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Mechanical properties of Hastelloy X alloys fabricated by selective laser melting were investigated and
compared with the wrought counterpart. Nano-inclusions (Mo-rich carbides) distributed at the sub-grain
boundaries in the selective laser-melted (SLMed) Hastelloy X alloy, whereas micron-scale precipitations
existed in the wrought counterpart. The molten pool boundaries widely existed in the SLMed substrate,
which acted as an initial site for crack and led to poor plasticity. However, the ultimate tensile strength
values of the SLMed Hastelloy X alloys were around 910 MPa and much higher than the wrought coun-
terpart (~ 750 MPa), which was mainly ascribed to the high-density dislocations enriched at the sub-grain
boundaries. Process parameter effects on the mechanical properties were also delineated in this work, and
the volumetric energy density for the best mechanical properties of the SLMed Hastelloy X alloy was in the

range from 140 to 170 J/mm®.
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1. Introduction

Hastelloy X alloys have been widely used for components
and structural materials in the current-generation nuclear power
plants because of the excellent high-temperature creep strength,
anti-corrosion property and sensitization resistance (Ref 1, 2).
However, the actual structure of the component in service is
usually complex and precise, thus makes the traditional casting
process more time-consuming and expensive, especially when
the temporary replacement parts are required. In this case,
selective laser melting (SLM), a promising method for
fabricating high-performance materials, exhibits significant
advantages, such as less post-processing steps and controlling
of the spatial distribution of the composition and microstructure
(Ref 3-6).

Prior to the development of SLM technique, laser melt
technology was widely used to optimize the surface microstruc-
ture and improve the corrosion performance of materials (Ref
7-9). Huge effects were paid over the past decades in the
optimization of printing devices, including highly reliable laser,
inexpensive high-performance computing hardware and soft-
ware. Currently, SLM has highlighted its unique advantages in
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producing metallic materials in comparison with other fabrica-
tion techniques (Ref 10-12). SLM uses a high-density energy
source to melt powders followed by rapid solidification into
solid parts. So far, the effect of processing parameters such as
laser power, scanning speed and hatch distance on the
microstructure and defects during solidification of various
selective laser-melted (SLMed) parts are widely reported (Ref
13-21) and the most relevant, being TiAl6V4, 316L,
AlSi10Mg, CoCr and Inconel 718, can be reliably printed so
far (Ref 22-24). The quality of printed parts is the most
challenge to be resolved, and there may be multiple factors for
this: (1) the rapid cooling rate in solidification during the SLM
process results in the formation of non-equilibrium phases with
a large range of compositions (Ref 25-29); (2) the molten pool
boundary inside the parts, as well as the pores, cracks and
rough surface condition, would result in a severe drop in
plasticity and durability. The optimized process parameters can
result in better mechanical properties (Ref 30, 31) and
Suryawanshi et al. (Ref 32) demonstrated a significant increase
in the yield strength of SLMed 316L by optimizing the
scanning direction, which was attributed to the refinement of
the microstructure during rapid solidification. Martin et al. (Ref
33) introduced the nanoparticles of nucleants during additive
manufacturing for aluminum alloys, and a crack-free and fine-
grained microstructure was achieved, resulting in material
strengths comparable to that of wrought counterpart. Tomusa
et al. (Ref 34) investigated the effect of minor alloying elements
on the crack-formation characteristics of the SLMed Hastelloy
X alloy and found that that low Si and C contents can help in
avoiding crack formation, whereas cracking propensity was
relatively independent of Mn concentration.

To the authors’ best knowledge, there were no related studies
about the process parameter effects, such as laser power and
laser scanning speed, on the mechanical properties of the
SLMed Hastelloy X, and considering that the Hastelloy X was
served in harsh environments, it is highly significant to further
investigate the mechanical property with different microstruc-
tures. In this research, Hastelloy X was fabricated by SLM with
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various parameters, and the microstructures were investigated
by electron back-scattered diffraction (EBSD) and transmission
electron microscopy (TEM). The mechanical properties were
investigated using tensile experiments, and the fracture mor-

phology was observed via scanning electron microscopy
(SEM).

2. Experimental Procedures

2.1 Sample Preparation

The size distribution of the argon gas-atomized powder and
the morphology of the powder particles are shown in Fig. 1(a),
and the average diameter was around 32 pm for Hastelloy X
powders. The chemical compositions of the powders used for
the SLMed components were similar with the traditional
wrought Hastelloy X (wt.%): Fe 18.99, Cr 21.45, Mo 8.73, Mn
0.45, Si0.45, C 0.075, P 0.006, N 0.02 and Ni balance, as given

Wrought

balance 22.12 8.81

Powder balance 2145 8.73

Vomule fraction (%)

0.082

0.075

in Fig. 1(c). The laser scan way was designed according to a
computer-generated path, and the printing process is repeated
layer by layer by lowering the platform until the whole objects
are totally fabricated.

Samples were manufactured using an EOS M290 system
(Germany), which was equipped with a 400WYb/YAG fiber
laser (1070 nm wavelength), operated at a spot size of 100 um.
The SLMed samples were produced in continuous laser mode:
a scanning speed of 1000 mm/s with 250, 280 and 310 W laser
powers, and 280 W laser power with 800, 1000 and 1200 mm/
s, respectively. The hatch spacing was around 80 pum, the layer
thickness was 25 pm, and the layers were scanned in a zigzag
pattern, rotated by 67° between each successive layer to reduce
the stress concentration.

2.2 Microstructural Characterization

The EBSD experiments were performed to obtain the grain
size distribution, using an orientation imaging microscopy
system attached to a JSM-6301 field emission microscope and

2| (b)

o
T
0)

¢

-]
T

052 042 0.007 0.02 19.02

045 045 0.006 0.02 18.99

Fig. 1 (a) The morphology of the powder particles, (b) the size distribution of the argon gas-atomized powder and (c) an image of the SLMed

samples, including the scanning direction and the chemical compositions
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the scanning step was 1 um. The samples for EBSD experi-
ments were first mechanically polished and then electro-
polished in a solution of perchloric acid/ethanol = 1:9 (volume
ratio) at a DC voltage of 13 V for 30 s. A FEI Tecnai G2 F20
transmission electron microscopy was used to compare the
microstructures of the wrought and SLMed Hastelloy X.

2.3 Tensile Experiments

The tensile specimens were prepared based on the ASTM
E8 procedure: 2 mm in thickness, with a gauge length of
25 mm and a gauge width of 6 mm. Specimens for tensile tests
were ground with sequentially finer emery paper down to
2000# grit, where the grinding direction was parallel to the
loading direction. The uniaxial tensile tests were conducted on
a SANS power test machine at room temperature with a strain
rate of 10~ mm/s. The tensile direction was normal to the
building direction, and three samples were repeated for each
condition. The fracture surfaces were observed by SEM.

3. Results and Discussion

3.1 Microstructural Characterization

The grain sizes of the traditional wrought and SLMed
Hastelloy X alloys were compared using EBSD, as shown in
Fig. 2. It can be seen from the inverse pole figures that the
Hastelloy X made by SLM was all austenite phase, and the
wrought components had more regular polygonal grains than
that of the samples fabricated by SLM. The grain boundaries
were zigzag, and no twins were observed in the SLMed
Hastelloy X alloy. There were more twin boundaries in wrought
substrates with a 60° grain boundary angle, whereas there were
more low-angle boundaries in the SLMed specimens as shown
in Fig. 3. Usually, the more low-angle grain boundaries
contribute the higher the yield strength.

In order to compare the microstructure, bright-field TEM
images are observed for the wrought and SLMed Hastelloy X
alloys in Fig. 4. Inside the grains, lines of dislocations were
observed for the wrought sample as shown in Fig. 4(b),
whereas many sub-grains were observed for the SLMed
samples as shown in Fig. 4(d), and the dislocations were also
present at the sub-grain boundaries of the as-received SLMed
Hastelloy X alloys, which formed a significant dislocation-rich

area and thus can retard or block the migration of newly formed
dislocations under external force, resulting into a high strength
(Ref 20, 25). Similar phenomenon was consistent with the
results of other studies (Ref 25, 35). The metastable cellular
structures were formed due to the combined effects of the
Benard-Marangoni-driven instability and particle-accumulated
structure formation during the SLM solidification process (Ref
36). Meanwhile, there were nano-inclusions distributed in the
SLMed Hastelloy X alloy at the sub-grain boundaries as shown
in Fig. 4(e). The size of the nano-inclusions was around 80 nm,
which was much smaller than in the wrought substrate (1 um),
and they all revealed a remarkable enrichment in Mo, C and Si
compared to the matrix, shown in Fig. 4(c) and (f), confirming
the formation of Mo-rich carbides (Ref 37). In our SLMed
Hastelloy X substrate, big inclusion was not found due to rapid
solidification rates (typically range from 10°-10® K/s), where
there was 0.1-10 s for the nucleation and diffusional growth of
precipitates in the wrought counterpart considering an approx-
imate solidification rate of 273-373 K/s in traditional casting
(Ref 28, 38, 39).

To compare and investigate the printing parameters on the
mechanical properties of the wrought and SLMed Hastelloy
X alloys, tensile experiments were conducted, and the results
are given in Fig. 5. The ultimate tensile strength (UTS)
values of the SLMed alloys were around 910 MPa and much
higher than the wrought (~ 750 MPa), as well as the yield
strength (YS). The hardened structure for the SLMed
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Fig. 3 Grain boundary angle distribution of the Hastelloy X alloys:
(a) wrought and (b) SLMed

Fig. 2 Inverse pole figures of the Hastelloy X alloys: (a) wrought, (b) SLMed
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Fig. 4 Transmission electron microscopy images (bright field) and the EDS results of the Hastelloy X alloys: (a-c) wrought, (d-f) SLMed
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Fig. 5 Engineering stress vs. strain responses of the wrought and the SLMed Hastelloy X alloys

Hastelloy X alloys was mainly ascribed to the high-density
dislocation. However, the percentage elongation after fracture
for the SLMed Hastelloy X alloys (13-20%) was consider-
ably smaller than that for the wrought counterpart (41%), and
this should be mainly attributed to the pores existed in the
SLMed matrix. Meanwhile, the molten pool boundaries also
accelerate the fracture due to the poor binding force, and
Wen et al. (Ref 40) pointed out these types of boundaries
that can act as crack initiation sites under load conditions,
that’s why the elongation for the SLMed parts was much
smaller than that of wrought (~ 41%). The different ductility
can be also dropped out from the angle of the fracture and
the tensile curve dropped sharply (a nearly 90° curve) when
fracture of the SLMed Hastelloy X alloys occurred, while the
wrought sample showed a necking transition before complete
fracture. We can also see that the UTS and the elongation all
increased with the increasing laser power and the decreasing
scanning speed.

Since the pores have great effects on the mechanical
properties of the SLMed parts, the porosities of the samples
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were evaluated by the Archimedes principle. The relative
density of the SLMed Hastelloy X alloy at various laser energy
densities is shown in Fig. 6, and the volumetric energy density
(E,) is calculated via Eq 1, which described the average energy
per volume of powders (Ref 41, 42):

e
By = rdt (Eq 1)
where e is the value of laser energy, r is the scanning rate, d is
the hatch distance, and ¢ is the thickness of powder layer. The
process window for the highest relative density (approximately
99.0%) for the SLMed Hastelloy X alloy was in the range from
140 to 170 J/mm?>. In our work, the porosity decreased slightly
with the increasing laser power or the decreasing scanning
speed.

However, several authors doubted the availability of the
volumetric energy density as an assessment criterion of the
porosity, and they pointed out that some other printing
parameters, such as hatch style and laser diameter, were
disregarded, which can also affect the porosity (Ref 43).
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Further investigations should be conducted systematically to
clarify the relationship between the porosity and processing
parameters.
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Fig. 6 Relative density of the SLMed Hastelloy X alloys at various
laser energy densities

The macroscopic and microscopic morphologies of the
Hastelloy X alloys after fracture are shown in Fig. 7, and
typical dimple morphology for metallic fractures was widely
observed for wrought Hastelloy X alloy, while many voids
existed in the SLMed samples. Many small dimples were
observed in the SLMed Hastelloy X alloy, related to the
abundant sub-grain boundaries with a high concentration of
dislocations and the premature instability, and fracture of the
SLMed Hastelloy X alloy was largely attributed to the pores
and molten pool boundaries near the surface. While there were
many precipitates (Mo-rich carbides) on the fracture surface for
the wrought Hastelloy X alloy as shown in Fig. §(a) and (b), as
a hard and brittle phase, those precipitates have a quite different
deformation ratio from matrix, which would accelerate crack
initiation. For the SLMed samples, there were many voids
existed in the matrix, which lead to the poor elongation (Ref 23,
44, 45). The more the porosity is, the less of the ductility. In our
work, the volumetric energy density for the best mechanical
properties of the SLMed Hastelloy X alloy was therefore in the
range from 140 to 170 J/mm’. Meanwhile, pores also affect the
durability of the SLMed parts, which is very necessary if
additive techniques are to find widespread application (Ref 46-
48). However, the size distribution of the pores on the SLMed

Fig. 7 Cross section and side view of the fractographic Hastelloy X alloys through SEM after tensile experiments: (al, a2) wrought, (bl, b2)
250 W and 1000 mm/s, (cl, c2) 280 W and 1000 mm/s, (d1, d2) 310 W and 1000 mm/s, (el, €2) 280 W and 800 mm/s, (f1, f2) 280 W and

1200 mm/s
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Fig. 8 Microscopic morphologies of the fractographic Hastelloy X alloys after tensile experiments: (a, b) wrought, (c, d) 280 W and 1000 mm/

S

parts were not evaluated systematically in the existing litera-
ture, and further understanding of the effect of porosity, such as
pore size and aspect ratio, on the mechanical properties of the
SLMed parts needs to be clarified in further work.

4. Conclusions

In this work, the microstructure and mechanical properties
of Hastelloy X alloy fabricated by SLM were investigated by
EBSD, TEM, SEM and tensile experiments. The printing
parameters, including laser power and laser scanning speed, on
the mechanical properties of the SLMed Hastelloy X alloys
were studied, and the results were compared with those of the
wrought counterparts. The main conclusions were drawn as
follows:

1. Nano-inclusions (Mo-rich carbides) distributed at the
sub-grain boundaries in the SLMed Hastelloy X alloy
due to the rapid solidification, whereas micron-scale pre-
cipitations existed in the wrought counterpart.

2. Molten pool boundaries widely existed in the SLMed
matrix, which lead to poor plasticity. However, the UTS
values of the SLMed Hastelloy X alloys were around
910 MPa and much higher than the wrought
(~ 750 MPa), which was mainly ascribed to the high-
density dislocation.

3. The UTS and the elongation for the SLMed samples all
increased slightly with the increasing laser power and the

5538—Volume 28(9) September 2019

decreasing scanning speed in our printing processes. The
volumetric energy density for the best mechanical proper-
ties of the SLMed Hastelloy X alloy was in the range
from 140 to 170 J/mm”.
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