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Abstract

The present study investigates the influence of a rescanning strategy on the
microstructure and mechanical properties of Hastelloy X samples manufac-
tured by laser powder bed fusion process in additive manufacturing. After
a first lasing leading to powder melting, a second lasing is performed on the
solid metal with five considered laser powers corresponding to 100-80-60-40
and 20% of the power of the first laser scan. The microstructure and me-
chanical properties of the samples obtained from these elaboration strategies
were then compared to those of a conventional strategy with and without heat
treatment. Using electron microscopy, monotonic and loading/unloading ten-
sile tests, the results revealed that samples elaborated with the rescanning
strategy are characterized by weaker crystallographic texture, lower back-
stress and larger ductility compared to conventional elaboration parameters.
However, these modifications induced by the second laser scan, depend on
the second laser scanning power, better properties are observed for a decrease
of 40% in the laser power during the second laser scan. Such strategy may be
suitable to optimize the mechanical properties but also to potentially avoid
post-elaboration heat treatments.
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1. Introduction

Due to its layer by layer manufacturing strategy, Additive Manufactur-
ing (A.M.) is a major breakthrough over the last decades on the elaboration
technique of metal parts with complex shapes. Among the different existing
technologies, Laser Powder Bed Fusion (P.B.F.) is one of the most employed
industrially.

Nevertheless, this technique is still very challenging for the metallurgical
and mechanical communities. Indeed, the overall quality of parts obtained
from P.B.F. depends on the process parameters such as the laser power and
speed, the hatch distance, the powder layer thickness, the laser focus ... [1].
The building strategy based on the laser path in a given layer but also with re-
spect to the previous layer also plays an important role on the microstructure
and mechanical characteristics of the manufactured part [2-6]. Depending on
these parameters and building strategy, mechanical properties may be con-
siderably affected due to a significant porosity rate, lack of powder fusion,
overheating, crystallographic texture, morphological texture ...[1; 7]. It is
hence of prime importance to correctly understand the role played by the
manufacturing parameters on the microstructure and properties to improve
the process reliability but also the mechanical performance of metal parts
obtained by additive manufacturing.

Due to aforementioned induced defects, metal parts obtained by AM are
generally subjected to post-elaboration Heat Treatments (H.T.), sometimes
coupled with mechanical loading (for instance Hot Isostatic Pressure - HIP),
to reduce the residual stresses, the mechanical anisotropy and yield stress
[1]. However these thermomechanical treatments increase both the overall
elaboration time and costs limiting, hence, the interest of AM compared to
conventional forming processes. Elaboration strategies which do not require
further thermal or mechanical treatments deserve hence specific investiga-
tions. Moreover, depending on the industrial applications of the final part
elaborated by AM, different mechanical properties may be desired at different
locations. In the case of forged parts, these mechanical behavior modifica-
tions are obtained by local heat treatments using inductors for instance. For
additive manufacturing parts, similar modifications of mechanical properties
may be achieved from a local modification of the building strategy which
ultimately influences the microstructure and the mechanical properties.



In literature, different strategies have been reported to increase the me-
chanical properties without H.T. . Besides the elaboration of optimized laser
path for residual stresses reduction [3; 6], scanning strategies based on one
or several laser rescans after the melting of a given powder layer has gained
interest in the recent years. Indeed, despite a significant building time in-
crease, that kind of elaboration strategy has been proved to improve the
mechanical properties particularly in aluminum alloys, titanium alloys and
stainless steels. Hence, it has been reported that the rescanning methods
result in a decrease in residual stresses [8-12], a decrease in porosity rate
[13; 14], a decrease in surface roughness [14-16], an increase in hardness [16]
or ultimate tensile strength [17] and a modification of the microstructure
[18]. However, these improvements seem to depend on the number of laser
rescanning [12; 17], laser speed [9; 11], laser power [10; 11] and laser path
during the successive laser scan on a given layer [17].

All these works point out the interest of rescanning strategies which may
help to improve the microstructure and mechanical properties of metallic
parts obtained by A.M. . However, for Ni superalloys, to the authors’ best
knowledge no investigation of such re-melting strategies has been published
despite the huge industrial interest of these materials. Several questions still
arise from these works, i) are rescanning strategies suitable for Ni superalloys
? ii) what is the effect of the power during the second laser scan ? iii) is
remelting necessary for properties improvements 7 iv) what is the influence
of rescanning on microstructure? and v) what is the origin of these improve-
ments 7

Thus, the aim of this article is hence to try to answer to these questions
by investigating the role played by laser rescanning with different powers
during a P.B.F. manufacturing on the microstructure and mechanical prop-
erties of a Hastelloy X superalloy. Such rescanning strategy, depending on
its application (i.e: locally or during the entire manufacturing), may help to
improve the properties of the part without post-elaboration heat treatments.



2. Material and experimental procedure

2.1. Material and Elaboration

This investigation was performed on Hastelloy X superalloys. This mate-
rial is used in aeronautics applications for its good mechanical properties and
corrosion resistance at elevated temperature [19-21]. Like other Ni-based su-
peralloys, this material is suitable for additive manufacturing [22-25].

The precursor powder of this material was provided by Auber and Duval

with powder particle average diameter around 30 pym. The typical chemical
composition of this alloy is reported in table 1.

Table 1: Typical chemical composition of the Hastelloy X alloy employed in this study.

C Mn P S Si Cr Mo Co Fe W
0.05-0.15 1.0 max 0.04 max 0.03 max 1 max 20.5-23.0 8.0-10.0 0.5-2.5 17.0-20.0 0.2-1.0

Ni
bal.

The elaboration was performed on an EOS M290 powder bed fusion ma-
chine at ArianeGroup company. The basic parameters set employed for the
elaboration is summarized in table 2. For the double laser scan strategy, for a
given sample, the second scan starts immediatly after the first one and follows
the same path as the previous one. In order to investigate the role played by
laser rescanning with different powers, six parameter sets were considered for
the elaboration (see table 2): one reference Single-Laser Scan (LS) strategy
(labelled - Ref. 1LS - in the following paragraphs) and 5 double-laser scan
strategies with different laser powers during the second scan (referred to as -
2LSxx - in the text, where xx represents the % of 1st laser scan power during
the second scan).

Table 2: Summary of the elaboration parameters for the Hastelloy X samples using powder
bed fusion investigated in this study. 1LS: single laser scan, 2LS: double laser scan.

1st laser 2nd laser Laser Hatch Powder Scan Total cumulated layer

sample power (W) power (W) speed (mm/s) distance (mm) height (pm) angle (°) volumic energy (J/mm?3)

Ref. 1LS 285 960 0.11 40 67 67.5

2LS100 285 135
2LS80 228 121.5
2LS60 285 171 960 0.11 N.A. N.A. 108
2LS40 114 94.5
2LS20 57 81




To investigate the microstructure and mechanical properties, 3 cylinders
of 20 mm diameter and 90 mm height were manufactured for each parame-
ter sets. Figure 1 illustrates the position of the cylinders on the elaboration
plate. For the reference single-laser scan strategy, one sample was submitted
to a solution Heat Treatment (H.T.) at 1175 © C during 2 hours at air and
then air cooled (H.T. similar to the one reported by Heynes data sheet) [26].
This sample is labelled Ref. 1LS H.T. in the following paragraphs.
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Figure 1: Illustration of sample distribution on the elaboration plate of the EOS M290
employed in this study. For each sample of the two laser scan strategies, the laser power
on the second scan is expressed in % of the applied power during the first scan.

2.2. Mechanical characterization

In order to avoid typical A.M. surface roughness which may affect the
mechanical properties, the cylinders were machined to obtain conventional
tensile test specimens following the ISO 12126:2017 standards with a gauge
length of 16 mm and a 8 mm diameter. One monotonic and two load-
ing/unloading tensile tests were performed for each condition using an elec-
tromechanical MTS C45 tensile machine with a cross head displacement con-
trol. The axial strain was recorded by means of conventional ”clip-on” ex-
tensometer. The applied strain rate was about 5.107% s,

Compared to monotonic tensile tests, loading/unloading tests enable us
to investigate of the loading surface as a function of the axial strain. Us-
ing this loading surface, the flow stress can be divided into two components



named backstress and effective stress [27-29]. The backstress is then asso-
ciated with the center of the loading surface whereas the effective stress is
related to the radius of this surface as illustrated in figure 2. These two
stress components are linked to different interactions of mobile dislocations
with the microstructure. The effective stress corresponds to short range ones
such as forest dislocation interactions or small coherent precipitates with
dislocations. Backstress is related to long range interactions between mobile
dislocations and strong defects like heterogeneous dislocation structures, in-
coherent precipitates or grain boundaries. The knowledge of the evolution of
these stress components along with strain gives valuable information of the
plasticity mechanisms. More details on the computation of these two stress
components and their physical meaning can be found in other articles [27; 28].
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Figure 2: Illustration of the stress decomposition during one unload/load sequence applied
to an A.M. Hastelloy X sample.

2.3. Material and microstructural characterization

To understand the origin of this change in mechanical properties resulting
from the different elaboration parameter sets, microstructural characteriza-
tion was performed. First, density was measured for each elaboration con-
ditions using an Archimedes type balance (precision measurement of 0.1 g)
and a 5 mm heigh sample extracted at the top of the manufactured cylinders.
10 measurements were recorded for each sample and the average value along
with the statistical error with a confidence index of 95% were computed.



Second Scanning Electron Microscope (SEM - JEOL 7900F) coupled Sec-
ondary Electrons (SE), BackScattered Electrons (BSE) and Electron BackScat-
tered Diffraction (EBSD) were employed to investigate the melting pools and
dendrites, the fracture surfaces, the grain sizes, the crystallographic texture,
the precipitates and dislocation structures. These features were analysed in
three planes: x-y, x-z and y-z, these three directions corresponding to the
elaboration plate (see figure 1). For these analysis, samples were mechani-
cally polished up to a 1200 SiC paper. A final step of electropolishing using
A2 Struers electrolyte (20 V - 30 s) was systematically applied prior to the
observations. For melting pool analysis, this electropolishing step was fol-
lowed by an electrochemical attack at 10 V during approximately 3 s. For
EBSD, the sample observations were performed with a high voltage of 25
kV and with a electron current of 5 nA. Same scan area dimensions (800 x
600 pum) and step (0.7 um) were employed for each sample. For dislocation
imaging, Electron Channeling Contrast Imaging (ECCI) was performed us-
ing BSE detector with the following SEM conditions: 25kV of high voltage,
5 nA current and about 6 mm for the working distance.

3. Results

3.1. Initial material characterization

Figure 3 illustrates the Melting Pools (M.P.) in the plane y-z observed
by scanning electron microscope (secondary electrons) for the reference pa-
rameters set (Ref. 1LS) in fig. 3(a), the 2LS100 conditions in fig. 3(b), the
2L.S80 conditions in fig. 3(c) and the 2LS60 conditions in fig. 3(d).
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Figure 3: SEM analyses of the melting pools for: (a) the reference single-laser scanned
sample (Ref. 1LS), (b) the double-laser scanned sample at 100% laser power (2LS100),
(c) the double laser scanned sample at 80% laser power (2LS80) and (d) the double laser
scanned sample at 60% laser power (2LS60). Building direction is vertical.



For the reference conditions (fig. 3(a)), conventional pools are observed.
Their width dimensions correspond to the hatch distance. For the two con-
ditions with laser rescanning at 100% and 80% powers, observed in fig. 3(b)
and in fig. 3(c), changes in the melting pools are observed compared to the
reference conditions.

With a full power laser rescan (2LS100), two different pools can be ob-
served as schematically indicated in fig. 3(b). The first M.P. boundary,
illustrated by a black solid line, represents the extend of the melting during
the first scan. The second one, represented with a white solid line, illustrates
the M.P. boundary of the second scan. For instance, the zoom inserted in the
figure highlights an example of these two kinds of melting pools. Due to the
larger thermal conductivity of solid material compared to powders [30; 31],
remelting during the second laser scan is only partial. With a decrease in
second scan laser power, the depth difference between the first and second
scan M.P. increased as illustrated in fig. 3(c). For 2LS60 samples, no remelt-
ing is observed in fig. 3(d). The same observations can be made for 2L.S40
and 2LS20 samples (not shown here).

To better characterize the microstructural modifications resulting from
the 2LS conditions, the morphological and crystallographical texture were
investigated by EBSD on all samples. The analysis were performed on the
three observation planes, x-y, x-z and y-z. For the reference sample (Ref.
1LS), the laser direction is clearly visible in the x-y plane (fig. 4(a)). In
this plane, grains are rectangular in shape with an elongation perpendicular
to the laser direction with a dominance of the [011] orientation along the
normal of the plane (z-building direction). Small equiaxed grains are also
observed between each laser track. On the x-z and y-z planes, illustrated
fig. 4(b) and fig. 4(c) respectively, elongated grains aligned with the build-
ing direction are observed with strong preferential crystal orientation. For
these three observation planes, the corresponding pole figures are plotted
fig. 5(a) (x-y plane), fig. 5(b) (x-z plane) and fig. 5(c) (y-z plane). As ob-
served in the grain orientation maps, strong crystallographical textures with
maximal density poles larger than 10 M.R.D. (for Multiple Random Distri-
bution) are revealed for this reference sample. In the x-z plane (figure 5(b)),
a Goss texture {110} (001) is observed. In the y-z plane (figure 5(c)), the
same {110} (001) texture is also characterized. It is worth noticing that pole
figures illustrated in figure 5(b) and figure 5(c) are given in different sample

9



coordinates. However, the preferential grain orientations correspond to a sin-
gle texture component if similar sample coordinates are employed for both
pole figures. This Goss texture component has been already characterized
for Ni-alloys obtained by additive manufacturing [32; 33] and steels [34; 35]
and is related to the specific heat flux direction and associated solidification
in A.M. [32; 34].

(a) x-y plane (b) x-z plane (c) y-z plane

Figure 4: Grain orientation maps for the reference single laser scan sample - 1LS - for the
three planes: (a) x-y, (b) x-z and (c) y-z. See figure 1 for the illustration of the axis with
respect to the elaboration plate. Standard triangle is given with respect to the normal
direction. For (b) and (c), building direction is vertical.
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Figure 5: Pole figures of the crystallographic planes (001), (111) and (011) of the reference
sample with one laser scan (1LS) for the planes: (a) x-y, (b) x-z and (c¢) y-z. See figure 1
for the illustration of the axis with respect to the elaboration plate.
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Figure 6 illustrates the grain orientation maps on the three planes x-y,
x-z and y-z for the 2LS100 (fig. 6(a) to fig. 6(c)), the 2LS60 (fig. 6(d) to
fig. 6(f)) and 2LS20 (fig. 6(g) to fig. 6(i)). Compared to the reference 1LS
sample, similar grain orientations are observed in the three planes for the
three double laser scan conditions (2L.S100, 2LS60 and 2LS20), revealing a
similar Goss texture.

(g) x-y plane 2LS20 (h) x-z plane 2LS20 (i) y-z plane 2LS20
Figure 6: Grain orientation maps for the double laser scanned samples with 100%, 60%
and 20% of laser power. Observation planes are indicated in the subcaptions of the figure.

See figure 1 for the illustration of the axis with respect to the elaboration plate. Standard
triangle is given with respect to the normal direction of the observation plane.
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Compared to the reference 1LS sample, as illustrated in figure 7(a) and
in figure 7(b), a grain orientation spread can be observed in the y-z plane of
the 21.S100 and 2LS60 samples with a decrease in the maximal density pole.
For the third double laser scanned sample at 20% laser power, no difference
is observed compared to the reference 1LS sample with similar poles and
corresponding densities.

max = 11863
7.858
5202
3444
2281
1510
1.000

max = 14,615
9347
5978
3823
2445
1.564
1,000

001 111 110 s

(¢) y-z plane 2LS20

Figure 7: Pole figures of the crystallographic planes (001), (111) and (011) in the plane
y-z for samples elaborated with the double laser scan conditions : (a) 100% laser power -
2LS100, (b) 60% laser power - 2LS60 and (c) 20% laser power - 2LS20. See figure 1 for
the illustration of the axis with respect to the elaboration plate.
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Figure 8 illustrates the microstructure observed by SEM using backscat-
tered electrons of the reference 1LS sample (fig. 8((a)), the double laser
scanned sample at 100% of power, 2L.S100 (fig. 8((b)) and the double laser
scanned sample at 60% power, 2LS60 (fig. 8((c)). These observations were
carried out on the y-z plane with a sample tilt of 0° with respect to the
electron axis. For each sample, several grains in various melting pools were
observed in order to ensure that the differences in microstructure between the
manufacturing conditions are statistically representative and may not result
from a difference in grain orientation (not characterized for each observed
area) which could change the dislocation contrast [36].

For the reference sample, firstly, heterogeneous dislocation structures are
observed inside the grains. As illustrated in the blue inset of the figure
8(a), dislocations are mainly distributed in the interdentritic spaces with
some isolated dislocations inside these dendrites. These dislocations appear
as straight segments revealing the planar glide character of this material
[37; 38]. In this figure, inside the grains, some misorientations also appear
together with inclusions. Secondly, a fine interdentritic precipitation is char-
acterized in the interdentritic spaces as highlighted in the red inset. The
rough diameter of the precipitates is lower than 100 nm. These observations
are similar to those reported by Pourbabak et. al. [39] for the sample mate-
rial manufactured using a slighly lower volumic energy.

For the samples manufactured using the double laser scan conditions, the
observations are similar to those of the reference sample. However, for the
2L.S100 sample (fig. 8(b)), dislocation density seems to be higher than for
the reference sample and several traces of activated slip systems are observed
(see red inset), probably due to higher thermal stresses during the manufac-
turing process. The interdentric precipitation also seems to be coarser (blue
inset) compared to the reference sample. This coarse dendritic precipation
is also characterized for the 2LS60 sample as illustrated in figure 8(c) which
does not exhibit various activited slip systems.
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Figure 8: SEM observations using backscattered electrons of the microstructure of: (a)

reference one laser scanned sample (Ref. 1LS), (b) 100% double laser scanned sample
(2LS100) and (c) 60% double laser scanned sample (2LS60).



3.2. Mechanical properties assesment

Table 3 summarizes the volume mass computed using Archimedes method
of all samples elaborated in this study. Taking into account the experimental
errors on this measurement, all samples exhibit the same volume mass. The
lasing strategy has, hence, no effect on this parameter.

Table 3: Volume mass measured by Archimedes balance of the Hastelloy X samples elab-
orated in this study. Corresponding experimental errors are computed with a confidence
index of 95%.
Sample Ref. 1ILS  2LS100 2L.S80 2L.S60 21,540 21,520
Volume 8.347 8.344 8.325 8.329 8.340 8.348
mass (g.cm™3) + 0.008 + 0.013 =+ 0.012 +£0.016 =+ 0.019 =+ 0.009

Figure 9 illustrates the tensile curves for the six elaboration conditions
without heat treatment. The tensile curve related to the reference condi-
tion followed by the 1175 °C heat treatment during 2h is also indicated in
this graph. Excepted for the heat treated sample, the flow stress level is
similar for all samples obtained by additive manufacturing. Nevertheless, as
observed in the inset of this figure, which represents a zoom on the plastic
part of the tensile curves, several differences appear between the different
elaboration conditions. First of all, as already observed in the pole figures,
the mechanical response in tension of the Ref. 1LS sample and the 2L.S20
sample are very similar. Second of all, for higher laser power during the
second scan, a decrease in strain hardening rate is observed. Finally, the
sample manufactured with 60% power during the second scan exhibits lower
flow stress and larger plastic strain at necking compare to other samples.
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Figure 9: Engineering tensile curves of the different Hastelloy X samples elaborated by
powder bed fusion using single laser scan (1LS) and double laser scan (2LS) strategies.

In order to better analyse the differences in mechanical properties re-
sulting from the rescanning strategies, the evolution of the average value of
the yield stress, maximal stress, necking and failure strains are plotted as a
function of the elaboration conditions in fig. 10(a) for stresses and in fig.
10(b) for strains. These average values and corresponding error bars (10%)
are computed using the monotonic and loading/unloading tests. The typical
values of a solution heat treated (1175 °2 h air cooled) cast sample, provided
by Heyne’s data sheet [26], are also indicated in these figures with horizontal
lines.

With regard to the yield stress (figure 10(a)), a higher value of this param-
eter is observed for the rescanning strategy with full power (2L.S100 sample).
With a decrease in the laser power during the second laser scan, the yield
stress tends to the value obtained in the reference 1LS conditions. All sam-
ples manufactured by AM without heat treatment exhibit values larger than
the heat treated samples.

For the ultimate tensile strength, the larger values are obtained in the ref-
erence conditions and the rescanning with a laser power of 20%. The lower
value is obtained for a rescanning with a power reduction of 40% (2LS60)
whereas 21,5100, 2L.S80 and 2L.S40 exhibit intermediate values. Taking into
account the experimental scattering indicated by the error bars, the differ-
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Figure 10: Influence of the elaboration conditions on (a) yield stress and ultimate tensile
strength and (b) necking and fracture strains for Hastelloy X elaborated by powder bed
fusion.

ences are, nevertheless, not statistically significant. It should be mentionned
that all the values of P.B.F. samples remain lower of about 100 MPa than
the expected one for a heat-treated cast samples.

As far the necking strain is concerned, the maximal value 0.5 is obtained
in the 2LS60 conditions whereas other samples have similar values close to
0.3. This significant necking strain for the 2LS60 sample is similar to the
one of the ref. 1LS H.T. samples and higher than values reported for the
same alloy elaborated by P.B.F. (without rescanning) and heat treated in
the same conditions [22] and also with HIP treatment [40]. This 0.5 necking
strain characterized for the 2LS60 sample is, moreover, similar to the value
reported for a H.T. cast sample [26]. For strain at failure, taking into account
the experimental scatterring, the elaboration conditions do not seem to affect
this property for Hastelloy X samples elaborated by P.B.F. and subjected to
mechanical loading in the building direction.

These changes in the mechanical properties resulting from the elabora-
tion conditions are also observed in the evolution of the backstress and the
effective stress obtained from the loading/unloading tests. Figure 11(a) il-
lustrates the evolution of the effective stress as a function of strain for the
different samples. Regardless the elaboration conditions, this flow stress
component is reduced with an increase in strain up to 0.1. For higher strain
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values, the effective stress is constant. The reference sample exhibits slightly
larger values than those of the samples obtained with the rescanning strategy
which do not seem to depend on the power of the second laser scan, except
for the 2L.S20 with similar values as Ref. 1LS sample. Compared to the
heat treated sample, all the AM samples have higher effective stress values
(difference lower than 50 MPa) for strain lower than 0.4. Due to its strain
hardening capacity resulting from recrystalization, the effective stress of the
H.T. sample strongly increases along with large strains to reach similar val-
ues as in other samples.
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Figure 11: Influence of elaboration conditions on the engineering backstress (a) and effec-
tive stress (b).

The evolution of the backstress along with strain is also similar for all
samples. Nevertheless, contrary to the effective stress, an increase in strain
results in an increase in backstress. The backstress level weakly depends
on the elaboration conditions as similar values are obtained for all samples.
However, the 2LLS60 sample exhibits the lowest value. Similarly to the effec-
tive stress, the backstress of the heat treated sample is about 200 MPa lower
than the A.M. samples at the onset of plasticity. With an increase in plastic
strain, backstress difference between all samples tends to be reduced. These
results suggest that the higher flow stresses of A.M. samples compared to
casted ones are clearly correlated to the backstress component.

After sample failure, fracture surfaces were observed by SEM. Figure 12
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represents these fracture surfaces for four elaboration conditions: 1LS refer-
ence with heat treatment (Ref. 1LS H.T. - fig. 12(a)), 1LS reference without
heat treatment (Ref. 1LS - fig. 12(b)), 2LS100 (fig. 12(c)) and 2LS60 (fig.
12(d)). For all conditions, ductile fracture is revealed by dimples in agree-
ment with the large fracture strain observed in figure 10(b). For the heat
treated conditions, the conventional cup and cone surface is observed with
void nucleation, growth and coalescence in the center part of the sample and
shear fracture near the surface. For the three other conditions these cups and
cones fractures are not observed. Fracture seem, hence, to be dominated by
shear. Moreover, for these latter conditions without H.T., voids are observed
and the sample section is not longer circular. Elliptical shape is observed
which is more pronounced for the double laser scanned samples (fig. 12(c)
and fig. 12(d)). These non circular fracture surfaces suggest a important
plastic anisotropy associated with the strong crystallographic texture. Sec-
ondary cracks aligned with the larger dimension of the cross section are also
observed in these samples.
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(d) 2LS60

Figure 12: Scanning electron microscope observations of the fracture surfaces for four
Hastelloy X samples analysed in this study: (a) heat treated, (b) reference single laser
scanned conditions, (c) double laser scanned with 100% power and (d) double laser scanned
with 60% power.



4. Discussion

All results presented in the previous sections show a significant effect of
the rescanning strategy on both microstructures and mechanical properties.
These changes are discussed in the following paragraphs in terms of remelt-
ing, crystallographical and morphological texture, backstress and laser power.

4.1. Microstructure and thermal history modifications

As observed in the previous paragraphs, the elaboration conditions influ-
ence the microstructure of the sample. The melting pools, the morphological
texture or dominant grain orientations are dependent on these conditions.

Table 4 summarizes the different microstructural characteristics, grain
size, grain circularity, and the maximal density pole for the Goss texture
component for five samples: Ref. 1LS H.T., Ref. 1LS, 2LS100, 2LS60 and
21.S20. These three double laser conditions correspond to: deep remelting,
no remelting with best mechanical properties, no remelting with mechanical
properties close to the reference sample, respectively. The grain size was
computed using the average area converted then into diameter assuming, at
first approximation, spherical grains. In addition, this value was obtained
considering an average value based on each plane one (no huge difference
was found between each plane). For the heat treated reference sample, full
recrystallization occured leading to an isotropic texture with a low maximal
density pole (6 MRD) ensuring no plastic anisotropy.

Table 4: Summary of some microstructural characteristics (grain size, grain circularity
and maximal density pole - Imax) of the Hastelloy X samples investigated in this study.
Grain size and circularity values are given with a relative error bar of 50%.

grain grain Imax

sample size (um) circularity (m.r.d.)
Ref. 1LS H.T. 22 0.36 N/A
Ref. 1LS 18 0.39 20
2LS100 19 0.40 15
2L.S60 20 0.41 17
21520 28 0.35 20

Based on the analyses of these data, it appears that the rescanning strat-
egy does not affect the grain size and grain circularity as very similar values
are obtained for all samples. Grain size is, hence, not the revelant length scale
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to understand the dependence of mechanical properties with the lasing strat-
egy. For the texture analysis, except for the heat treated sample, the strong
Goss texture component reveals no strong modification of solidification dur-
ing the process. Nevertheless, as already suggested by the comparison of the
pole figures for the Ref. 1LS (fig. 5) and 2LS conditions (fig. 7), revealing a
spread of the preferential grain orientations for the 2L.S100 and 2L.S60 sam-
ple, these two samples exhibit a slight reduction in the maximal density pole
for the Goss texture component. In order to highlight this feature, a analy-
sis of the grain orientation distribution with respect to the dominant {110}
plane normal aligned with the Z sample direction was considered. Figure 13
illustrates the cumulative grain number fraction as a function of the crystal
orientation.

0.8 Ref.1LS
06T
04+

0.2+

Cumulated number fraction

Mnnn

10 20 30 40
Angle from direction []

(a)

Figure 13: Cumulative grain number fraction as a function of the crystal misorientation
with respect to the theoretical Goss texture.

As illustrated in this figure, compared to the reference sample, the spread
of preferential grain orientations for the 2L.S100 and 2L.S60 samples is clearly
evidenced. For these two samples, the number fraction of grains oriented
within 20° with respect to the theoretical crystal direction is about 40%
vs 60% for the reference sample. Considering the relationship between the
process, i.e., directional solidification, it seems that the second lasing strategy
affects the solidification. For the 2LS20 sample, with a second laser scan
power about 20% of the first one, the grain orientation distribution is very
close to the reference sample.

In f.c.c. and some b.c.c. materials, solidification occurs with the < 001 >
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direction aligned with the heat flux or thermal gradient [41]. For additive
manufacturing processes, this feature may lead to a strong Goss texture with
the < 011 > aligned with the bulding direction if no laser scanning rotation
is applied between each layer [42]. In this case, dendrite growth will occur
following the maximal thermal gradient which is oriented at 45° with the
building direction. When a scanning rotation is applied, the thermal gradient
direction will change from a layer to another and a competition will take
place between the nucleation and growth of new dendrites aligned with the
thermal gradient, and the epitaxial dendrite growth from the former solidified
ones (in the previous layer or in the same one). From this competition,
significant misorientations are observed inside the grains giving rise to the
so-called chevron patterns [34]. Moreover, different crystalographical and
morphological texture may appear depending on the scanning strategy [43].

Despite the 67° laser scanning rotation between each layer, the strong
Goss texture in the ref. 1LS and 2L.S20 samples suggests that, for these two
samples, epitaxial growth is the main solidification mechanism. However, as
observed in figure 4 and in figure 6(c), for the Ref. 1LS and 2LS20 samples
respectively, the chevron patterns indicate that dendrite nucleation also takes
place during solidification.

For the 2L.S100 and 2LS60 conditions, despite a similar laser scanning
strategy, the reduction in the well oriented grain volume fraction with respect
to the theoretical Goss texture, reveals that the the solidification process is
affected. During the process, due to the double laser scan strategy, the
temperature of these samples will be larger than the one for the reference
conditions for which the sample can cool down between each laser scanning.
Consequently, the thermal gradient or heat flux will be lower if the laser power
during the second scan is high enough. Following the conclusions drawn by
Andreau et. al. [34], this decrease in thermal gradient will enhance epitaxial
grain growth as the driving force for nucleation is lower. This feature, first,
will reduce the dominant < 011 > crystal direction parallel with the building
direction as observed in figure 13. Second, it will also reduce the chevron
pattern as observed qualitatively in figure 6(a) and figure 6(b) compare to
the reference sample (see fig.4).

This increase in temperature for the high energy double laser scanned
samples, involving the modification of the thermal gradient may also induce
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a modification in the cooling rate compared to the reference conditions. As
already reported in literature, for IN718 Ni-superalloys, the cooling rate (7")
is related to the dendrite size () following equation 1 [44]:

A = 977036 (1)

An image analysis of the dendrite size was performed on the SEM ob-
servations carried out in the y-z plane for the Ref. 1LS, 2.S100 and 2L.S60
conditions. Average values of A\, based on 8 images taken from different melt-
ing pools, are summarized in table 5.

Table 5: Dendrite space measurements and corresponding estimation of the cooling rate
for the reference conditions and double lasing conditions with 100% and 60% nominal laser
power. Error bars are given with a confidence index of 95%.

sample  dendrite size (um) cooling rate (K.s™1)

Ref. 1LS 0.46 4 0.08 (2.86 +0.18) 10°
21,560 0.42 £ 0.09 (3.68 £0.29) 106
21.S100 0.33 £ 0.04 (7.2 +£0.34) 10°

The comparison of the cooling rate values for the reference and 2L.S60 con-
ditions (which does not induce remelting) reveals that, due to the increase
in temperature related to the second laser scan, the cooling rate is slighly
increased for this double laser scan sample. When it comes to the 2L.S100
samples, for which large remelting occurs, the cooling rate was increased by
a factor 2.5 compared to the reference sample. For this sample, remelting
occurs on a full solidified layer. Due to the increase in thermal conductivity
for solids compared to powders [30; 31] this remelting leads to larger cooling
rates which strongly influence the dendritic space. This increase in 7' can
explain, hence, the activation various slip systems during the cooling down
of the 2L.S100 samples, as illustrated in figure 8(b).

4.2. Effect on the mechanical properties

The microstructural modifications due to the relationship between the
manufacturing strategy and the thermal history are expected play a role on
the mechanical properties.
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As observed in figure 10(a), the yield stress is dependent on the scanning
strategy. As the grain size is virtually the same for all samples (see table 4),
the yield stress is not related to this parameter. The differences in dendrite
size characterized in the previous section between Ref. 1LS, 2LS100 and
2L.S60 samples may explain this modifications in yield stress. 2L.S100 sample
exhibits the larger yield stress (607 MPa) and lower dendrite size (0.33 pm)
compared to the two other samples with similar values of yield stress (581
and 582 MPa for Ref. 1LS. and 2LS60 samples, respectively) and dendrite
size ( 0.46 pm - Ref. 1LS vs 0.42 pum - 2LS60). In plasticity, the dendrite
walls will act as strong dislocation barriers which involve, in turn, an increase
in yield stress following the well known Hall-Petch relationship [45-47].

However, despite a similar initial dendrite size value and yield stress, the
Ref. 1LS and 2LS60 samples exhibit different strain hardening involving
different flow stress level during plasticity (see figure 9). The evolution of
the effective stress and backstress for the different samples considered in this
study (figure 11) reveal that both stress components are affected by the elab-
oration strategy and can help to understand the effect of the second lasing.

For the effective stress, related to short range interactions between mo-
bile dislocations and the microstructure, the higher values for the Ref. 1LS
and 2LS20 suggest that the slight differences in dislocation density or pre-
cipitation, characterized in figure 8, play a role on the mechanical properties.
These defects will participate to the dislocation anchorage which will increase
the strain hardening [28; 48] as observed in figure 9. This increase in strain
hardening will, in turn, lead to larger flow stress during plasticity for the
Ref. 1LS and 2L.S20 compared to the 2L.S60 sample despite a similar initial
dendrite size.

For the backstress, this stress component can be divided into two parts,
a intragranular corresponding to the formation of heterogeneous dislocation
structures and, a intergranular one, related to the strain incompatibilities be-
tween grains (grain size effect) [27; 28]. As the grain size is virtually the same
for all samples, the backstress is expected to be related to the intragranular
component only. Following a previous work on pure nickel, the intragranular
backstress is inversely proportional to the dislocation cell size [49]. Taking
into account this empirical relationship, according to the initial dendrite size
of the Ref. 1LS, 2L.S100 and 2LS60 samples, a larger value of backstress at
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the beginning of plasticity is expected for the 2L.S100 samples compared to
the two other specimens. However, this feature is not characterized exper-
imentally as illustrated in figure 11(a) and consequently, other mechanisms
must be responsible for the larger backstress for the reference 1LS sample.

The grain orientation scattering with respect to the Goss texture for the
21,5100 and 2LS60 samples may first have modified the average Schmid fac-
tor and may lead to the activation, locally, of different slip systems. Second,
the qualitatively larger density of chevron patterns associated with Geomet-
rically Necessary Dislocations (G.N.D.) [34] for the single laser scan strategy
may also contribute to the larger backstress value for the Ref. 1LS sample
compared to the 2LS100 and 2LS60 ones.

Finally the different microstructural modifications can also explain the
larger necking strain for the 2L.S60 samples. Necking phenomena is associ-
ated with the dislocation storage capactity (strain hardening rate). Materials
characterized by a low strain hardening rate generally exhibit low necking
strain as observed for instance for ultrafine grained or nanocrystalline mate-
rials [50; 51]. Due to its lowest dendrite size which reduces the probability of
dislocation storage, the 2LL.S100 sample is characterized by the lowest strain
hardening rate (fig. 9) and consequently to the lowest necking strain as ob-
served experimentally (see fig. 10(b)). For the Ref. 1LS and 2LS60 samples,
the larger value of the initial dendrite size compared to the 2LS100 enhances
the strain hardening rate and, in turn, the necking strain. This improvement
is, however, lower for the Ref. 1LS specimen. This feature could be due to
the increase in strain hardening associated to due to the larger density of
dislocations as explained in the previous paragraphs. Hence, compared to
the 2LS60 samples, the dislocation storage capacity, for the reference 1LS
specimen, is reached at lower strain such as necking. It is assumed that the
improved mechanical properties of the 2LS60 are then due to a good com-
promise between yield stress and strain hardening capactity resulting from
the microstructural modifications above associated with the second lasing
condition with intermediate laser power.

Transmission electron microscopy should be conducted to quantitatively
investigate the differences in microstructure between the different lasing strate-
gies to be able to quantify the contribution of each microstructural modifi-
cation (i.e. dislocation, G.N.D., precipitation, texture ... ), associated with
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the second lasing strategy, on the mechanical properties.

5. Conclusions

In this study, the influence of a lasing strategy, with a systematic sec-
ond lasing with different power, was investigated on the microstructure and
mechanical properties of a Hastelloy X material elaborated by powder bed
fusion processes. The main conclusions can be listed as follows:

1. the second lasing involves a partial remelting of the material resulting
in two different melting pools if the power of the second scan is larger
than 80% of the nominal power;

2. for high secondary lasing powers, the thermal gradient and cooling rates
are modified leading to finer dendrites and lower Goss texture intensity;

3. the mechanical behavior is also affected by the double laser scan with a
modification in strain hardening rate and an increase in ductility char-
acterized by the necking strain;

4. the optimum mechanical properties (considering the processing condi-
tions) are obtained for a second scan with a 60% power with a ductility
similar to the one of a heat treated samples but with a yield stress
increased by a factor 2.5;

5. a significant plastic anisotropy is observed for all samples characterized
as-received due to the strong crystallographic texture.

Finally, this lasing strategy could be considered to manufacture high dam-
age resistance material (high yield stress and necking plastic strain) taking
advantage of the additive manufacturing processes without heat treatment.
Further characterization of the microstructure and numerical simulations are
nevertheless required to better understand the role played by the double laser
scan strategy on the mechanical properties.
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