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ABSTRACT  
 

In this investigation, 316L stainless steel, one of the three metal alloy grades used as a biomaterial, is produced by a 

selective laser melting process (SLM) of additive manufacturing. Static properties and microstructures including 

fracture morphologies were investigated as a function of build angles of 0, 30, 60, and 90 degrees. Static properties, 

namely elastic modulus, yield strength, ultimate tensile strength, and percent elongation were evaluated using a 

MTS landmark servo hydraulic machine. Microstructures were characterized using a Leica DM750P optical micro-

scope, paired with Leica application suite software. Tensile fracture surfaces were investigated with LEO-VP SEM 

instrument. The SLM processed 316L biomaterial grade stainless steel showed tensile properties of elastic modulus 

and ultimate tensile strength similar to wrought material, while exhibiting differences for the yield and % elongation 

properties. Microstructures demonstrated a heterogeneous structure with melt pool boundaries, columnar and cellu-

lar dendrites with pores and voids. The fracture morphologies showed ductile mode of fracture demonstrating a 

good level of strength and ductility required as a synthetic biomaterial.  
 

Keywords: 316L biomaterial grade stainless steel, additive manufacturing, static properties, microstructure, tensile 

fracture morphologies 
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INTRODUCTION 
 

Additive manufacturing or 3D-printing process involving selective laser melting (SLM) is an innovative manufac-

turing technique to produce components in layer-by-layer manner to a near/net shaped products [1]. SLM is a manu-

facturing process dictated by input parameters that result in various non-equilibrium physical phenomena [2]. It is 

used to produce complex parts which cannot be manufactured using conventional processes such as casting or forg-

ing. The final quality of the produced component is dependent on various factors like microstructure, mechanical 

properties, pores, voids, and the residual stresses [2-4]. 316L SS is well-known for its applications as a biomaterial 

for manufacturing a number of medical devices [5-7]. One of the challenges with SLM processing of 316L SS is to 

minimize (if not avoid completely) residual porosity and poor surface quality. These requirements are critical, espe-

cially for biomedical applications requiring high static and dynamic properties, ductility, and high corrosion re-

sistance. Because of this, the major focus of research is to evaluate the effect of SLM processing parameters on me-

chanical property, microstructure and fracture [8-10]. Various selective laser melting processing parameters have 

been investigated to get full density parts [11-13]. Many investigators [14-18] have revealed that the SLM pro-

cessing parameters do influence the porosity, mechanical properties and quality of SS. 
 

SLM biomaterial implants needs to have the same Young’s modulus as current SS implants. There is a need to ex-

amine the SLM produced 316 L parts for biomedical applications. In this regard it is important to evaluate the me-

chanical properties, microstructure, and fracture morphologies of SLM parts to replace conventionally produced 

(wrought) 316L parts. The objective of the present work is to evaluate the effect of specimen build angle orientation 

on the SLM processing, mechanical properties, microstructure, and fracture morphologies of 316L stainless steel 

used as a biomaterial. 
 

MATERIALS AND METHODS 

Material/Alloy 

The chemical composition of the 316 L stainless steel used in the present investigation is detailed in Table 1 and the 

powder particles of 316L SS are shown in Figure 1. 

mailto:kvsudhakar@mtech.edu
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http://www.sciencedirect.com/science/article/pii/S0921509315305347#bib12
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Table -1 Chemical Composition of Stainless Steel (AISI 316L) 
 

Element C Cr Ni Mo Co Si 

Wt.% 0.02 16.9 12.1 2.4 0.06 0.5 

 

Selective Laser Melting (SLM) Process Parameters 

SLM process parameters used in this investigation are outlined in Table -2. 
 

Table -2 SLM Process Parameters Used 
 

Process Parameters Details/measurements 

Hatch spacing 0.09 mm 

Stripe width 5.00 mm 

Layer thickness 0.02 mm 

Speed 1083 mm/s 

Beam offset 0.003 mm 

Stripes overlap 0.12 mm 

Power 195 W 

Global energy density 2.0
𝐽

𝑚𝑚2
 or 100

𝐽

𝑚𝑚3
 

 

Static Testing 

The tensile testing for all of the 316L stainless steel specimens were carried out on a MTS Landmark servo hydrau-

lic Test System as per the ASTM E8/E8M standard. The diameter of the reduced section was 8.96 mm and the gage 

length was 35.6 mm. Figure 2 shows the tensile test specimen. 
 

 
Fig. 1 316L Stainless steel powder particles 

 

 
Fig. 2 316L Stainless Steel Tensile Test Specimen 
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RESULTS AND DISCUSSION 

Evaluation of Static Properties 

The elastic modulus and yield strength of 316L SS with respect to specimen build orientations are presented in Fig-

ure 3 and Figure 4, respectively. Elastic modulus of SLM specimens was determined to be on par with the wrought 

specimens tested as shown in Figure 3. As can be seen from Figure 4 that yield strength of SLM samples were 20 to 

30% higher in comparison to that of wrought samples. The very fine microstructures of SLM stainless steel is typi-

cally responsible for an increase in yield strength as discussed further on in microstructure characterization section. 

Among the SLM samples, 90-degree specimen orientation showed, relatively, a lower value of yield strength. This 

is primarily attributed to the loading angle of the test specimen being at right angles to the solidified melt pool build 

plane.  

 
Fig. 3 Elastic Modulus as a function of Specimen Orientation (bars represent build orientation) 

 

 
Fig. 4 Yield strength as a function of Specimen Orientation (bars represent build orientation) 

 

 
Fig. 5 UTS as a function of Specimen Orientation (bars represent build orientation) 
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Fig. 6 Percent elongation vs. specimen orientation (bars represent build orientation) 

 

Ultimate tensile strength and percent elongation of 316L with respect to specimen orientations are summarized in 

Figure 5 and Figure 6, respectively. It is demonstrated in Figure 5 that the UTS values for SLM specimens and the 

wrought samples were almost on par with each other with the exception of the 90 º specimens. Percent elongation of 

wrought samples were 19 to 29% higher in comparison to that of SLM samples, as shown in Figure 6. The lower 

values of elongation in SLM SS samples is attributed to the finer heterogeneous microstructure consisting of melt 

pool boundaries, porosity and voids. 

 

Microstructure Characterization 

Microstructures of 316L were investigated and were etched using the etchants; Kalling’s reagent (5 g CuCl2, 100 ml 

HCl, and 100 ml Ethanol) and Villella’s reagent (1 g Picric acid, 5 ml HCl, 100 ml Ethanol). Microstructures of 

wrought SS samples are shown in Figure 7 and 8 that consist of predominantly carbide precipitates in SS matrix. 

The carbide precipitates are formed due to the strong affinity of alloying elements Cr, Ni, Mo with carbon. 
 

SLM samples’ microstructures are revealed in Figures 9 and 10. They are characterized by the presence of melt pool 

structures with pores and voids. The characteristic cellular structure is formed as a result of high rate of melting and 

cooling of melted stainless steel powders in thin layers. The concentric lines, as shown in Figure 10, are formed be-

cause of the solidification front that moves forward in the form of waves as opposed to a constant pattern due to the 

solidification enthalpy [19]. Epitaxial phase growth is known to contribute to better mechanical properties and the 

epitaxial laser melting process depends on thermal gradient and growth speed [20]. During laser melting process, 

higher thermal gradients induce columnar instead of equiaxed grain growth [21]. As can be clearly seen, the micro-

structures of additively manufactured stainless steel are distinctly different in comparison to wrought stainless steel. 
 

 
Fig. 7 Microstructure of 316L SS wrought test bar (X-Y section) 

demonstrating the presence of randomly oriented equiaxed grains 

with carbide precipitates. Etched with Kalling’s Reagent 

 
Fig. 8 Microstructure of 316L SS wrought test bar (Z-section) 

demonstrating the presence of randomly oriented equiaxed grains 

with carbide precipitates. Etched with Kalling’s Reagent 
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Fig. 9 3D Printed 316L SS: Demonstration of the presence of melt pool boundaries. Etched with Kalling’s Reagent 

 

 
Fig. 10 3D Printed 316L SS: Demonstration of the presence of cellular structure inside melt pool network Etched with Kalling’s Reagent 
 

Investigation of Fractographic Modes 

The titanium samples were examined using a LEO 1430VP scanning electron microscope. 

 

 
Fig. 11 Tensile test specimen with 00 build orientation revealing ductile fracture features 
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Fig. 12 Tensile test specimen with 600 build orientation revealing ductile fracture features 

 

      
Fig. 13 Tensile test specimen with 900 build orientation revealing ductile fracture features 

 

The fractographic features in Figure 11 through 13 clearly demonstrate ductile mode of fracture characterized by the 

presence of voids, dimples, and ductile ridges. These ductile features contributed similar mechanical properties for 

the 0º, 30º, and 60º build orientation specimens. The 90º specimens exhibited a marginal difference in mechanical 

properties. 

 

CONCLUSION 
 

The experimental result shows that applying the template of half eye gives a satisfying result in the frontal face im-

age. Furthermore, applying composite template produces better results of eye detection through all orientations. In 

order to detect head poses in the face image, three templates were generated to represent the entire face; in frontal 

case and both profile cases. Finally, a detection rate of 98.83% was reported by applying the proposed method on 

PICS Database while it is 93.87% for the templates which have entire eye image.  
 

 SLM printed 316L SS biomaterial grade samples demonstrated tensile properties of elastic modulus and ultimate 

tensile strength similar to wrought material, while exhibiting differences for the yield and % elongation proper-

ties.   

 Zero-degree build angle provided relatively higher yield and ultimate tensile strengths in comparison to 30, 60, 

and 90-degree build angle orientations of the specimen. 

 SLM 316L SS biomaterial grade samples demonstrated a non-equilibrium heterogeneous microstructure with 

voids, pores and melt pool networks with cellular structure. 

 Microstructures of SLM samples showed overlapped, segregated melt pools with distinct boundaries that are 

similar to weld fillets. 

 Both printed and wrought 316L SS tensile samples exhibited predominantly ductile fracture features character-

ized by dimples, voids and ductile ridges. 
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