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Abstract

In additive manufacturing, the process parameters have a direct impact on
the microstructure of the material and consequently on the mechanical prop-
erties of the manufactured parts. The purpose of this paper is to explore
this relation by characterizing the local microstructural response via in situ
tensile test under a scanning electron microscope (SEM) combined with
high resolution digital image correlation (HR-DIC) and electron backscat-
ter diffraction (EBSD) maps. The specimens under scrutiny were extracted
from bidirectionally-printed single-track thickness 316L stainless steel walls
built by directed energy deposition. The morphologic and crystallographic
textures of the grains were characterized by statistical analysis and associ-
ated with the particular heat flow pattern of the process. Grains were sorted
according to their size into large columnar grains located within the printed
layer and small equiaxed grains located at the interfaces between successive
layers. In situ tensile experiments were performed with a loading direc-
tion either perpendicular or along the printing direction and exhibit different
mechanisms of deformation. A statistical analysis of the average deforma-
tion per grain indicates that for a tensile loading along the building direction,
small grains deform less than the large ones. In addition, HR-DIC combined
with EBSD maps showed strain localization situated at the interface between
layers in the absence of small grains either individual or in clusters. For ten-
sile loads along the printing direction, the strain localization was present
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in several particular large grains. These observations permit to justify the
differences in yield and ultimate strength noticed during macroscopic tensile
tests for both configurations. Moreover, they indicate that an optimization
of the process parameters could trigger the control of microstructure and
consequently the macroscopic mechanical behavior.

Keywords: Direct Energy Deposition, Digital Image Correlation, EBSD,
Tensile Test, Microstructure

1. Introduction

Additive manufacturing (AM) has been defined in [1] as: “the process of
joining materials to make objects from three-dimensional model data, usually
layer upon layer”. In the past decade, it has evolved from a rapid prototyping
technique [2] to a manufacturing process for fully functional parts with a wide
range of polymers and metallic materials [3]. Due to the low production
rates, AM is more suitable for a small number of highly complex parts and
therefore, applications in biomedical [4] and aerospace [5] industries are the
most developed.

Two AM technologies have received particular attention in the past years,
Powder Bed Fusion (PBF) and Directed Energy Deposition (DED). The PBF
technology creates objects by sweeping a heat source over a given shape at
the surface of a powder bed. As a layer of particles is fused, the powder
bed descends and a fresh unfused layer of particles is distributed over the
surface of the powder bed and the operations are then repeated. The DED
technology is an additive manufacturing process in which the material is
transported into a focused heat source and then deposited on the already
constructed layers [6]. Particular variants of the DED process have been
denoted in several ways in the literature such as: Direct Metal Deposition
(DMD), 3D laser cladding, Laser Metal Deposition (LMD) and Direct Laser
Deposition (DLD) to name a few. It has been used for various applications
such as the manufacturing of complex or graded parts [7], for the deposition
of coatings [8] or as a repairing technique [9]

The well known AISI 316L stainless steel is a suitable material for AM
due to its welding capacity, its relatively high mechanical properties and for
its high-temperature performance. In the last decade meaningful efforts were
deployed by various groups to investigate the AM process for this steel and
its inherent special mechanical properties.



For example, the impact of the size and morphology of the powder was
studied in [10] and it was found that over a certain particle diameter, the
mechanical properties decrease. The influence of the process parameters, i.e.
laser scanning speed and preheating temperature on the geometry and mi-
crostructure of a single-track metal deposition, were investigated in [11]. The
conclusion was that the contact angle and the track height were controlled
by the preheating temperature while the track width and the contact zone
characteristics were governed by the scanning speed.

In [12], the authors showed that the best precision of large-scale parts
produced by DED was obtained combining a small laser spot with high scan-
ning velocity. Last but not least, the improvement of the surface finish of
stainless steel thin walls was explored in [13], and it was noticed that by
adjusting the scanning speed to a certain value of temperature in the melt
pool, the layer’s thickness reduces resulting in a better surface finishing.

The quality of the printed part depends on the process parameters. For
DED, the powder flow, the speed deposition, the laser power and the lasing
strategy have been defined as the main parameters steering the growth of
the microstructure and therefore controlling the mechanical properties as
reported in [14; 15; 16].

The microstructure of the 316L stainless steel and their influence on the
mechanical performance were studied by various research groups at different
material scales and through different investigation methods.

In [17], it was noted that the laser energy density has a strong influence
over the grain size and the part density, hence affecting the mechanical prop-
erties. The manufacturing processes, the obtained microstructure and the
mechanical and wear behavior were correlated in [18]. The results showed
that the highest mechanical properties, understood as yield and ultimate ten-
sile strength, as well as the best tribological performance were obtained for
316L stainless steel specimens produced by Selective Laser Melting (SLM)
when compared to hot pressing or conventional casting. The result has been
explained by a finer microstructure obtained in the AM process. In [19]
is studied the effects of inter-layer dwell time interval and found that longer
dwell time intervals imposed higher cooling rates, leading to finer microstruc-
tures and therefore to higher tensile strength and lower ductility.

Other efforts [20; 21] tried to elucidate the direct relation between mi-
crostructure and observed mechanical properties, but due to the complexity
of the phenomena and the large number of parameters involved, additional
insights are needed to solve these questions.



Indeed, it is well known that polycrystalline materials reveal microstruc-
tural strain heterogeneities due to the particular grain size, texture and mor-
phology. These heterogeneities lead to strain localization, accumulation of
local plastic strain [22; 23] and are the precursors of crack initiation and
propagation [24; 25]. Furthermore, in additive manufacturing, the lasing and
building strategy will encourage the formation of oriented microstructures
with elongated columnar grains [26]. In addition, anisotropic macroscopic
properties are reported for example in [27] and [20].

In order to understand the anisotropic material behavior during tensile
loading, it is necessary to unveil the particular deformation of the microstruc-
ture of AM materials and the underlying strain localization.

Advanced characterization techniques have emerged in the last decades,
enabling the tracking of the deformation fields at the grain scale with applied
loading by simultaneously combining digital image correlation (DIC) and
Electron Backscatter Diffraction (EBSD) analysis [28]. Few investigations
were performed at the scale of the grains for AM materials. For Ti-6Al-
4V manufactured by DED, the authors of [29] observed areas of high strain
localisation at the interfaces of the layers. This accumulation was associated
to the material anisotropy. The authors in [30] investigated the anisotropy of
two INCT718 specimens tested along and orthogonal to the building direction
under tensile load. The associated strain maps at the grain scale of the
specimens produced by SLM exhibited different patterns of deformation.

The goal of this paper is to investigate the strain heterogeneity and the
strain localisation in the microstructure of 316L specimens manufactured by
DED during a tensile test. The observations are performed in situ under a
scanning electron microscope (SEM) and combined simultaneously DIC and
EBSD observations.

The paper is organized as follows. It starts with the presentation of the
specimens and the experimental techniques. Afterwards, the characterization
of the microstructure is discussed and the macroscopic mechanical properties
are exhibited. Next, a procedure to compute the statistics of deformation of
the microstructure at the grain scale is presented and the results are analyzed
and discussed. Finally, several remarks will conclude the article.



2. Materials and Experiments

A series of walls with single-track thickness have been manufactured by
direct energy deposition (DED) of 316L stainless steel.

The commercially available powder was produced through gas atomiza-
tion by Hogands AB. The powder particles had a size within 45-90 um and
have their chemical and physical properties presented in the tables 1 and 2
respectively. The data were extracted from the certificate of powder analysis
provided by the manufacturer and additional details can be retrieved from
their website [31].

The 3D printer is a DED Mobile machine from BeAM [32] equipped
with a 500W YLR-fiber laser. The powder is transported by argon gas flux
and delivered to the deposition region through coaxial nozzles positioned
approximately 3.5mm above the substrate surface. The powder flow was
directly measured by averaging the weight of the powder sent to the nozzle
during 1 minute.

The single-track thickness walls were built employing a back-and-forth
laser scanning strategy in the printing direction. In the building direction,
the vertical spacing between the successive deposited layers was of 0.2 mm.
A schematic representation is proposed in Figure 1(a). Finally, the walls with
the dimensions of 100 mm x 30 mm x 0.8 mm were printed on a 150 mm X
5mm x 200mm 316L stainless steel substrate plate as displayed in Figure 2.

The calibration of the main writing parameters of the machine: laser
power, deposition speed and powder flow were optimised using a parametric
study having geometric details such as track and dilution height of the walls
or global shape as final objective. The optimization process followed the
procedure proposed in [33; 14]. More precisely, the appropriate set of param-
eters was chosen to ensure (i) a small dilution in the substrate to guarantee a
metallurgical bond through the epitaxial growth between layers, (ii) a limited
heat affected zone, (iii) a track to dilution height ratio between 1/5 and 1/3
and finally (iv) a large clad angle o. This angle is a warrant of a low inter-
track porosity in the case of multi-track volumes when overlapping is present.
Therefore, it will not have any influence for the single-track thickness appli-
cation studied next. The optimal set of parameters was the following: (i) a
laser power of 225 W, (ii) a powder flow of 6.5 g/min and (iii) a deposition
speed of 2000 mm/min.

The cross section observed by scanning electron microscope (SEM) of a
single track on a 316L sheet printed with the previous parameters and its



complementary view obtained by Electron Backscatter Diffraction (ESBD)
and are shown in Figure 3(a) and (b) respectively. One can remark an
epitaxial growth of elongated grains from the interface and oriented towards
the center of the deposited track. Moreover one can also observe the presence
of small grains located close to the surface in contact with the air.
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Figure 1: (a): Side view (C-C) of the single-track thickness wall printed on the substrate
and position of the specimens A, and B, orthogonal and along the printing direction
respectively. (b): Dimensions in minimeter (mm) of the dogbone shaped specimens ex-
tracted from the wall.

Dogbone shaped specimens used for observation and testing were ex-
tracted from the single-track walls by water jet cutting with a Mach 2b
waterjet [34].

Their precise positions and geometry in the wall is displayed in Figure 1(a)
and (b). The distorsion of the wall is negligible, i.e. the differences with a
straight ruler are of the order of the magnitude of the roughness. Further-
more, the specimens are polished on the both side removing rugosity and any
potential distorsion. Finally, the residual stress of the polished specimens
were measured by X-ray diffraction and it was found that low compressive
residual stress was present 75 MPa + 31. Let us further remark that larger
residual stresses and stronger distortion have only been observed when higher
walls have been build. The dogbone geometry does not adhere to any stan-
dards and was imposed by pratical limitations such as the size of the ion
polisher chamber or compatibility requirements with the homemade SEM in
situ tensile tests machine. However, a prior finite element study confirmed a
homogeneous macroscopic strain in the zone of interest. The dimensions of
the specimens were defined by the compatibility with the homemade SEM in
situ tensile tests machine. Two orientations were defined for the specimens
in order to apply tensile loading along the building and printing direction
i.e, perpendicular and parallel with respect to the printing direction. Next,
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Figure 2: The printed wall on the substrate and a specimen after waterjet cutting.

we denote the specimen with a tensile direction perpendicular and parallel
to the printing direction as A, and B respectively, as represented in Figure

1(a).

Elements C Mo | Ni Fe Mn | Cr | Si
Weight percent | 0.011 | 2.5 | 12.7 | balance | 1.5 | 16.9 | 0.7

Table 1: Chemical properties of the 316L powder.

The specimens were mechanically polished after the extraction in order
to obtain a mirror surface adequate for SEM observations. As such, the spec-
imens lost their surface roughness inherited from the manufacturing process.
However, this will only affect final failure or fatigue properties but not the
ones discussed next. The polishing was performed with silicon carbide abra-
sive papers with successive grit values from 400 to 4000 and finished with
a 1 um diamond paste. The specimens were finally ion polished during one

7



HV WD HFW pressh’re mode mag
8.00 kV8.0 mm600 um 3.25e-3 PaZ Cont 212 x

Figure 3: (a): SEM image of the track with its geometry parameters. (b): ESBD of the
track showing epitaxial growth of long grain from the substrate and small grain on the
superior contour.

Apparent density (Hall) | Flowrate (Hall)
3.96 g/cm3 18.1 sec/50g

Table 2: Physical properties of the 316L powder.

hour with the following parameters: 6° polishing angle, 6 keV electron beam
power, 6 rpm specimen angular velocity in a PECS II machine from Gatan
[35].

The microstructure of the specimens was examined by EBSD (Electron
Backscatter Diffraction) on a FEI QUANTA 600F SEM (Scanning Electron
Microscopy) apparatus. Data was collected and analyzed using the Aztec
and Channel 5 software respectively. EBSD maps were collected on a central
area of 1.8 x 1.9 mm? for specimen A, and 1.8 x 1.85mm? for the specimen
B using a step size of 1 um in both cases.

In order to record displacement and strain fields at different scales by Dig-
ital Image Correlation (DIC), a multi-scale lithography grid was performed
on each specimen in a 3 x 3mm? central area. The lithography preparation
consists of applying a drop of PMMA 5% (i.e. Poly(methyl methacrylate)
on the polished specimen surface and to spread it by spin coating (2000
rpm) during 70 seconds. The specimens with the transparent thermoplastic



coating are then put into an oven at 170°C during 30 minutes (polymerizing
conditions). Subsequently, the electron beam of the SEM is driven on the
surface specimen by the software Raith Elphy Quantum to reproduce the
PMMA designed pattern by irradiating the resin. After this step, the spec-
imens are bathed during 90 seconds in a solution (1/4 methyl-ethal-cetone
and 3/4 propanol) to dissolve the irradiated resin. Then, gold is firstly de-
posited by sputtering (1nm) and by vacuum vaporization (12nm). Finally,
the non-irradiated resin is removed by ultrasonic cleaning during 1 minute
with ethyl-acetate.

The specimens were tested in SEM under a tensile load in order to ob-
serve the strain field at the microstructure scale and to associate it with
EBSD maps. The strain rate was fixed at 2 x 107* 57! and the loading steps
1, 2, 3, 4 and 5 were respectively defined by the macroscopic strain levels cor-
responding to 1%, 6%, 12%, 16% and 20% . The loading steps were imposed
based on a real-time strain computation based on DIC on the larger grid,
with a cross spacing of 100 um (blue grid on Figure 4). At each strain step,
an elastic unloading is performed and an image of the smaller grid area, with
a 3 um cross spacing (red grid on Figure 4) is recorded. The comparison of
this image with the initial one provided a high resolution strain full-fields and
permits to analyse the deformation process at the grain scale, highlighting
the zones with a high plastic strain.

In order to compare the obtained mechanical properties with other ex-
periments, an additional monotonic tensile test, i.e. in the absence of the
unloading steps, was equally performed on the same tensile machine. The in
situ machine was associated with a 4K'N load cell and the strain rate was
fixed at 1073571

Digital image correlation (DIC) for strain fields computation based on
successive images of deformed specimens is now a conventional technique for
the measurement of strain fields as discussed in [36] and [37]. However as
different algorithms and assumptions are covered by software and literature,
we shall summarize the procedure used next. Displacement full-fields are
computed using Correl Manu, a homemade software [22; 38; 39].

The correlation starts from a set of non-overlapping points located on
the grid crosses of the reference image, C'D,,(X,,Y,), on Figure 5(a). This
set of points, also denoted as correlation domains, is then tracked in its new
position (CD,,(yn,yn)) through the images at different deformation steps,
see the deformed configuration on Figure 5(b). The tracking is done by
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Figure 4: Image of the multiscale grids on the tensile specimen. Blue area of 3 x 3mm? with
macro crosses with a pitch of 100um was designed for macroscopic deformation patterns
while the red area of 1 x 1mm? was designed to capture high resolution images needed for
the DIC and thus to determine the deformation pattern at the microstructure scale

minimization of the correlation coefficient, which measures closeness of the
distribution of grey levels between reference and deformed images.

-/_ \ﬁ _~ Integration scheme
(| m |
A1

D Considered correlation domain

[ |

D Neighbour correlation domain

(c)

Figure 5: Layout of the correlation domain (a) in the reference image, (b) in the deformed

image and (c): scheme of the integration domains for computation of the the Green-
Lagrange strain tensor.
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The local in-plain Green-Lagrange Eg tensor for each correlation point is
calculated over an integration domain €2, defined by the neighboring correla-
tion points as displayed in Figure 5 (c¢). The average displacement gradient
(F)q over the domain €2, is computed as detailed in [38].

The representation of the average displacement gradient (F)q in Cartesian
components is:

(F)g = Fije;®e; (1)

where e; are the unit vectors of the Cartesian coordinates. Its components
oriented along the X and Y axes are expressed as:

N
1
Fxx =55 Z o 4 (Y -y (2)
1 - n+1 n+l n
N
I3 _ L n+1 Yn+1 —_y" 4
YX 25 y Ty ) (4)
1 al n+1 n+1 n
FYY:ﬁZ (y" +y" )X = X" (5)

where S denotes the area of the integration domain and N the number of
correlation domains. (2", y") and (X", Y™) are the coordinates of the control
points in the actual and initial configuration respectively.

From the displacement gradient, the Green-Lagrange strain tensor is com-
puted using the convential formula:

1
Bo = 3(F)5 - (Fla 1) (©
Next, the experiments will be performed under a small strain assumption
and therefore:
e~ Eq (7)

The correlation errors of this method, see [38], can be reduced significantly
by increasing the size of the integration domain (at the expense of local
informations). In this work, as we are interested in the mean deformation
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of a grain, this implies that the larger the grain is, the smaller the error will
be. More precisely, the estimated maximum absolute error for the £1; strain
component is 26 x 107* for a 8 x 8um? area corresponding to an average
small grain and 36 x 107° for a 32 x 32um? area which is equivalent to
an average large grain. The terms small and large grain will be explained
further. Moreover, the errors are also related to the noise of the recorded
images by the SEM and can be reduced by decreasing the acquisition speed
[40]. In the cases studied here, we had to balance the dwell time with the
image resolution, because a longer exposition time would enhance the image
quality but will distort the acquisition. To ensure a reasonable grey contrast
for the DIC, it was necessary to fix the resolution to 8192 x 7168 pixels i.e.
the smallest resolution still allowing a few pixels within the micro crosses of
the red area in case of a Horizontal Field Width (HFW) = 1750 um.

3. Results and discussion

3.1. Grain morphology and texture analysis

The microstructure was analyzed qualitatively and quantitatively in terms

of grain size, shape and distribution from the EBSD data.
The statistical analysis of grain sizes and shapes conducted to similar results
for both specimens irrespective of their orientations as displayed in table 3.
This result was expected as a consequence of the following factors: (i) both
specimens were extracted in the middle section of the wall, i.e. away from
the extreme free edges and at the same height of the wall, thus avoiding
the eventual variation of spatial and temporal characteristic of the temper-
ature, (ii) they have the same level of polishing, i.e same thickness and (iii)
the areas where EBSD analysis are performed are large enough to contain a
statistically representative number of grains. As a consequence, in order to
simplify the discussion, only the microstructural analysis conducted on the
specimen B will be reported here in the sequel.

The microstructural texture, in terms of both morphology and crystallo-
graphic orientations is determined by the local heat flow during solidification
and cooling. The history will guide the preferred growth directions of the
grains. The particular heat flow pattern depends on both the geometry and
heat exchange coefficients as well as of a given set of printing parameters such
as the power of the laser, the printing speed, the scanning pattern strategy
etc. which are driving the position of the heat source in the transient heat
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flow problem. Direct relations between the printing parameters and the mi-
crostructural texture are discussed in [41; 42; 43], but will not be presented
in detail in this paper.

A typical microstructure at the center of the wall is displayed in Figure
6(a). For the given vertical build step of 0.2mm one layer of grains has
an average height equal 0.12mm and its grains have an average orientation
of 61° with respect to the printing direction (more precisely «; = 58.6°
and ay = 63.6° as shown on Figure 6(b). The noticeable zigzag pattern
is a consequence of the alternating movement of the laser head during the
manufacturing, which controls the local thermal history and the direction of
maximum heat flow in different layers [41].

The crystallographic texture obtained from the EBSD analysis was plot-
ted in Figure 7 using three pole figures corresponding to different areas of
focus. Two subsets of grains corresponding to two successive layers were ex-
tracted, one relative to the layers printed from left-to-right and the other one
relative to layers printed from right-to-left. Both are represented in blue and
red respectively in Figure 7(a). In Figure 7(b), the pole figure of the com-
plete set of grains is plotted while, in Figure 7(c) and (d) is displayed the two
subsets of grains. In Figure 7(c), the crystallographic texture of the layers
printed from left-to right is represented and one can remark a hotspot close
to the Building Direction (BD) axe which illustrates a slight texture of the
crystallographic plane {100}. A similar observation can be made in Figure
7(d) for the layers printed from right-to-left. By firstly analyzing the subsets,
it is easier to understand the whole EBSD texture as the sum of two fiber
textures. The distance of the two hotspots from the BD axe corresponds to
a tilt angle of 30° toward the printing direction i.e. the crystallographic and
morphologic are both aligned. It is known that the texture is determined
during solidification and in the case of centered cubic alloys [41], it is defined
by the preferred crystallographic direction which is closely aligned with the
maximum heat flow. The precise direction of the heat flow was not measured
during printing, but the observed textures gave a clear idea of the heat flow
pattern in this case.

A precise observation of the Figure 6(a) exhibits an important surface
covered by large grains. They mainly form the printed layers while smaller
grains will cover the interface between the layers. The smaller grains will
equally cluster between layers as illustrated in Figure 6(b). However a repet-
itive pattern of the small grain clusters could not be found. For example,
clusters are present in interfaces I5 and I4, while absent in I1, I2 and I3.

13



Building Direction

Printing Direction

(a)

Figure 6: (a): EBSD of the specimen B. (b): Zoom on the EBSD showing in details the
interfaces between layers, cluster of small grains present at interfaces and the morpholog-
ical grain angles for both direction of printing.

Similar observations on the presence of small grains and their clustering be-
tween layers was also reported in [43]. More precisely, the authors related
this type of microstructure to particular values of the solidification rate and
the thermal gradient associated with the heat suction from the substrate
and the printing parameters. They reported that after a specific building
height, the fine grains tend to disappear because of the heat accumulation
in the built part, which corresponds to our observations. It has also been
previously reported in [27], that grains at the top of the wall are larger than
the ones at the bottom. This was associated to a faster cooling closer to the
substrate. However, this was not observed in the present work as the studied
surface was too small and positionned at the center of the wall.

Next, we propose to sort the grains in two families with respect to their
surface area, i.e. small and large grains. This threshold value between the
two families correspond to the surface of the biggest grain found in a cluster
of small grains and is equal to an area of 176 um?. This area approximately
corresponds to a circle with a 15 ym diameter.

This separation will allow to better apprehend the role of different grains
in the deformation process and asses from a statistical point view the differ-
ences in term of size, quantity and surface occupied by grains, as resumed
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Half width:15°
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Exp. densities (mud):
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Figure 7: The texture of the microstructure: (a) Schematic representation of the printed
layers and their relative morphological grains angles associated by color to the printing
direction. Pole Figure for the whole EBSD, for the layers printed from left to right the
one printed from right to left diplayed in (b), (c¢) and (d) respectively

in the table 3. One can easily note that there are more small grains, 61% of
total number, than large one, 39%, while the small ones occupies only 8%
of the total surface. We have a ratio of 4 between the average diameters of
large and small grains.

The aspect ratio of the shape, was defined as the ratio of principal axes of
the smallest circumscribed ellipse, implying that aspect ratio of 1 indicates
an equiaxed grain. Ellipses fitting the small grains have an average aspect
ratio of 2.4 + 1.4 while ellipses fitting the large grains have a an average
aspect ratio of 3.4 £ 2.1 (complete data set is available in Table 3). The
distribution of the grain sizes is depicted in Figure 8 by the plot of the
continuous probability density function (PDF) of frequency as a function

15



Specimen A Specimen B
small grains large grains small grains large grains
Average diameter 76 £33 pum | 31.6£ 16.8 ym || 7.2 £ 3.4pum | 29.6 £ 15.4 pm
Mediane of diameter Tum 26.3pum 6.5um 24.4pm
Numbers of grains 61% 39% 67% 33%
Surface occupied 8% 92% 11% 89%
Average of the aspect ratio 24+ 14 3.4+ 2.1 2.6 +1.6 3.8 £ 3.2
Mediane of the aspect ratio 2 2.8 2.1 3.2
EBSD surface 3.3 mm? 3.4 mm?

Table 3: Grains size statistics.

of aspect ratio for small and large grains. The continuous distribution was
fitted from the discrete measured distribution using [44]. Moreover, one can
see that, the PDF of the aspect ratio of small grains is narrow attaining its
peak value at an aspect ratio of 1.8 which is smaller than 2.4, its average
aspect ratio. The distribution of aspect ratios for the large grains is more
spread, it attains its peak at an aspect ratio of 2.2 which is also smaller than
3.4, the average aspect ratio for large grains. Moreover, we recall that the
total surface of small grains is far smaller than the surface occupied by large
grains while the small grains are superior in terms of quantity.

As a closure remark regarding sizes and shapes, we can state that large
grains have a columnar shape while small grains have a more equiaxial one.

3.2. Mechanical properties

The tensile engineering stress versus strain curve of the specimens A
or By are compared in Figure 9. In order to provide a precise quantitative
comparison of the tensile response differences, we provide standard material
parameters such as the yield stress at 0.2% (YS), ultimate strength (UTS)
and the ductility (D). To facilitate the analysis, the ratio R of the material
parameters of B over A, is compared to values from literature [45; 20; 46].
If the ductility is almost similar for the specimen A, or B, with a ratio of
1, the value of the ultimate strength of specimen B) is higher with a ratio
attaining 1.18 and a similar trend is observed for the yield strength with a
ratio of 1.4. One can therefore notice an anisotropy for the yield and the
ultimate strength of the two specimens.

Previous publications [20; 47; 48] on stainless steel employing DED as
a manufacturing technology present similar trends regarding the mechanical
behavior under uniaxial tensile test. The tensile engineering stress versus
strain curve of the present specimens A, or B/ are compared with the curves

16



0.5}

04f
3 - — small grains
C — large grains
D osf
-] 1
O- L
v [
w02

01}

5 10 15 20

Aspect Ratio

Figure 8: Probability density function of grain ellipticity, i.e. frequency in terms of ratio
between the large and small axes of the ellipse fitting the grain by its surface and shape.

of their homologous one extracted from a multi-track thickness volume in
316L obtained by DED [45]. One can notice that the differences between
the tensile properties for both set of configuration are comparable, in the
sense that one obtains higher yield and ultimate strength for the type A,
specimens and longer ductility for the type B/ specimens. Nevertheless, it
can be noted that intrinsic values are different. Even tough the nature of the
feedstock (316L stainless steel) and printing technology (DED) are the same,
the size and chemical composition of the powder as well as the machines
parameters (laser power, speed deposition, printing strategy etc.) for both
compared studies are different. In [49], the authors summarized the tensile
properties of 316L specimens manufactured by DED from different research
groups permitting to highlight the scatter of the properties and the large
spectrum of tensile strength. In addition, it was also noted that specimens
manufactured with lower linear heat inputs have smaller melt pools, thus
faster cooling rate leading to a finer microstructure and therefore higher
yield and ultimate tensile strengths in comparaison to the ones produced
with higher linear inputs. Also, it was reported that even for a same linear
heat inputs, the type of laser has an influence on the energy absorbed by the
substrate or deposited layers and thus on the final properties. In addition,
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the chemical composition [50] and particle size [51] of the powder affect the
mechanical properties as well as the printing parameters as reminded in the
introduction. Therefore, one can perceive the sensitivity of the mechanical
properties to process/machine’s parameters and can consequently understand
the difference observed in Figure 9 and more generally between studies of the
same type of materials additively manufactured.

Furthermore, the material parameters of table 4 are compared with the
ones of a hot rolled and annealed 316L. The hot rolled and annealed mate-
rial present isotropic properties with a higher ductility but lower yield and
ultimate strength in comparison to 316L obtained by DED. An explanation
for the anisotropy in the case of DED was proposed in [27] who analyzed a
material manufactured in similar conditions as our specimen. A specimen of
type A, has long and narrow columnar grains oriented along the building
direction. Therefore, under uniaxial test along the building direction, dislo-
cations are required to cross fewer grain boundaries to elongate the sample
than specimen in the configuration of B, where dislocations need to cross
more boundaries. This can explain the difference between the UTS and YS.
It was also noticed in [20] that interlayer in case of a tensile direction or-
thogonal to the printing direction are ideal crack initiation sites. In order to
validate such assumptions, it is therefore important to investigate the strain
localization process at the microstructure scale as proposed in the next sec-
tion.

Technology YS (MPa) UTS (MPa) D (%)
Printing versus tensile direction L / R L / R L / R
DED (our results)-from wall | 272 + 8 | 381+5 | 1.4 [ 621.7 £ 9.4 | 734.1 + 12.8 | 1.18 | 46.4 + 2 | 44.4 + 3.8 | 0.96
LENS [45] from bulk 479 576 1.2 703 776 1.1 46 33 0.72
LMDS[20] from wall 352 558 1.6 536 639 1.19 46 21 0.46
Hot rolled and annealed [46] 302 307 | 1.01 595 600 1 57 59 1.03

Table 4: Mechanical properties of 316L from the present tests and from the literature
[45; 20; 46]. R is the ratio of the material parameters of the specimen B, over the
specimen A

3.3. Combined strain and EBSD analysis

Next, a combined DIC-EBSD analysis is proposed to reveal and to under-
stand the observed differences between the mechanical properties in tensile
test, depending on the orientation of the loading with respect to the print-
ing direction, i.e. along or orthogonal to printing direction. The analysis is
split in several steps: (i) an initial EBSD analysis of the central part of the
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specimen as described in Figure 4, (ii) a SEM in situ tensile test combined
with DIC described in section 2, (iii) a projection of DIC results on EBSD
which will be described in this section and (iv) a statistical analysis of mean
strain value per grain associated to a study of the local strain patterns.

As stated previsously, DIC full-fields were projected on EBSD maps: this
enables us to determine the correlation points included in each grain. To
perform this overlapping, we had to correct the non-linear distortion of the
EBSD coming from several factors such as the beam drift, the stability of
the specimen etc. The procedure is detailed in [52] and the code used for
this correction was adapted from the Matlab procedure available in [53].This
image correction procedure will distort the initial image shape from a rect-
angular to an arbitrary shape as already reported in [52]. It is important to
notice that the distortion is image specific as it depends on the specific defor-
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mation patterns of microstructure, i.e. texture, grainsize,etc. and therefore
the exact transformation will be different for each image. A similar behavior
can be observed in the images exhibited in Figure 14. A Matlab routine was
programmed to reconstruct the EBSD map with a unique RGB color aver-
aged for each grain based on its euler angle in order to determine the contour
of the grain and thus, the correlation points included. Then, as presented
previously, from the average transformation gradient, it was possible to com-
pute the mean value of the Green-Lagrange tensor components in each grain.
The precise procedure is schematized in Figure 10.

Determine the

Determine E, from the contour

Find the contour of

Go to next grain

the grain (black line)
from the EBSD:

correlation points (red +—
cross) in the grain:

(green) of the correlation
points in the grain:

" Compute <F>,:

Figure 10: Algorithmic scheme of the implemented procedure for the determination the
mean value of the Green-Lagrange tensor components in each grain.

First of all, a comparative study of the two grain families (small and
large) for specimens A, and By is proposed. Let us mention that the de-
formation patterns/deformation statistics are defined starting with the first
applied strain step and evolve afterwards mainly in terms of strain amplitude.
Therefore, only the data for the step 2, corresponding to a global strain of
~ 6% will be discussed.

Specimen A,

Specimen B

small grains

large grains

small grains

large grains

Average of the strains

0.052 £ 0.025

0.06=x 0.019

0.072 £ 0.031

0.074 £ 0.026

Mediane of the strains

0.048

0.06

0.069

0.072

Table 5: Grains size statistics.

In Figure 11, the PDF of the £;; strain component relative to the grain’s
family (red for large grains and blue for small grains) is plotted in case of a
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global applied strain of ~ 6% (purple line). For the specimen A, the two
distributions are quite different with, for the large grains, a peak aligned with
the global strain whereas for the small grains a peak of frequency centered
around 4, 8%. In addition, the strain average of the small grain is 5, 2% with
a median at 4,8% while for the large grains, the average and median were
6,9% and 7,2% respectively. Thus, one can note that when the tensile test
is perpendicular to the printing direction, the mechanical behavior is not the
same for small and large grains: small grains deform less than large grains.

The same investigation for specimen B/ led us to a different conclusion.
One can remark on Figure 11(b) that both peaks are aligned on the global
mean strain. More precisely, the average strain of the small grain is 7.2%
with a median at 6.9% while for the large grains, the average and median
were values 7.4% and 7.2% respectively. One can therefore conclude that
when the tensile load is parallel to the printing direction, the mechanical
behavior is almost the same for small and large grains.

In order to get a precise understanding of the relation between grain size
and average grain deformation, we propose to analyze the probability density
function of the grain surface versus average grain strain over the £ strain
component (2D PDF). This representation will permit to highlight where
the maximum deformation is concentrated and will indicate where strain
localization and/or failure will probably occur. The corresponding colored
histograms are displayed in Figure 12. In Figure 12(a) and (c), one can see
the 2D PDF for the small and large grain of the specimen A, respectively at
the same step of deformation as previously. From these plots, we cannot add
additional details to the conclusion made in Figure 11(a). Nevertheless, for
the specimen B, particular areas are observable in the 2D PDF of the large
grains as shown in Figure 12(d). These areas are circled by white dots and
they correspond to particular large grains that deform more than the others.
This was hidden in the figure 11(b), where just from this plot, deformation
could have been thought uniform. As a first step into the investigation to
determine the difference observed during the tensile tests, one can infer that
for the specimen A |, there is a difference of the tensile behavior between small
and large grains while for the specimen B, some particular large grains are
highly localizing.

It is now necessary to investigate the spatial localization (i.e the deforma-
tion patterns) from the strain field obtained by the DIC overlapped on the
EBSD in order to qualify and explain the previous statistical observations.
In Figure 13(a) and (b), the local £q; strain component obtained by DIC for

21



specimen A, and B is displayed in the case of a global strain of 6.1% and
6.7% respectively. One can remark in Figure 13(a) that the strain is very lo-
calized in some areas while on the Figure 13(b), the strain localisation is more
spread in some columnar shape allowing to recognize the zig-zag pattern of
the microstructure. For the step of deformation 2, the DIC full-fields for A
and By were respectively overlapped on their relative EBSD map in Figure
14(a) and (b) in order to associate the strain pattern with the microstructure.
One can see in Figure 14(a) that the strain localisations actually correspond
to interfaces between the layers. Nevertheless, it can also be noted that not
all interfaces show such localization and one can observe that these areas cor-
respond to zone where there is the presence of small grains and clusters of
small grains. One can remember that for specimen A, the statistical anal-
ysis showed that small grains deform less. Therefore, it is reasonable that
no strain localisation is observed at the interface in the presence of clusters
of small grains. Finally, this confirms the results of [20] which noticed that
interlayer is a crack initiation area, when the tensile direction is orthogonal
to the printing direction.

A similar investigation of the DIC overlapped on the EBSD for the speci-

men B is plotted in Figure 14(b); in this case, the strain localization follows
a zig-zag pattern of particular large grains. In addition, there are no sin-
gularities at interfaces and this makes sense considering the previous results
showing that small and large grains present the same strain distribution.
The strong localization in some particular large grains shown in 14(b) was
also expected since it was highlighted by the 2D PDF in Figure 11(d). A
complementary graph is proposed in Figure 15 where the average €1, per
grains is plotted and confirmed the presence of particular large grains with
higher localisation. Finally, the same trend of localisation for higher defor-
mation steps is observable as displayed in Figure 14(c), (d), (e) and (f). It
can also be noted that for A, localization seems to be more present at the
boundaries of the grains while for B/, it is more diffuse.
In conclusion, in the case of a tensile load orthogonal to the printing direc-
tion, the small grains deform less than the large ones. It was also observed
that the strain localization is mainly situated at the interface between layers
in the absence of small grains either individual or in clusters. In the other
case of a tensile load along the printing direction, we found that small and
large grains deform the same. We also observed that the strain localization
was present in some particular large grains.
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Figure 15: Average €11 per grains for the specimen B at the deformation step 2.
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4. Conclusion and Perspectives

In this study, we associated the observed mechanical anisotropy of spec-
imens produced by additive manufacturing with the anisotropic and het-
erogeneous microstructure and the induced microscopical strain localization.
Specimens were extracted from 316L stainless steel single-track thickness
walls built by DED. Firstly, we investigated microstructure through mor-
phologic and texture analysis. Then, we performed tensile tests that re-
vealed anisotropy. Finally, in situ tensile tests under an SEM combined with
HR-DIC and EBSD maps enabled the qualification and quantification of the
mechanisms of deformation. The conclusions are the following:

e The morphologic and crystallographic textures are aligned and can be
associated with the heat flow pattern induced by the printing strategy.

e The grain morphology is characterized by small equiaxed grains present
as isolated or in clusters at the interface between printed layers and
large columnar grains within the layer.

e Anisotropy was detected during tensile tests. Specimen tested along
the printing direction (B)) exhibited higher mechanical properties in
terms of yield strength (YS) and ultimate tensile strength (UTS) than
the specimen tested perpendicularly to the printing direction (A;). A
similar trend was reported in literature.

e In the case of a tensile load perpendicular to the printing direction,
small grains deform less than large ones. Moreover, strain localization
is mainly situated at the interface between layers in the absence of
small grains.

e In the case of a tensile load along the printing direction, the strain
localization was observed in some particular large grains.

There are several natural extensions of this work such as a precise inves-
tigation of the slip systems of the grains exhibiting strong deformations, and
the observations of the mechanisms of deformation under cyclic loadings and
their relations with the fatigue phenomena.
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