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INTRODUCTION
Powder bed fusion laser technique (PBF-LS) is an additive ma-
nufacturing (AM) method that uses layer by layer melting of 
metal powder to form solid parts of arbitrary geometries. The 
application of PBF-LS is growing in many areas such as ae-
rospace due to its ability to manufacture complex parts with 
properties comparable or superior to ones of wrought mate-
rials. [1,2]
Yet, being a promising component manufacturing method, it is 
crucial to understand how the process parameters, evolution 
of microstructure and achieved material properties are related 
to one another in order to be capable to produce functional 
parts for specified industrial needs. Through understanding the 
relation between the thermal history of the material and the 
microstructure, there is an obvious potential to tailor micro-
structures through graded deposition and optimized process 
parameters. Numerous studies have been conducted in an at-
tempt to obtain a set of optimized process parameters to achie-
ve desired properties. Delgado et al. (2011) [3] has shown that 
the various process parameters such as scanning speed and la-
yer thickness influence the mechanical properties of iron-based 
products. Zhong et al. (2015) [4] and Saeidi et al. (2015) [5] 
indicated that the thermal history of a deposition has an impor-
tant effect on the microstructure and on the final properties of 

multi-layer stainless steel 316L through intragranular segrega-
tion and formation of sub-grain structure. Li et al. (2016) [6,7] 
showed that the different scanning path strategies influenced 
the mechanical properties of deposited 316L material. Shifeng 
et al. (2014) [8] showed that the spacing between molten pool 
boundaries of adjacent layers in the vertical building direction 
is much less than the one between two adjacent tracks in the 
horizontal building direction and correlated this to anisotropic 
mechanical properties of 316L material. 
In the present work, the focus is on characterization of the 
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microstructure features of 316L within the melt pool boundari-
es by electron backscattered diffraction (EBSD) technique and 
correlating the as-built microstructure to the deformation me-
chanisms and micromechanical properties of the material. 

EXPERIMENTAL DETAILS
The raw material of the investigations was gas-atomized 316L 
powder (Carpenter powder products AB, Torshälla, Sweden), 
see Table 1. 

Tab. 1 – The chemical composition of the 316L powder (in wt.%).

The fabrication of the specimens was made through PBF-LS 
technique in N2 atmosphere at ambient pressure using an EO-
SINT M 270 system (EOS GmbH, Krailling, Germany). The laser 
source was a continuous Yb- fiber laser (200 W) with 0.1 mm 
diameter laser spot. In the building process the laser beam was 
moving at the speed of 850 mm/s using a Meander scanning 
strategy (45°). The space between adjacent lines was 0.1 mm. 
The building plate (250×250×20 mm) was lowered 0.02 mm 
after each layer was completed and a new layer of powder 
was dispersed evenly upon the melted top. The laser beam 
was exposed on the new powder surface and 3D specimens 

(rectangular blocks) were made by repeating this layer-by-layer 
process. The longest axis of the rectangular blocks was aligned 
such that it was either parallel (horizontal building direction) or 
perpendicular (vertical building direction) to the building plate. 
The built blocks, with the dimensions 40x14x4 mm, were ma-
chined, by milling, into micro tensile samples usable in in-situ 
tensile testing in SEM, dimensions in fig. 1. The tensile straining 
direction coincides with the long axis of the block, see fig.1. The 
total length of the tensile specimens was 36.5 mm. A region of 
2 x 1.4 mm was machined in the center of the specimen to 
assure that the microstructure deforms within the field of view.

Element C Si Mn P S Cr Ni Mo Cu N Fe O

Powder 0.014 0.70 1.69 0.014 0.004 17.8 12.5 2.38 0.04 0.09 Bal. 165ppm

Fig. 1 – Illustration of the geometry of the in-situ tensile specimens and their position within the as-built blocks they were machined 
from.  a) Horizontal built blocks, b) Vertical built blocks and c) Dimensions of the micro tensile sample. 

a) b)

c)
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The surfaces of the produced pins were prepared for metallo-
graphic investigations. The final thickness of the polished spe-
cimens was 0.85 mm and the width to thickness ratio 1.65. A 
LEO 1530 scanning electron microscope upgrade to Zeiss Su-
pra 55 equivalent (Carl Zeiss Microscopy GmbH, Muchen, Ger-
many) was used for EBSD investigations with 15 keV and 0.5 
µm step size. Tensile testing and pre-straining for microstruc-
tural investigation was made using a Gatan 5000 N tensile 
stage (Gatan Inc, Abingdon, United Kingdom) with a crosshead 
speed of 0.2 mm/min. Tensile properties were evaluated from 
two specimens for each block. 
Texture analysis was made using the MTEX toolbox for Matlab 
[9]. Crystal plasticity simulations were made using the VPSC 
code [10]. For the plasticity simulations slip on {111}<110> 
and twinning on {111}<112> was considered. A Voce harde-
ning law with τ0 = 150 MPa, τ0 = 300 MPa, and θ0 = 300 MPa, 

θ0 = 100 MPa was used to describe the hardening behavior 
for both slip and twinning. No attempts were made to scale 
the corresponding hardening parameters to perfectly match 
the experimental data since this would have required much 

more testing and since the required sample dimensions are not 
suitable for such a testing rig. Instead, reasonable values for 
wrought material were used in order to elucidate the effect of 
texture alone. 

RESULTS AND DISCUSSION
Micro-mechanical properties
Stress-displacement curves for the tensile testing are given in 
Fig.2. The repeatability between the separate measurements 
was good. The yield strength of the horizontal built specimens 
was clearly higher than for the verticallly built ones. The yield 
strength is also some 200 - 300 MPa larger than for typical 
wrought produced material of the same grade [8]. Further, the 
ultimate strength was higher for the horizontally built speci-
mens, see Table 2 for the measured values. The two specimens 
also have very different work hardening characteristics, the ho-
rizontally built specimens with higher strength has high initial 
work hardening rate however it decreases rather fast. The uni-
form and total elongation is higher for vertical built specimen 
with a more constant work hardening rate. 

Fig. 2 – Tensile properties of the horizontally and vertically built 316L specimens. The elongation is expressed as crosshead 
displacement, i.e. not strain.  

Process and pin identification Yield strength (MPa)
Ultimate tensile strength 

(MPa)
Horizontal built specimen 1 650 770

Horizontal built specimen 2 700 807

Vertical built specimen 1 635 698

Vertical built specimen 2 590 663

Tab. 1 – Tensile data of as-deposited 316L samples.
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As-built microstructure
Pole figures computed from EBSD data can be seen in Fig.3. 
The building process produces a sharp [110] type fiber 
texture along the building direction Z. As a result of this 
texture [1-11] directions are positioned within the X-Y pla-
ne. The microstructure viewed along the X-Y plane can be 
seen in Fig.4a. From this view the 45o meander scanning 
path can be seen. The grain size is somewhat smaller than 
the distance between the scanning lines, 100 µm. A more 
fine microstructure can be seen along the scanning path 
within the grains. This microstructure consists of “true grain 
boundaries” with relative large misorientations (black lines) 

and more substructure features with low misorientations 
(white lines). Within this microstructure relative large intra-
grain misorientations also exist which is indicative of stored 
deformation. The microstructure viewed along the Z-X plane 
can be seen in Fig.4b. The morphology of the grains looks 
more wedge-like in this view and the finer microstructure 
along the scanning path cannot be seen. Thus, the effec-
tive grain size is larger. Quantitatively speaking the grains 
size determined by the linear intercept method of >10 o 
boundaries is ~13 and 23 µm for X and Z, respectively.  

Fig. 3 – Pole figures from the as-build microstructure. The build axis Z shows a strong [110] fiber texture. Contours 1x, 2x, etc.

a) b)

c)

Fig. 4 – As-build microstructures as The maps are colored using inverse pole figure (IPF) IPF-X and IPF-Z notation as those are 
the tensile axes during subsequent horizontal and vertical loading respectively. Grain boundaries are colored using black lines for 

boundaries with misorientation >10 o and white lines for boundaries with misorientation 3-10 o.
a) Microstructure viewed along the X-Y plane b) Microstructure viewed along the Z-X plane c) IPF notation used for coloring, 

also used in Fig. 6.
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The presence of sub-structured, deformed and recrystallized 
microstructure in the tensile specimens is illustrated with 
respective colors in Fig. 5. It can be noted that the micro-
structure of the horizontal built specimen is more deformed 
along the direction where tensile load is applied, please no-

tice the red color representing deformed microstructure. In 
the applied deposition process the thermal stresses origina-
ting from rapid temperature fluctuations during melting/re-
melting, solidification and heat dissipation are high enough 
to induce plastic deformation. 

Fig. 5 – Local mis-orientation maps showing deformed (red), sub-structured (yellow) and recrystallized (blue) microstructure in the 
a) horizontally and b) vertically built pins in 3D.

Deformed microstructure
Microstructures after 0.8 mm pre-strain are given in Fig 6. 
Slip and twinning appears to be the primary deformation 
mechanisms for both horizontal and vertical loading. <0.1% 
deformation induced martensite was found and therefore 
not further considered. Twinning occurs primarily in grains 
close to <111> parallel to the tensile axis as these are most 
difficult to deform by slip according to Taylor theory [11]. 
On the other hand, slip occurs primarily on grains close to 
<100> parallel to the tensile axis. This is most easily seen 
in the large red grain on the left hand side of Fig. 5b. The 
large degree of twinning has increased the grain boundary 
fraction significantly. Both specimens have a grain size of 
about 5 µm using a similar line intercept methodology as 
was used for the as-build microstructures.  
A series of crystal plasticity simulations were made using 
the VPSC code [9] to further study the relation between loa-
ding direction and mechanical response. The texture given in 
Fig. 3 was used in the simulations along with a synthetic da-
taset with a random set of crystals, i.e. no texture. Uniaxial 
strain path was considered along X (horizontal loading) or 
Z (vertical loading). In a first set of simulations {111}<110> 

slip alone was considered and in a second set of simulations 
also {111}<112> twinning. With regard to yield strength, 
see Fig.6a, the opposite behavior was actually observed, i.e. 
the yield strength is expected to be slightly larger for ver-
tical loading however Fig. 2. shows the opposite trend. As 
already mentioned, however, the yields strengths are about 
twice as high compared to wrought material. Hence, the 
yield strength is likely governed by the distribution of the 
deformed microstructure observed in the as-build mate-
rial, rather than by texture. Besides high yield strength the 
horizontal loading also results in a very high initial work 
hardening rate. One explanation for this could be latent 
hardening effects, the simulations predict deformation on a 
larger set of systems for horizontal loading along, see Fig. 
6b. The simulations also suggest that a larger proportion of 
the total stain is carried out by twinning when deformed 
in horizontal, this is in line with the observations in Fig 6. 
It is however likely that the distribution of the deformed 
microstructure also plays a role for hardening so this pheno-
mena is not fully understood. The elemental distribution of 
alloying elements can also be of significance [5]
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The dataset showed in Fig 3 were used to simulate horizon-
tal and vertical load. Random crystals refer to a synthetic 
dataset for a material without any texture. Fig. 6, micro-
structures after 0.8 mm prestrain (see Fig. 2). The maps are 
colored using IPF-X and IPF-Z notation as those are the ten-
sile axes during horizontal and vertical loading respectively. 
Grain boundaries are colored using black lines for bounda-
ries with misorientation >10 o, white lines for boundaries 
with misorientation 3-10 o and red lines for twin boundari-
es. Note the large increase in grain boundary volume com-
pared to as-build microstructures, Fig. 4.

CONCLUSIONS
The relationship between the microstructure, deformation 
mechanism and micromechanical properties of 316L for 
horizontal and vertical loading were investigated. The fol-
lowing observations were made:

• The morphology of the microstructure is very different 
when viewed along the X-Y or Z-X plane, Z being the ver-
tical building direction. For the X-Y plane the structure re-
sembles the scanning strategy with coarse grains between 
the scan lines and fine grains within the re-melted scanning 
path. Within the scanning path the microstructure also looks 

somewhat deformed.  
• The building produces a strong [110] type fiber texture, 
consequently the X-Y plane contains [1-11] type directions. 
• Uniaxial straining along X (horizontal) and Z (vertical) 
both resulted in yield stress about twice as high compared 
to wrought produced material. For horizontal loading the 
yield stress and initial work hardening rate were highest, 
however the uniform and total elongation was overall better 
for vertical loading. 
• Crystal plasticity simulations were made in order to under-
stand the observations, the yield strength differences can-
not be governed by texture. Instead the distribution of the 
deformed microstructure is likely to explain the differences. 
The work hardening rates can to some extent be explained 
by the texture however the deformed layer must be further 
understood in order to fully understand the relation betwe-
en microstructure and mechanical properties. Further stu-
dies e.g. by subsequent heat treatments are motivated as 
well as different strain paths. 

a) Horizontal load (X). b) Vertical load (Z).

Stress-strain response. Note that vertical loading is ex-
pected to have higher yield strength.

Fig. 6 – Crystal plasticity simulations using the VPSC code.

Slip and twinning activity. Horizontal load activates 
more slip and twinning systems.
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