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Microstructure and crystallographic texture of direct energy deposition
printed 316L stainless steel
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The microstructural features and crystallographic texture of 316L stainless steel prepared
by direct energy deposition (DED) are studied. The grain size, morphology, grain
boundary, misorientation distribution along different direction and mechanical properties
are characterized via detailed electron backscatter diffraction (EBSD) analysis and Vickers
microhardness tester. The DED-built 316L stainless steel exhibits equiaxed cellular and
elongated morphology. Only a few number of dislocations are accumulated and entangled
near small grain boundary. The sample contains mainly large angle grain boundary. 316L
stainless steel powder is melted to form a deep and shallow shape measured from the top
view. The average grain size is 38.32 pm and 29.79 pum for the top and side view,
respectively. Two strong textural components of {001}<100> cube texture and
{110}<001> Goss texture are formed perpendicular and parallel to the scanning direction,
respectively. The microhardness of DED-built 316L stainless steel achieves a higher
average value of 261.74 HV.
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1. Introduction

Additive manufacturing (AM) technology has been widely used in industry [1-4],
particularly for fabricating complex metal parts with excellent mechanical properties [5]. AM can
print multiple materials, such as Ti-based, Al-based, Mg-based, Cu-based and Fe-based alloys
[6-17].

Among the various materials, 316L stainless steel is very popular for producing metallic
parts by means of AM. Austenitic 316L stainless steel (SS) is attractive alloy for engineers and
scientists due to their superior properties such as high mechanical strength and excellent corrosion
[18-21]. A lot of efforts have been made to improve the 316L SS for additive manufacturing
[22-29].

Powder-based additive manufacturing techniques are generally divided into two broad
categories, namely directed energy deposition (DED) and selective laser melting (SLM). SLM is a
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popular method for producing metallic parts, and it has commercially available production
facilities [30,31]. While DED is a recently developed technology that has not been much explored.
In the process, the raw material in the form of powder or wire is inserted directly into the molten
pool produced by the laser and subsequently deposited layer by layer [32]. The DED method can
produce complex parts with near-net shape or to handle damaged or worn areas of components
[33].

So far, there have been few reports in the literature of austenitic steels manufactured by
DED technology. Much of this research has focused on the effects of process parameters or heat
treatment on the microstructure and mechanical properties of DED 316L [34]. However, the
impact of the printing direction on the microstructure and crystal texture of the DED prepared
samples is still minimal. Therefore, the aim of this present work is to study microstructural
characteristics and texture by analyzing the grain size, morphology and misorientation distribution
in different directions of DED prepared samples through detailed EBSD analysis. Furthermore,
Vickers microhardness is tested. Therefore, the results of the study can help to provide factual
evidence for future applications of 316 L stainless steel manufactured by DED.

2. Materials and methods

2.1. Sample preparation

The powder particles are 316 L stainless steel prepared by gas atomization. The
composition of the powder is all values in wt. %: Fe 66.11, Cr 16.0, Mn 13.0, Mo 3.3, Si 0.9, C
0.07 and N 0.62. Fig. 1 shows the morphology and size distribution of gas atomized powder
particles. The powder particles are approximately spherical in shape and have a symmetrical size
distribution. The average diameter is around 57.04 um (d10 =39.41 pm, d50 = 63.28um, d90 =
90.69 pm).
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Fig. 1. Particle size distribution of powder.

The samples are printed on a 304 substrate using the JF-M2000R coaxial powder feeding
3D printer. The device is equipped with a single fiber laser that prints in an argon atmosphere by
scanning layer by layer along the X axis. The main printed parameters are as follows: laser power,
scanning speed, spot size, hatch spacing of 400 W, 10 mm/s, 50 um and 0.5 mm, respectively.
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2.2. Microstructure characterization and mechanical testing

The grain size and morphology, texture and crystal phases for the DED-built 316L
stainless steel were obtained by EBSD experiments. The accelerating voltage and beam current for
the EBSD testing were 20 kV and 3 nA, respectively. The analysis of the data was performed via
Oxford HKL Channel 5 software. The average microhardness of 5 trials for the DED-built 316L
samples from the side view were measured using a Vickers hardness tester at a load of 300 g for 10
S.

3. Results and discussion

Representative three-dimensional view of the DED-built microstructure is presented in Fig.
2a. The SEM examination of micrographs does not show the evidence of cracks, pores or
un-melted powder. Fig. 2b displays the inverse pole figures (IPF) of the DED-built 316 L stainless
steel specimens. It shows random growth of particle color and epitaxial growth of grains arranged
in the direction of the maximum temperature gradient from the remelting region. As seen from the
front view, elongated grains are developed along the Z direction. The elongated grains mostly
grow across the melt-pool boundaries continuously along building direction[35].

Fig. 2. Three-dimensional view of the DED-built micrograph (a) and inverse pole figure map (b)

Fig. 3 shows SEM photos of the typical unit cell micromorphology. It can be observed
from Fig. 3a that the sample contains equiaxed cellular and elongated morphology. Fig.3a shows
that homogeneous cellular substructure are equiaxed and its size is uniform with about 5-6 pm in
diameter. The elongated cells generally observed along the molten pool boundary, as shown in Fig.
3b-c. The elongated cells are often impeded at the solidification front, forming a new grain with
random crystallographic orientation[36]. The cellular morphology is often caused by rapid cooling
rates and thermal gradients during the printing process. It is observed that the solidification
microstructure can evolve from unidirectional to equiaxed to dendritic with faster cooling rate[37].
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Fig. 3. SEM images of the DED-built 316L stainless steel.

Microstructures and textures of the DED-built 316L stainless steel measured from the top
view is presented in Fig. 4. The Kernel average misorientation (KAM ) diagram, also known as
local misorientation diagram, is used to describe the deformation degree of material grains. The
green lines in KAM diagram can be approximately regarded as dislocations, which are caused by
lattice distortion with large deformation. Only a few dislocations can be seen accumulating and
entangled near the small grain boundaries (as shown in Fig. 4a). This implies no higher residual
stress within this sample. Fig. 4b shows the grain boundary and misorientation spread map. The
black and green lines represent the large angle grain boundary (the orientation difference is more
than 15 °) and small angle grain boundary (orientation difference between 2° and 15°),
respectively. It can be observed that the sample contains mainly large angle grain boundary, which
provides obstacles to cleavage crack propagation [38,39] and thus enhance the fracture toughness.
The grain size varies from about 19 to 184 um with average grain size of 38.32 um (as shown in
Fig. 4c). In terms of the textures, it exhibits a typical {001}<100> cube texture, with texture
intensity of 4.79 (Fig. 4e).
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Fig.4 Microstructures and textures of the DED-built 316L stainless steel measured from the top view.
(a) KAM map. (b)grain boundary and grain orientation spread map. (c) grain size distribution. (d)

pole figures.

Fig. 5a shows inverse pole figure map measured from the top view. The centers of laser
scan tracks and edges of melt pool are marked by white and black dotted lines, respectively, which
help understand the grain growth behavior during the melt pool solidification[40]. It is observed
that the hatch spacing is about 500 um. Grains can be observed growing from the boundary
towards the center of the molten pool, and the grains at the boundary are finer. 316L stainless steel
powder is melted to form a shallow shape. Fig. 5b indicates the finer grains with size less than
30um are seen near the melt-pool boundaries and center. These finer grains are oriented in random

direction, thus created no texture preference (as shown in Fig. 5c).



Fig. 5. The grains and morphology of the DED-built 316L stainless steel measured from the top view.

(a) Inverse pole figure map. (b) Inverse pole figure map of grains with size less than 30um and (c)

correspondingpole figure map.

In order to quantitatively study the evolution of crystal orientation in the grains, Fig.6 b-c
show the orientation difference analysis along the indicator line in Fig.6 a. As shown in Fig.6 b-c,
the crystal orientation in the grain changes unobviously. The orientation difference (red line) of
point to point is less than 1°, and the orientation difference (black line) of a point relative to the
origin point is almost close to 3°. This phenomenon means that the subgrain rotation is unobvious.

Fig.7 shows microstructures and textures of the DED-built 316L stainless steel measured
from the side view. IPF map reveals that the microstructure is composed of two different size
grains with a uniform grain distribution (as shown in Fig. 7a). The grain size varies from about
12.48 to 156.08 um with average value of 29.79 pum (as shown in Fig. 7b). The formation of
coarse grains is due to the use of high heat input energy density which resulted in an annealing
effect and grain growth in the subsequent DED process[41]. Fig.7c shows the red markers are finer
grains smaller than 30 pm in size, with fine grains surrounding the coarse grains. The grain size in
the same alloy varies from fine grains to coarse grains, reflecting the local changes in thermal
history due to the overlaps of adjacent melt pool during DED process[42]. The mechanism of
texture evolution depends on the interplay between the direction of maximum thermal gradient and
preference for an epitaxial growth across the deposited layers[43]. The texture consists of a strong
{110}<001 > Goss texture and a weak {111}<112> annealed texture with a texture intensity of
3.90 (Fig. 6d). In the cubic system, the <001> is the building direction, which is consistent with
the thermal gradient direction and is also conducive to the grain growth direction.
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Fig. 6(a) IPF map of the DED-built 316L stainless steel for the top view. (b,c) the misorientations

measured along the arrows marked L1 and L2, respectively.
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Fig. 8a shows IPF map including melt pool and substrate from the side view. In the case of
the IPF map, the molten pool pattern is represented by the white dotted curves along the boundary.
The molten pool has an uneven microstructure of rough and fine grains because of the high heat
input and steep thermal gradients around the molten pool. Particles can be observed to grow
epitaxially from the boundary along the building direction to the center of the molten pool, which
is due to solidification growth in the direction of the center of the molten pool. This growth
method reduces the nucleation barrier of the penultimate layer during solidification. The width of
the melt pool is approximately S00um. The morphology of the heat affected zone (HAZ) between
the molten pool and the substrate of the printed sample consists of very fine martensitic particles
of the substrate. This is due to a very large thermal gradient and rapid cooling during the DED
process. EBSD phase map shows the austenite face centered cubic (FCC) grains are formed during
DED process, and the substrate is made of martensitic body centered cubic (BCC ) fine grains with
average grain size of about 9 um (as shown in Fig.8b).

FCC phase

-
ol

LI "
BCC phase

Fig. 8 (a) Inverse pole figure map and (b) Phase map including the melt pool

and substrate from the side view.

Fig. 9 shows the microhardness distribution across the different microstructural zones for
DED-built specimen from the side view. As can be seen from the figure, the substrate has a lower
microhardness value. The hardness of the heat affected zone increases significantly, due to the
relatively fine grain size of the heat affected zone. The microhardness value is high within printed
316Lstainless steel, and the corresponding average values is 261.74 HV. The combination effect of
grain orientation and texture component results in higher hardness in the DED-built 316L stainless
steel. Laser additive stainless steel blocks are overlapped in multiple layers along the building
direction. The first printed layer passes through this position again during or after solidification,
and the next layer of stainless steel continues to be formed on this basis. Due to the change of
thermal gradient, the morphology distribution within and between the printing layers is not very
uniform. Therefore, the hardness value fluctuates slightly along the building direction, but it is
relatively homogeneous on the whole.
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Fig. 9. Microhardness distribution of the DED-built 316L stainless steel measured from the side view.

4. Conclusions

The sample contains equiaxed cellular and elongated morphology. Only a few number of
dislocations are accumulated and entangled near big grain boundary, which implies no higher
residual stress within the printed sample. The sample contains mainly large angle grain boundary,
which provides obstacles to cleavage crack propagation and thus enhance the fracture toughness.
The finer grains with size less than 30pum are seen along the melt-pool boundaries and center for
the top view. The grain size varies from about 12.48 to 156.08 um with average value of 29.79 um
measured from the side view. The subgrain rotation is not obvious. The molten pool has an uneven
microstructure of rough and fine grains because of the high heat input and big thermal gradients
around the molten pool. The width of the molten pool is approximately 500pm. The microhardness
value is high within printed 316Lstainless steel, and the corresponding average value is 261.74 HV.
The hardness value fluctuates slightly along the building direction, but it is relatively
homogeneous on the whole.
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