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Abstract 
Additive manufacturing (AM), while enabling the production of parts with 
complex geometries, presents new challenges. In particular, the achievement 
of the basic mechanical properties of the alloy must be ensured. In general, 
the strength-ductility properties of metals depend strongly on their micro-
structure, and controlling these properties requires paying attention to the 
alloy composition, processing technique and heat treatments. Austenite 316L 
stainless steel parts produced by AM demonstrate good ductility and high 
yield strength—higher than that obtained with annealed 316L. Some pre-
ferred orientation of the mechanical properties was found as a function of the 
laser path, namely, the Young’s modulus varied with respect to the angle be-
tween the build direction and the normal to the build direction. In the 
present study, samples of AM 316L in three orientations relative to the print 
direction (0˚, 45˚ and 90˚) are compared to a forged sample. Mechanical 
properties, scanning electron microscopy-SEM fractography, energy disper-
sive X-ray spectroscope-EDS analysis of the fracture and optical cross section 
images of the samples along the stress tension after the failure are presented. 
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1. Introduction 

The well-known austenitic 316L stainless steel alloy, which combines outstand-
ing corrosion resistance, ductility, moderate to high-temperature performance, 
high vacuum properties, and suitability for structural applications, is one of the 
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most attractive industrial alloys for a large variety of environments. However, it 
displays low strength and wear resistance, which limits its high-performance ap-
plicability, and it is also difficult to make complex-geometry parts with it. Addi-
tive manufacturing (AM), carried out layer-by-layer with a deposition technique, 
offers new opportunities for producing complex-geometry parts, but also 
presents new challenges with regard to achieving basic required mechanical 
properties [1] [2]. The AM process has many aspects that need to be considered, 
including thermal phase transformation during a transient process in accor-
dance with the thermodynamic roles of the metal components. During the last 
few years, research on the metallurgical properties of additive manufactured (3D 
printed) parts have been reported for a wide range of stainless steels [3] and AM 
is an ongoing research topic.  

In general, the strength-ductility properties of metals depend strongly on their 
microstructure, which, in turn, depends on their compositional engineering 
processing technique and heat treatment for alloy improvement. Specifically, 
austenite 316L stainless steel made by AM has been found to display good duc-
tility and high yield strength, in fact higher than that obtained for annealed 
316L; this may be attributed to the high dislocation density and small micro-
structure grains [4].  

There are several methods currently employed for AM. One of the prototyp-
ing technologies in layer-by-layer AM is Selective Laser Sintering (SLS). Laser 
welding has a much higher energy density in comparison to arc welding me-
thods; the laser achieves high melt pool penetration and low base metal effects in 
the heat effected zone (HAZ) [5] [6]. In addition, the selected laser melting 
(SLM) process could offer the advantage of facilitating reinforcement of the 
metal by adding composite additives such as TiB2 and TiC compounds with a 
powder-bed-based AM process, and by either direct mixing or ball milling 
powder use [3]. The structured development of processing conditions for single 
lines, single layers and multiple layers of material was reported in [7] [8]. The 
process involved many physical aspects, such as optical absorption and reflec-
tion, heat and mass transfer, phase transformation, solidification front forma-
tion, surface tension and chemical reactions [9]. The bonding mechanism of dif-
ferent powder particles was described from the metallurgical point of view in 
[10]. The mechanism is based on the use of a local mobile Gaussian heat source 
embodied in a scanning laser beam to re-solidify the metal powder melt beds, 
followed by sintering to nearly full density and reconstruction of the manufac-
tured designed part. The combination of the re-solidification done sequentially 
layer-by-layer, the metal conductivity and the heat transfer lead the solidified 
bulk to adopt the preferred orientation of the new solidified grains. During AM, 
the Gaussian source beam heating and the powder bed interaction are very brief 
and depend on the scanning speed of the beam; as a result, rapid solidification is 
obtained. A structure of dendrites and fine-grains is obtained along the beam 
orientation or perpendicular to the applied layer. In addition, the 3D laser tech-

https://doi.org/10.4236/jmmce.2022.102017


D. Moreno et al. 
 

 

DOI: 10.4236/jmmce.2022.102017 211 J. Minerals and Materials Characterization and Engineering 
 

nique produces specific discontinuities, identified as micro-cracks, gas porosity 
and faceted voids [11]-[16]. In order to improve the density, SLS was needed for 
the manufacturing process in hard metals. In [8], some preferred orientation of 
the mechanical properties was found in correlation to the laser path. Most ac-
ceptable parts were manufactured with layer thicknesses around 50 - 80 µm and 
binder saturation of 60% - 70% [16]. Also, post processing based on the heat 
treatment sintering profile with suitable temperatures and time durations and 
proper atmospheres lead to good densification and improvement of the me-
chanical properties. However, in the case of SS316L, increasing the temperature 
to 1360˚C - 1380˚C during heat treatment of 4 - 6 h in a vacuum noticeably en-
hances some properties [17]. Improvement of the mechanical properties due to 
the AM technique is a curious issue and needs further investigation. Further, the 
directional effect of the AM process with regard to differences in the mechanical 
properties also needs further examination. Two decades after the first AM tech-
niques were developed, typically anisotropic properties are still found. Experi-
mental work and modelling of the anisotropic elastic properties, represented by 
the Young’s modulus, were reported recently [18]. The lowest Young’s modulus 
was observed along the build direction, rather than along the normal direction, 
which showed isotopic properties that correlate with the overall elastic behavior. 
The Young’s modulus varied with respect to the angle with the build direction; 
this is attributed to the stiffness of the part, based on basic principles of elasticity in 
the matrix of the lattice structure [19] [20]. Moreover, the Young’s modulus and 
the elastic physical specifications of FCC polycrystalline materials based on the 
Voigt-Reuss approximation showed good agreement with the experimental results, 
and could offer a good explanation for the change in the Young’s modulus [21].  

In the present study, 316L 3D printed samples with three orientations: 0˚, 45˚ 
and 90˚, are compared to forged and heat-treated samples. Mechanical proper-
ties, SEM fractography, EDS analysis of the fracture and optical cross section 
images of the sample along the stress tension after failure are presented.   

2. Experimental Setup  

A powerful 400-Watt Yb-fiber laser with high beam spot quality, good resolution 
and good precision was used in the present work. The SS316L spherical shaped 
powder with a generic particle size of 20 - 65 μm, and analyzed chemical compo-
sition shown in Table 1 was used. Samples were printed in three different direc-
tions: 0˚ (perpendicular to the printer beam), 90˚ (perpendicular to the feed 
layer/parallel to the printer beam) and 45˚ between the above two. The samples 
were machined to screw dog-bone mechanical property samples with the fol-
lowing dimensions: 1/2-13 UNC-2A screw, 6.5 mm diameter, 37 mm gauge 
length and a total length of 86 mm. The mechanical properties were measured in 
strain control mode at a 0.005 mm/min rate up to the yield stress value, and at a 
1.00 mm/min rate to failure. In addition, forged SS316L samples after one hour 
of annealing at 1050˚C were prepared for comparison. Screw grips were used for  
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Table 1. Powder chemical composition and EDS measurement (weight percent). 

 Range Fe Cr Ni Mo C N measurement 

Powder 
Supplier 

documentation 

Min. Balance 17 13 2.35 - - 
bulk 

Max. Balance 19 15 3.00 0.03 0.10 

EDS* 
Printed Samples 

±3% 66.6 18.0 11.2 2.78 N.A. N.A surface 

Forged sample Supplier 
documentation 

N.A. Balance 16.63 10.1 2.0 0.015 0.042 bulk 

*High homogeneity was found in the printed samples. 
 
the mechanical properties test. The tensile test was carried out with an Instron 
5982 test machine at room temperature. After the mechanical tests were carried 
out, one side of each remaining sample was cut close to the neck to examine the 
cross section, and prepared for optical metallography inspection along the ten-
sile axis to observe the flow deformation and the neck characteristics. The re-
maining sides of the samples were used for SEM/EDS (VEGAN-with integrated 
TESCAN Essence™ EDS) fractography investigation at high magnification to 
observe the fracture characteristics in the failure surface. 

3. Results 

Figure 1 shows the stress-strain plots of all the samples. Different behavior 
could be observed in the elastic and plastic characteristics for different load axis 
orientations of the sample; these could be correlated with and attributed to the 
feed layer build during manufacture. In the elastic range of the stress-strain plot, 
the highest value was obtained in the sample at 0˚ orientation; lower values were 
obtained at 90˚ and 45˚ with some similar linear behavior, and the lowest value 
was obtained in the forged annealed sample. The highest yield stress was ob-
tained at 45˚ feeding orientation, while lower values were obtained for the 90˚ 
feeding orientation and the lowest for the forged and annealed sample. The 
highest UTS value was obtained at 0˚ and the lowest at 90˚. A comparison of the 
Young’s modulus, UTS, yield and elongation values between the three different 
oriented samples and the 316L forged and annealed sample, tested similarly, is 
summarized in Table 2. The table includes the gauge dimeter D0, gauge length 
before the tensile test L04D, gauge length after the tensile test Lf4D, ambient tem-
perature during the test and failure location for each sample. Figure 2 presents 
the optical metallography cross section near the neck for all the samples after the 
mechanical test. The optical metallography of the cross sections close to the cen-
ter axis of each mechanical sample’s rod close to the neck shows the flow failure 
zone. Four different neck fracture modes can be observed in the samples. Figure 
2(a) shows a very small initially brittle zone at the perimeter of the sample, and 
then a ductile zone for the 0o feeding orientation sample; this behavior could be 
attributed to some micro-defects or micro-cracks on the surface of the sample.  
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Table 2. Mechanical property values obtained from the plots presented in Figure 1. 

Specimen 
SS316L 

Images 
D0 

mm 
L04D 
mm 

Lf4D 
mm 

UTS 
(MPa) 

Yield 0.2 
(MPa) 

Elongation 
(4D) % 

Young’s 
Modulus 

(GPa) 

Ambient  
Temperature 

˚C 

Fracture 
Location 

0˚ a 6.330 24.934 37.986 683 508 52.3 210 23.1 
In Gauge 
Length 

45˚ b 6.260 24.901 36.310 669 554 45.8 192 24.4 
In Gauge 
Length 

90˚ c 6.360 24.972 38.706 573 460 55.0 166 24.6 
In Gauge 
Length 

Forged d 6.350 25.004 40.627 645 438 62.5 153 23.5 
In Gauge 
Length 

 

 
Figure 1. Stress-strain plot of the printed samples and the forged and annealed sample 
for comparison. Dashed lines show the linear behavior of the stress-strain curve to em-
phasize the modulus change obtained in the different samples. 
 
In Figure 5(a) some brittle characteristics can be observed. The sample in Fig-
ure 2(b) shows almost ductile behavior for the 45˚ feeding orientation that 
could be attributed to the plane slips of the FCC lattice. It is very interesting to 
observe the 45˚ angle to the load stress axis of the failure surface. The sample in 
Figure 2(c) shows ductile flow in the neck and high deformation after the load 
overcame the yield stress (lowest yield in comparison to the other printed sam-
ples) at low stresses for the 90˚ case. Figure 2(d), presents the forged and an-
nealed sample with preferred orientation structure that keeps the prior history of 
the sample during the forging process and shows very ductile behavior and the 
highest elongation. 
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Figure 2. Optical metallography comparison of the necks obtained in the different sam-
ples. Initially brittle and then ductile at 0˚ (a), almost ductile at 45˚ (b), ductile flow neck 
at 90˚ (c) and very ductile obtained in the forged and annealed sample (d). 
 

Figure 3 shows SEM images of the samples in the fracture area and at the pe-
rimeter of the sample close to the neck. Further information about the fracto-
graphy of the samples can be obtained by enhancing the fracture area, as pre-
sented in Figure 4. All the samples presented dimples, but some differences can 
be observed. The size of the dimples in all the printed samples are sub-micron, 
in contrast to the forged sample, which is characterized by larger dimples with a 
typical size of tens of microns. In addition, the 0˚ oriented sample in Figure 4(a) 
shows a smooth topography of homogenous dimples in the failure area, in con-
trast to the observed 45˚ and 90˚ oriented samples in Figure 4(b) and Figure 
4(c), where the tortuosity fractal dimensions of the fracture area are interrupted  
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Figure 3. Comparison of SEM images of the fracture surface necks obtained in the different samples. The plastic deformation of 
the printed sample perpendicular to the feed beam at 0˚ (a), and 90˚ (c), and the forged and heat-treated sample (d) show similar 
behavior during failure. The 45˚ oriented sample shows deformation in two modes of normal stresses and shear stresses (b). The 
forged and heat-treated sample presented in Figure 2(d) appears for comparison. 

 
by steps, ascents and descents—but the very same homogeneous dimples. In the 
45˚ oriented sample, additional sharp discontinuities can be observed, as shown 
in Figure 4(c). Larger dimples in the fracture area of the forged and heat-treated 
sample can be observed in Figure 4(d).  

Figure 4 also shows SEM images comparing the mechanical properties of the 
sample perimeter surfaces in the gauge length near the neck, and the flow mode 
of the slip deformation. The plastic deformation of the printed sample perpen-
dicular to the feed beam during the print is shown for the 0˚ orientation in Fig-
ure 5(a), 45˚ orientation in Figure 5(b) and 90˚ orientation in Figure 5(c); 
these also show perimeter slip bands perpendicular to the stress. Preferred 
orientation grains (see Figure 2(d)) parallel to the stress orientation for the 
forged and heat-treated sample in Figure 5(d) show very small slip bands in the 
grains. As mentioned earlier, smooth fracture surfaces are evident in the 0o 
oriented sample and in the forged and heat-treated sample in Figure 5(a) and 
Figure 5(d), respectively. The pronounced ascents and descents of the fracture 
surface in the 45˚ and 90˚ samples can be observed in Figure 5(b) and Figure 
5(c). 

The parallel lines observed in the outside perimeter area of the gauge length of 
the samples represent the slip bands created during the deformation due to the 
axial stress. The same behavior can be observed in the forged sample, but the 
history of the preferred orientation grains shows limited slip in the grains and 
the creation of a rough surface of the deformed preferred oriented grains parallel 
to the axial stress applied. High magnification of the polished samples by SEM in 
Figure 6 shows high void concentration for the 0˚ sample, voids and slip bands 
for the 45˚ and 90˚ samples, and slip bands and a very small amount of voids for 
the forged and heat treated sample.  

4. Discussion   
4.1. Thermodynamic Aspects 

Generally, ductile and brittle failure can be attributed to the presence of a mixture  
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Figure 4. Comparison of SEM images of the fracture surfaces obtained in the different samples show characteristic ductile dimples 
of sub-micron size at 0˚ (a), 45˚ (b), and 90˚ (c) and very ductile behavior is obtained in the forged and annealed sample, with 
large dimples (d). 

 
of cleavage deformation in the brittle metal cases, and micro-void formation and 
coalescence during ductile flow or shear slips at the macroscale [22] [23] [24]. 
Three different neck fracture modes that were observed in the manufactured 
samples can be attributed to the different macrostructures obtained during the  
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Figure 5. SEM image of the sample perimeter and the fracture surface in the same picture (arrows show the edge between the 
perimeter gauge length surface close to the neck and the fracture area). Images show slip bands at different directions and levels. 
The fracture surfaces present smooth fracture for the 0˚ sample (a), brittle surface for the 45˚ (b), and 90˚ (c) and very ductile and 
smooth surface for the forged and annealed sample (d). 
 

different orientations of the feeding manufacturing in Figures 2-6. Thermal 
cycles are an inherent part of the successive layers printing process, where the up-
permost layers in each additive spot undergo re-melting. This process is governed  
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Figure 6. Comparison of SEM images of the magnified polished surfaces in Figures 2(a)-(d), near the fracture, shows a combina-
tion of multi-voids, slips and twin deformations in printed samples at 45˚ (b), 90˚ (c) and the forged and annealed sample (d). 
Printed sample at 0˚ (a) shows multi-voids only after deformation close to the fracture. 

 
by non-equilibrium solidification, and as result the microstructure is characte-
rized by segregated cellular or dendritic structures and interfaces of Laves and 
carbides phases. However, the most important effect relevant to this study is the 
preferred orientation of the new grain solidification; the grains grow in the op-
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posite direction to the heat transfer obtained by the temperature gradient be-
tween the micro-melt spot and the previously added already solidified zone. This 
thermodynamic solidification process yields the preferred properties attributed 
to the oriented solidification. Furthermore, some particles stay in the solid phase 
and do not melt; these are mainly carbides, and flow with the melted front and 
become impregnated in the dendrite or cellular orientation front. 

4.2. Mechanical Aspects 

Most metals are isotropic, so that their mechanical properties are the same in all 
directions. Furthermore, all solid materials exhibit reversible, nearly Hooke’s 
Law-like, behavior for small enough strains or stresses in the proportional range, 
due to the bonding energy of the atoms. This behavior does not involve disloca-
tion movements or slip planes, but only elastic properties. This Hooke’s Law-like 
behavior gives the Young’s modulus of the material and is the physical stiffness 
coefficient constant of the metal. It derives from the atomic interaction forces 
and may be changed by changing the temperature or pressure, but not by me-
tallurgical interactions, although a preferred orientation of a microstructure in 
metals will lead to changes in the Young’s modulus. It is well known that the 
value of elastic constants may change with the orientation of single crystal alloys 
and show anisotropy [25]. However, metals and ceramics can be treated with 
certain impurities, and metals can be mechanically worked to make their grain 
structures directional. The changes observed in the Young’s modulus in the 
present study are attributed to the preferred orientation obtained due to the di-
rectional buildup of layers during AM. Basically, austenite SS316L has an FCC 
crystallographic structure at the grain level, and its isotropic behavior is attri-
buted to the polycrystalline microstructure obtained in a conventional produc-
tion technique. The anisotropy found in the AM samples, explained by the pre-
ferred orientation of the new grain growth, must be discussed. The anisotropy 
that is characteristic of AM-produced metal has been studied in a number of 
previous works [26] [27] [28].  

4.3. Elastic Behavior 

For instance, the mechanical behavior of an FCC nickel base single crystal was 
investigated during the last decades, and it was shown that the Young’s modulus 
at <111> orientation achieves the maximum value (300 GPa), the minimum val-
ue is achieved at <001> orientation (125 GPa) and an intermediate value is 
achieved at <011> (230 GPa), at room temperature [26]. Also first-principles 
theory calculations were applied on crystalline silicon and on textured polycrys-
talline materials, and similar trend changes of the Young’s modulus were ob-
served [27] [28]. On the other hand, the mechanical properties measured in the 
same test show maximum yield at <111> (1320 MPa) and very similar values for 
the <001> and <011> directions (~875 MPa), at room temperature. In the same 
samples the highest UTS value was achieved at <111> (1700 MPa), a moderate 
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value at <001> (1300 MPa) and the lowest value at <011> (800 MPa). In the 
present study, the buildup layers direction, 90˚, corresponds to the new grain 
growth direction and is basically equivalent to the <001> direction, which is the 
fastest growth direction in FCC structures [29]. The AM technique produces 
very small grains, which we assume have some preferred orientation, but they 
are far from being mono-crystals. In our case, we assume that the 90˚ sample 
was solidified mostly parallel to the <001> direction, due to temperature gra-
dient between the melting spot and the solidified bulk, and the preferred grow 
orientation in FCC metal [29]. According to this assumption, most of the grains 
in the 90˚ sample are supposed to be perpendicular to <001>. In other words, 
the 90˚ sample was solidified with polycrystalline grains with different directions 
between <010> and <100> and the lowest Young’s modulus value (166 GPa). 
Theoretically, according to the crystal growth characteristics, the probability of 
obtaining grains with <111> directions in the 0˚ sample is negligible. With the 
same analogy, we can assume that the 45˚ sample has a higher probability of 
growing with some grains in the <111> direction. By applying this discussion to 
the results in this work, and from the theoretical point of view, the Young’s 
modulus in the AM samples should have the lowest value at 90˚, as obtained in 
this study [26]. The samples manufactured at the 0˚ and 45˚ orientations do not 
have a specific orientation according to our analysis, but have higher Young’s 
modulus values than the two other samples; this can be attributed to the orienta-
tion growth and the qualitative point of view. 

4.4. Plastic Behavior 

Plastic deformation involves many factors that must be taken in account, such as 
casting defects (that were not found in our inspections), interfaces and disloca-
tion slips. As mentioned, the Smith’s factor and dislocation slip directions could 
be relevant in the 90˚ sample’s direction with some <001> orientation, but not in 
the other samples with the multi-directional orientations of their layers. The 
SEM images in Figure 4(a) show a smooth topography of homogenous 
sub-micron dimples in the failure area; this is in contrast to those observed in 
the 45˚ and 90˚ printed samples in Figure 4(b) and Figure 4(c), where the flat-
ness of the fracture area is interrupted by a non-flat surface with ascents and 
descents, but with the same homogeneous sub-micron dimples as shown in Fig-
ure 4(a). Those complex surface topographies cannot explain the differences 
between the high yield stress in the 45˚ printed sample and the low yield stress in 
the 90˚ sample, but they emphasize the differences in the mechanical resistivity 
of the flow between the samples. Moreover, the cracks shown in the 45˚ printed 
sample in Figure 4(b) can explain the low deformation (45.8%) obtained due to 
possible pile-up of dislocations at the small grain boundary and a multidirec-
tional structure rather than the higher deformation obtained in the 90˚ printed 
sample (55%). Figure 5(a) shows smooth deformation of the perimeter of the 
sample with a smaller difference in the total elongation (52.3%) in comparison 
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with the other samples, which can be attributed to the multi-voids shown in 
Figure 6(a), but less slip lines than observed in Figure 6(b) and Figure 6(d).     

5. Conclusions 

In this paper the mechanical properties, metallurgical characteristics and aniso-
tropy of AM of 316L stainless steel were studied. 

Anisotropy was found in the mechanical properties of AM printed samples of 
316L stainless steel. This anisotropy is attributed to changes in the microstruc-
ture and to failed modes found in tested samples.  

However, the mechanical properties of the AM printed samples in all direc-
tions, in terms of: Young’s modulus, yield stress and UTS, show better values in 
comparison to the forged sample. On the other hand, the elongation of the 
forged and heat-treated sample is higher and thus it comprises a softer material 
in comparison to the AM printed samples.  

The lowest value found for the Young’s modulus at 90˚ is attributed to the 
preferred orientation growth in the AM samples due to the deposition of the 
layers, the thermal process and the solidification front. These results are consis-
tent with the basic theory outlined in this study. 
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