a theoretical basis 

for achieving the ideal mechanical properties of slm316l stainless steel under impact load. 

2 Preparation of experimental materials and samples 

This study used the TB-SLM100 laser-selective melting equipment as the forming device equipped with a 

single-mode fiber laser IPG500W with a wavelength of 1064 nm and its spot output in a circular pattern with a 

diameter of 70 μm. The experiments used spherical 316L stainless steel powder prepared by aerosolization method as 

the raw material. Figure 1 shows the powder’s microscopic morphology. Most of the particles are spherical, and a few 

are irregularly shaped, indicating good sphericity. The particle size distribution was 15–53 μm. Table 1 shows its 

chemical composition. 
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Fig 1. Microstructure of SLM316L stainless steel powder 

Table 1 Chemical components of 316L stainless powder 

Composition C Si P S Mn Mo Ni Cr Fe 

Mass fraction/% ≤0.03 ≤1.00 ≤0.035 ≤0.03 ≤2.00 2.00~3.00 12.2 16.00~18.00 Bal 

In the experiment, the laser power (180 W), scanning distance (0.1 mm), and powder thickness (50 μm) were 

controlled unchanged. Under the scanning speed of 350, 650, 950, and 1250 mm/s, the Φ12×5 mm cylindrical 

specimen was prepared for the quasi-static mechanical test, and the Φ12×15 mm cylindrical specimen was prepared 

for the dynamic mechanical test. Figure 2 shows the real object of the formed part. 

       

(a) 350 mm/s                 (b) 650 mm/s                 (c) 950 mm/s               (d) 1250 mm/s 

Fig 2. Physical drawings of SLM316l stainless steel with different process parameters 

3 Mechanical properties analysis of quasi-static and dynamic compression 

3.1 Quasi-static mechanical property test 

Quasi-static compression experiments were performed on SLM316L stainless steel specimens (φ12×15 mm2) at 

room temperature (25 °C) by using the MTS Landmark® 370.5 electrohydraulic servo experimental system (Figure 3). 

The specimens were fixed at the center of the base, and lubricant was applied to the specimens’ ends to reduce the end 

friction between the specimens and the chucks. The accuracy of the experimental results is ensured by adding an 

external tensiometer to the equipment. Following specimen size, the chunk loading speed was set to 0.015 mm/s, and 

the control strain rate was 0.001 s−1. Each state specimen had three sets of experiments. 
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Fig 3. Quasi-static compression experiments 

3.2 Dynamic mechanical property test 

An SHPB experimental apparatus was used to perform dynamic compression mechanical experiments at high 

strain rates. The composition of the apparatus, which consists of a loading device (air gun), a compression bar device 

(impact, incidence, and transfer bars), a data acquisition system, and a damping absorber, is presented in Figure 4. The 

material of each bar was low alloy steel with an elastic modulus of 210 GPa, a density of 7.83 g/cm3, and a wave 

speed of approximately 5100 m/s. 

 

(a) Physical drawing of SHPB experimental device 
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(b) Schematic diagram of SHPB experimental device 

Fig 4. SHPB experimental device 

The SLM 316L stainless steel cylindrical specimen (φ12×5 mm2) was clamped between the incident bar and the 

transfer bar, and lubricant was applied to the contact area at both ends of the specimen to reduce the end-face friction 

effect. The striking bar was pushed by the air gun into the incident bar, generating a transient pulsed incident stress 

wave i , which was transmitted through the incident bar to the interface between the specimen and the incident bar. 
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In this process, part of the stress wave was reflected onto the incident bar, forming the reflected stress wave 
r . The 

rest was transmitted into the transmission bar, forming the transmitted stress wave 
t . The three stress waves 

generated elastic strains 
i  , 

r , and 
t in the incident and transmitted rods. Then, the strain rate  t& , strain 

 t , and stress  t  of the material were obtained following the principle of the linear superposition of 1D stress 

waves, as shown in Equation(1), and transformed into stress-strain curves [18,19]. 
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&                                        (1)  

In Formula (1), 
0c , E and A  are the elastic wave velocity, elastic modulus, and cross-sectional area of the 

compression bar, respectively; 
0L and 

0A are the original length and cross-sectional area of the specimen, 

respectively. 

4 Analysis of static and dynamic mechanical properties 

Figure 5 shows the stress-strain curves of 316L stainless steel samples with four scanning speed process 

parameters in quasi-static (0.001s−1) and dynamic (102−104s−1) compression mechanical properties tests. The 

quasi-static and dynamic stress-strain curves are generally similar, which can be roughly divided into elastic and 

plastic stages, showing the common elastic-plastic characteristics with general metal materials. In the quasi-static 

curve, when the sample strain is less than 0.02, the stress increases linearly with the strain, and the elastic modulus 

remains constant, which is the elastic stage. After entering the plastic stage, no apparent yield phenomenon is 

observed in the figure because of the joint action of strain strengthening when the material yields. After the yield 

stage, the specimen enters the stable strain strengthening stage, and the stress value increases continuously with the 

increase of plastic strain. The material shows noticeable strain strengthening characteristics. In the dynamic 

stress-strain curve of a high strain rate, the mechanical response is the same as that of a quasi-static state. The linear 

elastic characteristics and strain hardening phenomenon of the material are apparent. However, the obvious upper 

yield point and lower yield point can be observed in the dynamic mechanical curve. This phenomenon is more evident 

with the increase of strain rate. 
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(a)950 mm/s                                     (d) 1250 mm/s 

Fig 5. Quasi-static and dynamic compressive stress-strain curves of specimens with four kinds of process parameters 

Comparing the peak yield stress in the high strain rate (102–104s−1) and quasi-static (0.001s−1) stress-strain 

curves, the specimens show obvious strain rate sensitivity under dynamic loading. When the strain rate increases from 

0.001 to 102s−1, the peak yield strength of 350, 650, 950, and 1250 mm/s specimens increases by 18.9%, 19.1%, 

15.5%, and 24.3%, respectively, and the average yield strength increases by 19.45%. The strain rate sensitivity of 

specimens is noticeable from quasi-static to dynamic loading. However, when the loading strain rate increases from 

102 to 104s−1, the peak yield stress does not change much. When the process parameters are 350, 650, 950, and 1250 

mm/s, the dynamic yield strength increases by 4.0%, 4.8%, 6.4%, and 9.9%, respectively, indicating that the strain 

rate hardening effect is weak when the compression strain rate is within the same order of magnitude. Furthermore, 

the figure shows that the yield strength of the sample formed at 1250 mm/s is significantly lower than that of the 

sample formed at 350−950 mm/s. Figure 6 shows the peak yield strength of four scanning speed specimens under 

different loading strain rates. 
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Fig.6 The peak yield strength of four scanning speed specimens under different loading strain rates 

5 Microstructure analysis of samples with different parameters 

The different process samples were ground with sandpaper along the laser scanning plane until the observation 

surface was flat and then polished mechanically to obtain a bright mirror. The metallographic specimens were etched 

in aqua regia (3ml HNO3 + 1ml HCl) for 10 s. The microstructure of the specimens was observed by Zeiss evo180 

scanning electron microscope. Furthermore, the samples of different processes were cut along the deposition direction, 

and the same metallographic treatment obtained the cross-section microstructure. 

Figure 7 shows the molten pool morphology of samples with different process parameters perpendicular to the 

laser scanning. Given the Gaussian distribution of laser energy, the highest energy is concentrated in the beam center, 

and the powder on both sides of the fusion line will be absorbed during scanning [20,21]. The morphology of the 

molten pool of the samples with various parameters in the figure is fish scale shape distribution, which is because of 

the stacking feature of the semi arc molten pool formed by layer by layer sintering and solidification of the metal 

powder after laser melting. By measuring the melt pool width, a difference is observed in the melt pool size formed 

with different process parameters. The width of the molten pool is approximately 138.00 μm at 350 mm/s. With the 

increase of scanning speed, the width of the molten pool decreases gradually (107.86 and 98.95 μm at 650 and 950 

mm/s). When the scanning speed reaches 1250 mm/s, no weld pool stacking feature is evident, and cracks and 

inclusions appear locally. 
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（a）350mm/s                                 （b）650mm/s 

  

（c）950mm/s                                （d）1250mm/s 

Fig 7. Morphology of the molten pool perpendicular to the laser scanning plane 

The analysis shows that the slower the scanning speed, the larger the heat conduction and radiation range per unit 

time, the stronger the fluidity of the solution, the larger the size of the molten pool, and the more pronounced the 

stacking phenomenon of the molten pool. When the scanning speed is excessively high, the metal powder cannot be 

fully melted, the liquid phase fluidity is poor, the fusion between layers is poor [22], and the unmelted powder 

inclusions and molten pool defects appear. 

Figure 8 shows the micromorphology of samples with different processing parameters parallel to the laser 

scanning plane. The figure presents the sample’s microstructure formed by SLM characterized by typical cellular 

crystal morphology, mainly composed of equiaxed crystal and columnar crystal. The direction of the fine columnar 

crystal changes, and the growth direction of different angles appears in the same micro-region. The analysis shows a 

surface tension gradient on the surface of the molten pool affected by the laser mode. Under the surface tension 

gradient effect, convection occurs in the molten pool, causing the local deformation of the molten pool, changing the 

direction of heat dissipation, and affecting the growth orientation of the columnar crystal. Furthermore, the shape of 

equiaxed grains is close to hexagon, which has the smallest interface energy and grains in a relatively stable 

equilibrium state. 
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（a）350mm/s                                      （b）650mm/s 

  

（a）950mm/s                                    （b）1250mm/s 

Fig 8. Micro morphology perpendicular to the laser scanning surface 

The microstructure of SLM316l stainless steel shows a cellular grain structure with a nanometer scale, which is 

much smaller than that of traditional rolling stainless steel. This structure is related to the SLM forming mode. The 

melt has a fast solidification rate and large undercooling during the solidification process, making nano-cellular fine 

structure possible. 

Analyzing the mechanical properties of SLM316l stainless steel samples with four parameters through 

microstructure observation reveals that the stacking characteristic is the key factor affecting the materials’ quasi-static 

and dynamic compression mechanical properties. When the scanning speed is excessively fast, the fusion between 

layers is poor, which eventually leads to the quasi-static and dynamic yield strength lower than other forming process 

samples. 

6 J-C constitutive model and dynamic mechanical characterization 

The constitutive relation of the metal material mainly reflects the stress-strain change rule under certain 

deformation conditions. The J-C constitutive model [23,24] is an elastic-plastic constitutive model, which can 

describe the dynamic mechanical properties of metal materials well. Given its simple formula and easy parameters, it 

has been widely used in industrial production. 
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The general formula is as follows: 

 
m

n 0

0 M 0

T T
= A B 1 Cln 1

T T

                        

&

&
.                         (2) 

In the formula: 

σ is the equivalent plastic stress; ε is the equivalent plastic strain; 

A, B, and n are the initial yield stress, hardening modulus, and hardening index at the reference strain rate and 

temperature; 

0&  and & are the quasi-static experimental strain rate and the equivalent plastic strain rate, respectively; 

C is the strain rate sensitivity coefficient; 

T, T0, and TM are the ambient temperature of the sample, room temperature (25°C), and melting point of the 

material, respectively, and m is the temperature sensitivity coefficient. 

This experiment’s quasi-static and dynamic compression mechanical properties were tested at room temperature 

(t= t0=25°C). Thus, Formula (2) can be simplified as follows: 

 n

0

= A B 1 Cln
  

     
   

&

&
.                                   (3) 

The parameters A, B, and n in Formula (3) are calibrated, and the stress-strain curve obtained from quasi-static 

compression experiment at room temperature (t =t0=25 °C) is used as reference data. Thus, Formula (3) can be 

reduced as follows: 

 n= A B   .                                        (4) 

Given the adiabatic temperature rise in dynamic compression, the yield strength A is obtained from the stress 

value at the plastic strain of 0.012 according to the quasi-static compression test of different process samples. The 

hardening coefficient B and hardening index n are obtained by fitting the data points in the strengthening stage of the 

static curve by Formula (4). Table 2 shows the parameters obtained by fitting. 

The strain rate sensitivity coefficient C in Formula (4) is calibrated. The plastic strain is 0 when the dynamic 

loading reaches yield. In this case, Formula (5) can be simplified as follows: 

0

=A 1 Cln
  

   
   

&

&
.                                      (5) 

Using Formula (5) to fit the yield strength of the material under different strain rates, the strain rate sensitivity 

coefficient C is obtained. Figure 9 shows the fitting curve. The fitting parameter C is listed in Table 2. 



 

 

11 

0 500 1000 1500 2000 2500 3000
450

500

550

600

650

700

750

800

850

 350data  350fitting

 650data  650fitting

 950data  950fitting

 1250data  1250fitting

Y
ie

ld
 s

tr
es

s/
M

P
a

Strain rate/s-1

 

Fig 9. Yield strength and its fitting curve under different strain rates 

 

Table 2. Parameters of the J-C constitutive model  

Process parameter (mm/s) 

 

parameter 

350 650 950 1250 

Yield Strength A/MPa 583 584 573 492 

Hardening modulus B/MPa 5086 4336 4554 4818 

Hardening index n 1.37 1.26 1.28  1.31 

Strain rate sensitivity coefficient C 0.01805  0.01861 0.01896 0.01812  

Material parameter C1  7.23e-4 1.37e-3 3.3e-3 1. 16e-3 

Material parameter m 0.77 0.69 0.60 0.75 

According to the parameters of the constitutive model, the basic models of 316L stainless steel samples under 

quasi-static and dynamic compression tests can be obtained. Based on the basic model, the quasi-static and dynamic 

compression experimental data of four process parameters SLM316l stainless steel are fitted, and the fitting results are 

shown in Figure 10. 
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(c)950 mm/s                                               (d)1250 mm/s 

Fig 10. The fitting curve of stress-strain based on the original J-C model 

The fitting diagram shows that the original J-C model can fit the stress-strain curve of slm316l stainless steel 

obtained from quasi-static (0.001s−1) compression test, but apparent differences are found between the fitting curve 

and the experimental stress-strain curve under high strain rate (102−104s−1) dynamic loading. It shows that the 

parameters A, B, and n in the J-C model are correct. However, the strain rate sensitivity coefficient C cannot 

accurately measure the strain rate sensitivity of materials. In order to better reflect the difference of material strain rate 

effect in different strain rate range, this paper uses the CS model [25–27] to obtain a relationship between the dynamic 

stress and strain rate of the material, which is expressed as: 

 m

1=A 1 C  &                                       （6） 

where C and M are material constants that describe the strain rate strengthening properties of the material. 

Using formula (6) to fit the yield strength of the material at different strain rates, the parameters C、m were 

obtained. the fitted curves are shown in Figure 11. the fitted parameters are listed in Table 2. 
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Fig11. The modified fitting curve of parameter C1、m 

According to the modified J-C constitutive model, the quasi-static and dynamic stress-strain curves of SLM316l 

stainless steel samples with four process parameters are refitted. Figure 12 shows the fitting results. 
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(c)950 mm/s                                              (d)1250 mm/s 

Fig 12. Stress-strain curve fitting after J-C constitutive modification 
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This study compares the fitting curve with the experimental curve. It concludes that the modified J-C constitutive 

model could better describe the mechanical behavior of SLM316l stainless steel under quasi-static and dynamic 

compression tests. Therefore, the modified J-C model has good applicability for predicting the quasi-static and high 

strain dynamic mechanical properties of SLM316l stainless steel. 

4. Discussion 

This study presented an experimental method for the design and development of SLM metal materials. The 

density and surface quality of SLM316l stainless steel samples formed at different scanning speeds and the 

mechanical curves of SLM316L stainless steel at low strain rate and high strain rate were measured. This study also 

analyzed the strain rate sensitivity and strain hardening phenomenon and the mechanical modification mechanism of 

SLM316L stainless steel at scanning speed from a microscopic angle. Finally, experiments obtained the density, 

surface roughness, and yield strength of SLM316l stainless steel and clarified the relationship between the above 

parameters and SLM scanning speed. 

In the design and development of SLM metal materials, the above parameters and characteristics are the key to 

clarify the mechanical behavior of materials under impact loading and improve the performance of shock-resistant 

parts in automotive and aviation fields. 

5. Conclusion 

This study obtained SLM316l stainless steel samples with four scanning speeds (350, 650, 950, and 1250 mm/s) 

by changing the laser scanning speed. The surface quality, static, and dynamic mechanical properties of samples with 

four parameters were studied. The density and surface roughness were measured. The quasi-static (0.001s−1) and 

dynamic (102−104s−1) compression experiments were carried out. The microstructure was observed, and the 

elastoplastic constitutive model was established. The analysis of the experimental results revealed the following: 

1. The quasi-static and dynamic mechanical behaviors of SLM316l stainless steel samples with four scanning 

speeds show typical elastic-plastic characteristics. The material displays an apparent strain rate strengthening 

phenomenon at a high strain rate. Furthermore, through the microstructure analysis of the four samples, the sample’s 

stacking feature is the primary factor affecting its mechanical properties. Thus, when the scanning speed reaches 1250 

mm/s, the yield strength of the sample is lower than that of the other parameter samples because of the stacking 

feature’s disappearance. 

2. The J-C constitutive model established in this study can accurately describe the mechanical behavior of 

SLM316l stainless steel under dynamic load. This study fitted the quasi-static and dynamic stress-strain curves of 

SLM316l stainless steel samples with different process parameters to illustrate further the constitutive model’s 

applicability for describing the dynamic mechanical properties of SLM elastoplastic materials. 

This study can provide methodological support for the design and development of SLM mechanical parts. 

However, this study only analyzes the relationship between high strain rate and dynamic mechanical properties, which 

cannot accurately describe complex service conditions. Therefore, the study of the relationship between temperature 
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and dynamic mechanical properties of SLM316l stainless steel and the analysis of the J-C model with temperature 

terms are important to improve the design and development of the product. 
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