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• Using high power selective laser melt-
ing increases the productivity from 6
mm3/s to 16 mm3/s build rate.

• High power laser leads to coarsermicro-
structure and induces a stronger mor-
phological and crystallographic texture.

• Hot isostatic post processing leads to
pore and crack closure as well as im-
proved mechanical performance.

• Hot isostatic pressing maintains the
sub-grain microstructure with slight
coarsening and lower dislocation
density.
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In order to increase the production rate during selective laser melting (SLM), a high power laser with a large
beam diameter is used to build fully dense Hastelloy X parts. Compared to SLM with a low power and small di-
ameter beam, the productivity was increased from6mm3/s to 16mm3/s, i.e. 2.6 times faster. Besides the produc-
tivity benefit, the influence of the use of a high power laser on the rapid solidification microstructure and
concomitantmaterial properties is highlighted. The current paper compares themicrostructure and tensile prop-
erties of Hastelloy X built with low and high power lasers. The use of a high power laser results in wider and
shallowermelt pools inducing an enhancedmorphological and crystallographic texture along the building direc-
tion (BD). In addition, the increased heat input results in coarser sub-grains or high density dislocation walls for
samples processed with a high power laser. Additionally, the influence of hot isostatic pressing (HIP) as a post-
processing technique was evaluated. After HIP, the tensile fracture strain increased as compared to the strain
in the as-built state and helped in obtaining competitive mechanical properties as compared to conventionally
processed Hastelloy X parts.
© 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Selective laser melting (SLM) is a powder bed based additive
manufacturing (AM) technique. The metallic powder is spread over a
platform and a highly focused laser beam selectively melts a predefined
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Sample labels for samples built using low and high power laser beams, differentiating be-
tween the sample in the as built and hot isostatic pressed conditions.

Low power High power

As built LP-AB HP-AB
Hot isostatic pressed LP-HIP HP-HIP
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2D layer [1]. Then, the platform is lowered according to the layer thick-
ness. This process is repeated layer by layer until the completion of the
final 3D solid part. The main advantages of this process are: the near-
net-shaping capability, the geometrical complexity of the producible
parts and the fast time-to-market compared to parts made by a combi-
nation of more conventional manufacturing and machining processes
[1,2].

Within the last decade significant progress, related to different as-
pects of the SLM process, ranging from extending thematerial pallet to-
wards machine design and development, has been realized. Initially,
stainless steels and titanium based alloys covered the majority of the
SLM research work [3,4]. Nowadays, however, the material's palette
has been expanded to many aluminium alloys, titanium alloys, nickel
based superalloys etc. [5–11]. Regarding the machine characteristics,
thanks to the parallel development of fibre lasers, much higher laser
powers can be used to accelerate the productivity [12,13] yielding a
new generation of high power SLM (HP-SLM) machines. In addition,
some machines are also equipped with a base plate preheating unit in
order to reduce thermal stresses [14–16]. However, despite the afore-
mentioned evolution, resulting in both material and machine improve-
ments, there are still challenges to solve, such as the cracking tendency
of certain materials [7,17].

Hastelloy X is a solid solution strengthened Nickel base superalloy
which is characterized by its high oxidation resistance and high strength
at elevated temperatures. It has beenwidely used in gas turbine engines
and in the chemical processing industry.

Up to now, only a limited amount of investigations have been con-
ducted on SLM of Hastelloy X. A major problem is the cracking found
during SLM [17–19]. Similarly towelding, the generation of cracks is in-
fluenced by the existence of high solidification rates. Laser welding of
Hastelloy has been studied using a Nd-YAG laser [20] and hot cracking
was observed [21]. Due to the fact that both SLM and laser welding in-
volve a local melting and rapid solidification process, welding and SLM
microstructures are very similar. In both cases, after melting and rapid
cooling of Hastelloy X, columnar dendriticmicrostructures are obtained.
The mechanical properties of as-built (AB) parts processed by SLM
showed that the yield strength and hardness was much higher than
conventionally produced Hastelloy X [18,22]. Different authors, how-
ever, have mentioned the susceptibility to cracking of Hastelloy X dur-
ing the SLM process [17,19,21].

In order to reduce the generation and propagation of cracks,most in-
vestigations have focused on modifying the alloy composition, specifi-
cally looking at the influence of each alloying element. Tomus et al.
[17] found that a reduction of theMn and Si content within the starting
material reduces the cracking significantly due to a lower micro segre-
gation of those elements at grain boundaries where cracks tend to initi-
ate. However, Harrison et al. [19] doubted this theory as they found no
increase of Si or Mn at the crack edge after elemental analysis using En-
ergy Dispersive X-ray Spectroscopy (EDS). In contrast, Harrison et al.
[19] suggested that thematerial's resistance to cracking could be related
to the material's thermal shock resistance and hence to the ultimate
tensile strength. Therefore, they proposed a modified Hastelloy compo-
sition with increased solid solution strengthening elements (e.g. Co, W
and Mo) and reduced Mn and C. In this way, a 57% reduction in crack
density was achieved.

Up to now, fundamental understanding of how new generation SLM
machines, equipped with multiple lasers, interact with powder beds
and influence the solidification behaviour, is still lacking. Furthermore,
the interrelationship between the generated microstructures and the
resulting material properties has not yet been investigated. In this
paper, a commercial SLM machine (SLM280HL, SLM Solutions)
equipped with both a high power laser with top-hat laser power distri-
bution and a low power laser with Gaussian distribution is utilized. The
differences in solidification microstructure, pore characteristics and
crack occurrence in Hastelloy X produced with high power SLM (HP-
SLM) and low power SLMare evaluated. In addition, themicrostructural
changes are linked to the mechanical property variations. In order to
close the cracks that were present after SLM, hot isostatic pressing
(HIP) is performed as a post-processingmethod. Afterwards, themicro-
structure evolution and its relation with themodifiedmechanical prop-
erties is evaluated.

2. Material and experiments

In the present work, a SLM280hl machine from SLM Solutions
(Germany) was used to build the parts. This machine is equipped with
two lasers; (1) a low power laser with a maximum output power of
400 W, a Gaussian power distribution and spot size (1/e2 value) of 70
μm and (2) a high power laser with a maximum output power of
1 kW, a top-hat power distribution and 700 μmspot size. The sample la-
belling is depicted in Table 1. All samples were built on a 100 °C
preheated baseplate. Different cubes (1 × 1 × 1 cm) were built using
an energy density between 20 and 160 J/mm3 for both lasers for param-
eter optimisation. The energy density (E) is calculated based on Eq. (1).

E ¼ P
v � hs � t J=mm3� � ð1Þ

where P refers to the laser power [W], v to the scan speed [mm/s], hs to
the hatch spacing [μm] and t to the layer thickness [μm].

The material used in this work was Hastelloy X powder supplied by
SLM solutions (Germany) with particle sizes ranging from 10 to 45 μm.
The composition is shown in Table 2.

For microstructural investigation, the cubes were sectioned parallel
to the building direction (BD), in XZ direction (see Fig. 1). The samples
were ground and polished using a diamond suspension of 3 and 1 μm
subsequently. In order to reveal the microstructure, the samples were
electrochemically etched in 10% oxalic acid during 20 s at 7 V. A Leica
DMILM HC microscope was used for optical microscopy (OM). A Nova
NanoSEM 450 scanning electron microscope (SEM) equipped with an
electron back-scattered diffraction (EBSD) detector was used for more
detailedmicrostructural characterization. All EBSD scans were collected
using a 1 μm step size. An average confidence index between 0.60 and
0.75 was obtained for all recorded spectra. OIM Analysis™ software
was used to calculate inverse pole figures (IPF), texture index and
grain sizes. Grain sizes were measured from 3 EBSD scans of 1.5
× 3 mm2 in size. For crack length measurements, OM images from a
1 cm2 polished cross section were analysed using Image-J free software
[23] and the average was considered.

The samples that were used for transmission electron microscopy
(TEM) investigation were sliced into 500 μm thick plates parallel to
the BD and further ground to ~120 μm thickness. Discs of 3 mm diame-
ter were punched from the obtained plates and electropolished with a
mixture of 90% ethanol and 10% perchloric acid at −10 °C using a
Struers Tenupol twin-jet electropolishing equipment. A FEI Osiris in-
strument running at 200 kV was used for TEM, High Angle Annular
Dark Field Scanning TEM (HAADF-STEM), and Energy-Dispersive X-
ray spectroscopy (EDX).

Rectangular shaped bars were built in the horizontal direction for
both lasers and later machined to the tensile bar shape. The tests were
performed in an Intron 4505 machine with a maximum of 250 kN
load cell according to the ASTM E 8M standard with a 1 mm/min strain
rate. A Future Tech FV-700 machine was used to measure the Vickers
micro hardness with 0.5 kg load. Half of the samples were subjected



Table 2
Composition of Hastelloy X powder used in weight percentage measured by ICP-Combustion method.

Ni Cr Fe Mo Co W S P Si Mn C Al O

46.42 22.7 18.9 9 2.02 0.71 b0.003 b0.01 0.14 0.02 0.057 b0.01 0.018

3M.L. Montero-Sistiaga et al. / Materials and Design 165 (2019) 107598
to a hot isostatic pressing post process at 1155 °C for 3 h at Bodycote NV,
Sint-Niklaas (Belgium). For easy reference, the samples were labelled as
shown in Table 1.
3. Results

3.1. Optimization of SLM parameters

Cubes with different scanning parameters were built using both the
low and high power laser. The relative densities of the samples are
depicted in Fig. 2 with respect to the energy density of the lasers. For
both lasers, the optimal energy density range yielding the highest rela-
tive density for the material is between 40 and 80 J/mm3, slightly ex-
tended to lower energy density values for the low power laser
processed samples and to higher energy density values for the samples
built using high power laser.

The type of porosity varies depending on the applied laser energy
density. Fig. 2 shows that a too high energy density leads to thepresence
of key-hole pores while a too low energy density results in unmolten
areas. Key-hole pores are only observed for the low power laser proc-
essed samples due to its highly focused beam and small spot size. The
maximum relative density obtained for samples produced using low
and high power laser was 99.3 and 99.2%, respectively, as measured
using the Archimedes principle.

Crack lengthsweremeasured for both the LP-AB andHP-AB samples
that exhibited the highest relative density values. The results are sum-
marized in Fig. 3. The average crack length does not show any trend
when changing the energy density, independent on which laser was
used. The main difference is the significantly longer cracks observed in
samples built with the high power laser, with crack lengths averaging
150 ± 91 μm, compared to 36 ± 16 μm crack lengths in samples built
with the low power laser.

Optimized energy densities, yielding samples with the highest rela-
tive densities and the lowest average crack lengths, were 45 and
60 J/mm3 for the low and high power laser beams, respectively. These
conditions were selected to build the tensile test specimens, hereafter
labelled LP-AB and HP-AB samples. Half of the samples were subjected
to a HIP post-process. After HIP, the density increased to 99.6% and all
cracks were completely closed. The samples that underwent a post
HIP treatmentwill be labelled as LP-HIP andHP-HIP samples, depending
Fig. 1. Graphic representation of the built samples showing the coordinate axes, Z being
parallel to the BD and t the layer thickness.
on whether they were previously SLM processed using a low or high
power laser beam, respectively.

3.2. Influence of laser beam type on melt track width

The stability of themelt tracks was evaluated by SEM imaging of the
last scanned layer for both LP-AB and HP-AB samples, shown in Fig. 4a–
b, respectively. As expected, the track width is significantly larger when
the high power laser is used. The LP-AB sample exhibits 100–120 μm
wide tracks, while the track width of the HP-AB sample is around 500
μm. In addition, both samples showmolten spherical particles attached
to the tracks. While melting a track, spattering phenomena occur as
seen in the work of Gunenthiram et al. [24] causing the full or partial
ejection of molten metal spheres. Spherical particles can be observed
on top of the scanned tracks in Fig. 4.

3.3. Influence of laser beam type onmelt pool dimensions and solidification
microstructure

Representative microstructures of XZ cross-sections in AB and HIP
samples are shown in Fig. 5. Cracks, indicated by yellow arrows and in
the zoomed inset in Fig. 5a, are present in the AB condition for both
LP-AB (Fig. 5a) and HP-AB (Fig. 5b) samples. All cracks were found at
grain boundaries, independent on the type of laser beam that was
used. The cracks in HP-AB samples are all located parallel to BD, while
for the LP-AB samples the cracks do not show a preferential direction,
since the grains do not exhibit the typical elongated morphology
along BD as observed in HP-AB samples.

The shape and size of the melt pools vary between samples proc-
essed with the two different lasers. LP-AB samples show hemispherical
melt pools with a diameter of around 120 μm.On the other hand, HP-AB
samples exhibit shallow andwidemelt pools with semi-elliptical shape.
The depth of themelt pools is around 120 μmand thewidth around 500
μm. In both LP-AB and HP-AB samples, the individual grains, which can
be differentiated from each other by contrast changes within the melt
pools, as observed in Fig. 4a–b, grow epitaxial through the layers.

At highermagnification, a typical cellular/dendritic solidificationmi-
crostructure is found for both LP-AB and HP-AB samples, as also ob-
served in other investigations on the same material (Fig. 5c–d)
[17,19,20]. The major difference between samples processed using
Fig. 2. Relative density of samples processed with low power (LP) and high power (HP)
laser beams as function of the volumetric energy density. The left micrograph shows
unmolten regions and the right one key-hole porosities.



Fig. 3. Average crack length of samples built with LP (low power) and HP (high power)
laser as function of the energy density. The cracks were measured for one cross section
of 1 mm2 for all samples and the average value is displayed.
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different lasers is the primary dendrite spacing. LP-AB samples show a
cell width of ~0.5 μm while the cell width is ~1 μm in HP-AB samples.
In addition, the initiation of secondary dendrite arms in all HP-AB sam-
ples is observed. The secondary dendrite arm spacing equals ~0.5 μm in
the HP-AB samples, considering the dendrites growing parallel to the
polished plane (Fig. 5d) as indicated by arrows. No secondary dendrite
arms are visible in LP-AB samples.

After HIP, all cracks are completely closed and the microstructure
drastically changes as shown in Fig. 5e–f. The melt pool structure ob-
served in as-built samples is not present anymore and dark coloured
grain boundaries are observed by LOM after etching the samples. More-
over, the cellular/dendritic solidification microstructure has disap-
peared. Significantly larger grain sizes are observed in HP-HIP samples
compared to LP-HIP samples.

The microstructure of both LP-AB and LP-HIP samples was also
analysed using TEM. The cellular solidification structure, hereafter
called cells, observed in LP-AB samples by SEM (Fig. 5c), are shown in
the Bright Field (BF) TEM image on Fig. 6a but now observed perpendic-
ular to the growth axis of the cells. The higher magnification and imag-
ing conditions of the TEM allow to conclude that the actual cell walls are
in fact dislocation cells (Fig. 6a). In the LP-HIP samples, the dislocation
cells evolve into sub-grains and the dislocation density decreases signif-
icantly, contributing to a larger misorientation between coarser sub-
grains (Fig. 6b). It should be mentioned that these sub-grains were
not observed before using LOMor SEM (Fig. 5e,f). The same phenomena
are expected to be observed for HP-AB and HP-HIP.

EBSD images are shown in Fig. 7 for all samples showing the crystal-
lographic orientationwith respect to the scanning direction. The inverse
pole figures represent the texture parallel to the BD. In all samples
Fig. 4. SEM image of XY surface of LP-AB sample (a) and HP-AB sample (b) showing themolten
can be observed.
grains growing across several layers can be observed, parallel to the Z
direction. For the LP-AB sample (Fig. 7a), grains tend to grow not only
parallel to the BD but some small grains also grow under 30–50° degree
angles relative to the Z axis. The average grain length and width are 80
and 60 μm, respectively. On the contrary, at the XZ plane of HP-AB
(Fig. 7b) all the grains grow along the Z direction and they are up to
1 mm in length and 150 μm in width.

After HIP post processing, the grain size and structure are changed
compared to the AB condition. The LP-HIP sample, Fig. 7c, contains
less polygonal and slightly larger grains, evolving from 80 μm in length
in case of the LP-AB sample to 150 μm in case of the LP-HIP sample. In
the case of the HP-HIP sample (Fig. 7d), similar coarsening occurs dur-
ing HIP. The grain size is significantly larger in case of the HP-SLM sam-
ples, as compared to the low power laser processed samples.

Regarding the crystallographic orientation, themain difference is the
stronger texture along the 〈100〉 crystal direction parallel to the BD of
samples produced with the high power laser. The texture is quantified
using the texture index. For isotropic materials this value equals to 1
and for anisotropic materials the value is higher than 1 [25]. HP-AB
and HP-HIP samples show a texture index of 6.3 and 6.6, respectively,
compared to the fairly random texture, represented by texture indices
of 1.8 and 2.1 for LP-AB and LP-HIP samples, respectively. In addition,
after HIP, a slight increase in texture can be observed, primarily for LP-
HIP samples.

In all HIP processed samples, unresolved points were encountered at
the grain boundaries, which suggests that other phases, besides the aus-
tenitic FCC phase, were formed during HIP. These phases were not de-
tected by XRD (results not shown in this work) as they might be
under the detection limit of this technique. Focussing on the grain
boundaries using HAADF-STEM, some grey and light grey phases can
be seen. TEM images together with the corresponding EDX mapping
are shown in Fig. 8. From the corresponding numerical data it can be
concluded that these phases are primarily Cr and C-rich, withminor en-
richments in Mo and depletion in Ni. This was confirmed by SAED re-
vealing a Cr23C6 crystal structure (zoomed inlet in Fig. 8a).
3.4. Mechanical properties

Micro Vickers hardness measurements were conducted for all sam-
ples and the results are displayed in Fig. 9. For both lasers, the AB sam-
ples are harder than the HIPed samples. The LP-AB sample exhibits the
highest hardness with 276± 2 HV. In addition, for both the AB and HIP
condition, low power processed samples exhibit higher hardness values
than high power processed samples. Furthermore, all materials, inde-
pendent on which laser beam was used, have higher hardness values
compared to those reported in literature for wrought and subsequently
annealed Hastelloy X (180 HV) [26].
tracks and attached particles. In the HP-AB sample the scanning direction (SD) of the track



Fig. 5. XZ plane of LP-AB (a,c), LP-HIP (e), HP-AB (b,d) and HP-HIP (f) samples. LOM images show themelt pool structure of both lasers and the present cracks indicated by yellow arrows
(a–b) and the zoomed inset in (a). SEM images show a closer look of the cells in vertical direction and secondary dendrite armpresent for HP-AB (c–d). LOM images showgrain boundaries
after HIP (e–f).

5M.L. Montero-Sistiaga et al. / Materials and Design 165 (2019) 107598
Tensile tests were carried out for all samples built in horizontal di-
rection, considered themost detrimental orientation due to the orienta-
tion of the cracks normal to the testingdirection. Tensile properties such
as yield tensile strength (YTS), ultimate tensile strength (UTS) and
strain at fracture are depicted in Fig. 10 and compared to the conven-
tionally produced Hastelloy X [26].

LP-AB samples show higher yield and ultimate tensile strength
values than HP-AB samples. After HIP treatment, the yield strength
decreases significantly, independent on the type of laser that was
used. This tendency was also observed in the hardness values
shown in Fig. 9. There also, samples subjected to HIP showed lower
hardness values compared to samples tested in the as built condi-
tion. The YTS of both LP-AB, LP-HIP and HP-AB samples is signifi-
cantly higher than conventionally produced Hastelloy X, while it is
similar for HP-HIP samples. On the other hand, the ultimate tensile
strength of conventionally produced Hastelloy X is similar to that
of samples tested in the as built condition, independent on the
laser type that was used. After HIP, opposite tendencies are
observed: a decrease in UTS for LP-HIP and an increase for HP-HIP.
This could be attributed to the high amount of cracks in HP-AB
which leads to an early fracture of the material. The UTS values ob-
tained for the LP-AB and LP-HIP samples are similar to the ones of
conventional Hastelloy X.

The strain at fracture in the AB condition is lower compared to con-
ventionally processed Hastelloy X, independent on the type of laser that
was used. The lowest values are obtained for HP-AB sampleswith an av-
erage fracture strain of around 9±5% compared to the fracture strain of
LP-AB samples, exhibiting 18 ± 4%. After HIP, tensile fracture strain
values close to 40% are obtained for both LP-HIP and HP-HIP samples.
This suggests that the cracks present in HP-AB samples have a large ef-
fect on the ductility and cause early fracture. After closing the cracks
during HIP, fracture strain values close to the ones obtained for conven-
tional Hastelloy X (45.5%) [26] are obtained for both low and high
power laser processed materials. The decrease in dislocation density
found after HIP also contributed to the increase of the strain of the
specimens.



Fig. 6.BF-TEM images of LP-AB sample showingdislocation cellswith tangleddislocations ondislocationwalls (a) and LP-HIP sample inwhichdislocation cells have turned into sub-grains
with larger misorientation, sharper interfaces and coarser size (b).
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3.5. Fractography

The fracture surfaces of samples built with the high power laser are
shown in Fig. 11. The HP-AB sample shows interconnected cracks paral-
lel to the building direction indicated by an arrow. In addition, two
zones can be distinguished as ductile-like and brittle-like zones, labelled
Fig. 7. EBSD images XZ plane (parallel to BD), of LP-AB (a), LP-HIP (b), HP-AB (c)
zones 1 and 2 respectively. In the ductile zone 1, dimples of around 2 μm
in diameter can be found as can be seen in Figs. 11c and 10e. Uponmore
detailed investigation, the brittle-like zone 2 shows the cellular den-
dritic solidification morphology within the fracture surface (Fig. 11d).
The solidification structure is found inside the cracks, indicating that it
is not a fracture feature. This suggests that several 2D cracks or crack
and HP-HIP (d), with their respective inverse pole figures with respect to BD.



Fig. 8. HAADF-STEM image of Cr23C6 carbide at the grain boundary of LP-HIP together with the Ni, Cr, Fe, Mo, Si and C EDX mappings of the same area.
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planes grew normal to the testing direction, causing the early fracture of
thematerial. It should be noted that the cracks present in LP-AB (Fig. 5a)
and HP-AB processed materials (Fig. 5b) are 2D cavities although only
1D lines can be observed in the LOM images. This also confirms that
the formation of cracking occurs during solidification and not during
cooling. In the LP-AB samples, similar brittle areas were found although
not as often as in HP-AB samples. On the other hand, the HP-HIP sam-
ples (Fig. 11b) show only ductile failure as many 2 μm wide dimples
were found on the fracture surface.
4. Discussion

4.1. Comparison between low power and high power processed samples

The objective of using HP-SLM is the significant increase in produc-
tivity, thanks to the increased layer thickness and hatch spacing. This
is the reason why machine suppliers are recently adding more lasers
or higher power lasers to the industrial SLM machines. However, the
real impact of the use of a high power laser on the microstructure and
mechanical properties of Hastelloy X has not yet been reported. In this
work, the SLM productivity has been increased from 6 mm3/s, when a
Fig. 9. Micro Vickers hardness of AB and HIP samples produced with low (LP) and high
(HP) power laser.
low power laser was used, to 16 mm3/s, when a high power laser was
used, i.e. a 2.6 times more efficient production process.

This work has shown that the use of different lasers with different
laser power, spot size and laser power distribution, induces
completely different microstructures when the same material is proc-
essed by SLM. In addition, the crack density proves to be different,
e.g., a smaller amount and size of cracks was found for samples built
with the low power laser compared to materials built with a high
power laser. Nevertheless, it was observed that comparable energy
densities can be used for different types of lasers when aiming at den-
sities above 99%.

At themelt pool scale, themain difference between both lasers is the
melt pool shape. Different heat gradient directions result in different
grain morphologies as shown in Fig. 12. During solidification, grains
grow along the heat gradient and also perpendicular to the melt pool
border [27]. For LP-AB samples (Fig. 12a), processed with a Gaussian
and narrow laser beam, the heat gradient in a single scan track (ST) oc-
curs in the radial direction. After a second track (ST2) is scanned,mainly
the bottom of the previous melt pool remains. As seen in Fig. 12a, after
scanning several tracks, a vertical and slightly angled heatflowdirection
is predominant. This explains the tendency for having vertically grown
grains alongwith other grains oriented a fewdegrees off the z direction.
In the case of HP-AB samples (Fig. 12b), processed with a top-hat and
wide laser beam, the heat gradient is mostly in the vertical direction
even for a single track. Therefore, the morphological texture parallel to
the vertical direction is more pronounced in HP-AB samples. Moreover,
the same reasoning can be applied to explain the stronger crystallo-
graphic texture observed in HP-AB samples. The horizontal melt pool
border, and the predominantly vertically oriented heat flow direction
is favourable for 〈100〉 crystal growth in the build direction (Z). These
findings are in agreement with the observations reported by Niendorf
et al. for 316 L [13] and Popovich et al. for IN718 [28] when using HP-
SLM process.

At a more microscopic scale, microstructural differences were also
observed when comparing the LP-AB and HP-AB samples, as seen in
Fig. 5c,d. When building with the low power laser, only primary den-
drite armswith an average diameter of 0.5 μmwere observed. However,
in the HP-AB samples, the primary dendrite arms exhibit dendrite arm
diameters of 1–2 μm. The solidification structure observed in HP-AB
samples suggests that the parameters used lead to a lower temperature
gradient (G) and/or larger growth rate (R). Hence the cooling rate (GxR)



Fig. 10. Tensile properties of LP-AB, LP-HIP, HP-AB and HP-HIP compared to conventional Hastelloy X [15].
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is lower for samples built using the high power laser than for low power
laser processed samples, which results in coarser cells and growth of
small secondary dendrite arms.
Fig. 11. Fracture surfaces of HP-AB (a) and HP-HIP (b) samples after tensile testing. Detailedmic
fracture surface, while the dendritic solidification structure, observed on the fracture surface o
In addition, the lower hardness (Fig. 9) and tensile yield strength
(Fig. 10) observed for the HP-AB can be attributed to the larger cell
size. As it was shown in Fig. 6, the cell boundaries are decorated by a
rographs of zones 1, 2 and 3 are shown in panels (c–e). Areas 1 (c) and 3 (e) show a ductile
f the HP-AB samples, is seen in area 2 (d).



Fig. 12. Heat gradient representation for the two different melt pool shapes obtained for samples produced with low (a) and high power (b) samples.
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high density of dislocations, creating a dislocation wall impeding dislo-
cationmovement. Therefore, the smaller cell and grain size found in LP-
AB samples, resulting in highhardness and yield strength values, goes in
accordance with the Hall-Petch Eq. (2)

σy ¼ σ0 þ kyffiffiffi
d

p MPa½ � ð2Þ

where σy is the yield strength of the material [MPa], σ0 is the frictional
stress for dislocation movement [MPa], ky is the Hall-Petch parameter
for the material [MPa m1/2] and d is the average grain diameter [m].

The strain at fracture of HP-AB samples is lower compared to that of
LP-AB samples. This cannot be attributed only to the microstructure.
Therefore, it is clear that the amount of cracks present in both samples
influenced the tensile strain of the as built parts. HP-AB samples contain
longer andwider cracks normal to the testing direction, as compared to
LP-AB samples. It should be noted that horizontally built Hastelloy X
samples only show 9% fracture strain, even when crack free samples
were produced [22]. As seen in the fracture surfaces (Fig. 11a) of HP-
AB samples, a large fraction of the fracture surface areas shows a den-
dritic microstructure. This confirms that the fracture was caused by
the solidification cracks that were torn apart. This also explains the
lower strain and early fracture observed for HP-AB samples. On the
other hand, it should be noted that, besides the presence ofmicro cracks
within LP-AB samples, the obtained mechanical properties are compa-
rable to the ones produced by conventional means.

4.2. Effect of the hot isostatic pressing post-processing

Hot isostatic pressing (HIP) has been proven to be a necessary and
beneficial post process treatment. The porosity content was reduced
for both LP-HIP and HP-HIP samples. Cracks were also completely
closed in both cases, hence increasing the strain at fracture of the parts.
The microstructure after HIP has changed significantly. At a macro-
scopic level, themelt pool boundaries, observed within the as built con-
dition, are not present anymore after HIP independent on the type of
laser that was used. Slightly coarser grains were observed after HIP. It
is thought that grains with similar crystal orientation merge during
HIP, hence coarsening the microstructure, as observed for LP-HIP and
HP-HIP samples.

At microscopic scale, dislocation cells that were observed in the AB
condition, were not present after the applied HIP treatment as shown
in Fig. 5e–f using LOM or SEM. However, they could be observed by
TEM. The partial recovery annealing of the dislocations and the slightly
increased cell size after HIP play amajor role in the lower YTS and hard-
ness values obtained with respect to the AB condition.

During the HIP treatment, the formation of chromiumandmolybde-
num enriched carbides, was observed. The precipitation of such car-
bides decreases the Cr and Mo content within the matrix [29,30]. This
phenomenon decreases the extent of solid solution strengthening
within the matrix, and hence explains the Vickers hardness and yield
strength decrease of both the LP-HIP and HP-HIP samples. In addition
to this, the decrease in dislocation density will contribute to the hard-
ness decrease after HIP. Nevertheless, the hardness values of the LP-
HIP and HP-HIP samples still outperformed the wrought annealed
Hastelloy X (180 HV) reference samples [26], probably thanks to the re-
maining sub-grain boundaries.

5. Conclusions

The present work has studied the influence of low power and high
power lasers on the microstructure and mechanical properties of SLM
processed Hastelloy X.

When a high power laser with broad beam diameter is used, the
cooling rate during SLM is decreased, hence increasing the cell and
grain size. The coarsened microstructure reduced the hardness and
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yield strength of high power processed samples compared to lowpower
processed samples. The top-hat power distribution of the high power
laser, in combination with a 10 times larger laser spot size as compared
to the 70 μmdiameter low power laser with Gaussian power profile, re-
sults in the formation of wide and shallowmelt pools. In contrast, sam-
ples built with the low power laser, present narrow and deep melt
pools. The melt pool shape created by the use of the high power laser
enhances the formation of both a morphological and crystallographic
texture along the building direction. On the contrary, low power proc-
essed samples exhibit less crystallographic and morphological texture
with grains oriented not only in the build direction but also under
30–50° angles with respect to build direction.

Hot Isostatic Pressing (HIP) allowed to close all cracks that were
present in as-built parts and improved the mechanical performance.
After HIP, a slight increase in grain and cell size was observed along
with a reduction of the dislocation density. Precipitation of Cr-rich car-
bides at grain boundaries was observed after HIP. Besides the increased
tensile strain, the hardness and yield strength decreased after HIP. Over-
all, the SLM processed and post HIPed parts exhibit quasi-static me-
chanical properties that are comparable to wrought annealed
Hastelloy X.
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