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Abstract: The Hastelloy X superalloy is a widely used solid-solution Ni-based sheet alloy for gas
turbines, aero-engine combustion chambers, and other hot-end components. To investigate the effect
of microstructure, especially grain size, on its weldability, Hastelloy X alloy bars are homogenized,
cold-rolled to thin sheets, and recrystallized under different conditions to obtain equiaxed grain
microstructures with average grain sizes of ~5 µm, ~12 µm, and ~90 µm. The laser welding pro-
cess is used for joining the alloy sheets, and then the alloy’s weldability is investigated through
microstructural and mechanical property characterizations. The microstructures in weld consist of
coarse columnar grains with dendrite, and grain sizes of these columnar grains are almost the same
when grain size of Hastelloy X base metal increases from ~5 µm to ~90 µm. Moreover, although all
welds exhibit lower yield strengths (YS), ultimate tensile strengths (UTS), and elongations to fracture
(EF) than the base metal, the degrees of reduction in them become slight when the grain size of base
metal increases from ~5 µm to ~90 µm.

Keywords: superalloy; laser welding; microstructure; grain size; mechanical properties

1. Introduction

The Hastelloy X superalloy is a nickel-chromium-iron-molybdenum alloy. As a typical
Ni-based solid solution alloy, the Hastelloy X alloy possesses exceptional characteristics,
including outstanding mechanical strength and ductility at high temperatures, good re-
sistance to oxidation and corrosion, and excellent weldability [1–4]. As early as 1952, this
alloy was first developed by Haynes International, INC for manufacturing combustor parts
in jet aircraft. To date, it is still a widely used Ni-based solid solution alloy for gas turbines,
aero-engine combustion chambers, and other hot-end components [5–7].

Various applications of the Hastelloy X alloy necessitate metallic components with
large scales and complicated structures to satisfy diversified needs. Generally, large-scale
metallic components are difficult for one-step shape-forming and are commonly joined by
single parts made of specific alloys. Welding is a crucial fabrication technology for joining
metallic parts into structures. Therefore, the weldability of an alloy must be investigated
before it is adopted for practical application [8–11]. The Hastelloy X alloy is no exception.
Previously, much research was conducted to determine the weldability of the alloy, showing
its excellent welding characteristics [12–14]. However, previous research mainly focuses on
investigating the effect of welding processes and welding parameters on its weldability,
while the effect of microstructure, especially the grain size of the Hastelloy X alloy on its
weldability is rarely mentioned.

As a solid-solution alloy, the microstructure of the Hastelloy X alloy, e.g., the grain
size and elemental segregation, can significantly affect its mechanical properties [15–17].
During the welding process, the grain structure will change, and elemental segregation
will take place in the fusion zone, and then affect mechanical properties of the welded
alloy. Therefore, the microstructure and mechanical properties of the welded Hastelloy
X alloy are worth investigation. Moreover, properties of welded alloys are also affected
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by the welding process [18,19]. In previous studies, electron beam (EB) welding, seam
welding, gas tungsten arc (GTA) welding, etc., were used to determine the weldability
of the Hastelloy X alloy. Although its excellent welding characteristics make this alloy
suitable for almost all the welding processes, these traditional welding processes have their
own disadvantages, such as high heat input and low heat concentration, which might lead
to cracks in the weld and even a severe distortion of the alloy. As a new and advanced
welding process, laser welding has a number of appealing characteristics, including low
heat input and high heat concentration. These unique advantages of laser welding make it
a candidate for welding superalloys [20–26].

Here, we use the laser welding process to join the Hastelloy X alloy sheets, and then
the microstructure and mechanical properties of the welded alloy are investigated system-
atically. Moreover, by analyzing the mechanical properties of the welded alloys, whose
grain sizes of base metals are different, the effect of grain size on the alloy’s weldability is
comprehensively investigated in this study. Our study provides a representative example
for the study of the microstructure and mechanical properties of the welded Hastelloy X
superalloy, which might be significant for the application of laser welding to this alloy.

2. Materials and Methods
2.1. Material Preparation

The hot-rolled Hastelloy X alloy bars (purchased from Taizhou Boyan Metal Products
CO., Ltd, Taizhou, China) are first homogenized at 1200 ◦C for 4 h, and then quenched in
room-temperature (RT) water bath. Cold rolling is conducted for the homogenized alloys
to reduce their thicknesses from ~8 mm to ~2 mm. The alloy sheets are recrystallized at
800 ◦C for 1 h, at 1100 ◦C for 0.5 h, and at 1200 ◦C for 1 h to obtain recrystallized sheets
with different grain sizes. All heat treatments are conducted under an Ar atmosphere.

2.2. Laser Welding

An automatic laser welding machine (Hongyuan Layser, Suzhou, China) with maxi-
mum power of 1000 W is used for laser welding processes. Before welding, alloy sheets
are ground to remove the oxide layer on the surface and then cleaned ultrasonically in
ethanol. Table 1 shows the welding parameters used in the laser welding process. With
such welding parameters, the laser beam spot diameter on the alloy sheet is 1.2 ± 0.1 mm.

Table 1. Parameters for the laser welding process in experiments.

Parameters Values

Constant Laser power (W) 800
Average Laser power (W) 800

Welding speed (mm/s) 10
Power density (W/mm2) 603

Shielding gas type Ar

2.3. Tensile Testing

The recrystallized alloy sheets are cut into dog-bone-shape tensile specimens by
electrical discharge machining (EDM). The gauge sections of tensile specimens are about
1.8 mm × 1.7 mm × 9.5 mm. The surfaces of gauge sections are ground by SiC papers of
400 and 600 grits to eliminate the oxide layer and damages caused by EDM. A screw-driven
mechanical testing machine equipped with an induction heater is used to conduct tensile
tests at different temperatures. For tensile tests at elevated temperatures, specimens are
heated to the test temperature and retained for 15 min before adding stress. Tensile tests at
each temperature are repeated more than three times to confirm the data reproducibility.
For all tensile tests in this study, the crosshead displacement rate is fixed at 0.57 mm/min,
corresponding to an engineering strain rate of 10−3·s−1.
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2.4. Microstructure Characterization

To observe the microstructure, the Hastelloy X alloy samples are ground with SiC
papers of 600, 800, and 1200 grits and then mechanically polished. Microstructural charac-
terizations are conducted by using a HITACHI TM4000 plus tabletop microscope (Hitachi,
Japan) and an FEI-quanta 650 FEG scanning electron microscope (FEI Company, Nether-
lands) equipped with a secondary electron detector, an Oxford energy dispersive spec-
troscopy (EDS) detector, and an Oxford electron backscattered diffraction (EBSD) detector.
Back-scattered electron (BSE) micrographs and EBSD are used to characterize the grain
structure; EDS mapping is used to examine the elemental segregation in the alloy.

3. Results
3.1. The Initial Microstructures of Base Metal

Figure 1 is the representative microstructures and EDS maps of recrystallized Hastel-
loy X base metal sheets. Figure 1a–c show alloys’ microstructure with annealing twins
after recrystallization. The average grain sizes of base metals are determined by the lin-
ear intercept method, and they are found to be ~5 µm (Figure 1a), ~12 µm (Figure 1b),
and ~90 µm (Figure 1c), corresponding to recrystallization at 800 ◦C/1 h, 1100 ◦C/0.5 h,
and 1200 ◦C/1 h. Grain size increases with increasing recrystallization temperature and
duration. Moreover, under the BSE imaging mode, particles with higher contrast are ho-
mogeneously distributed in alloys, especially in the alloys whose average grain sizes are
~5 µm (Figure 1a) and ~12 µm (Figure 1b). EDS results (Figure 1d) indicate that this phase
with higher contrast is the Mo-rich phase.
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Figure 1. Grain structures and EDS maps of Hastelloy X base metals. (a–c) Equiaxed grain structures
of the base metals after different heat treatments, with grain sizes of (a) ~5 µm, (b) ~12 µm, and
(c) ~90 µm. (d) EDS maps of the area marked by white dash rectangle in (b) indicating that the phase
with higher contrast is Mo-rich phase.

3.2. The Tensile Properties of the Hastelloy X Base Metals

Tensile tests of Hastelloy X base metals are conducted to characterize mechanical
properties of the alloy before laser welding. Figure 2a–c shows the engineering stress-strain
curves of base metals with grain sizes of ~5 µm (Figure 2a), ~12 µm (Figure 2b), and ~90 µm
(Figure 2c) at temperatures from 20 ◦C to 800 ◦C. Figure 2d–f summarize average values of
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0.2% offset yield strength (YS), ultimate tensile strength (UTS), and elongation to fracture
(EF) of base metals at various temperatures, with error bars included. In Figure 2d–f, strong
temperature dependence trends can be observed for strength and elongation. For base
metals with different grain sizes, the highest value of YS and UTS are all obtained at RT,
and YS and UTS decrease when temperature increases from RT to 800 ◦C. Hastelloy X base
metals show relatively high values of EF at RT (higher than 20%), and EF tends to increase
with increasing temperature.
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Figure 2. Tensile properties of the Hastelloy X base metals. Engineering stress-strain curves of the
recrystallized Hastelloy X base metals with grain sizes of (a) ~5 µm; (b) ~12 µm; (c) ~90 µm at various
temperatures from 20 ◦C to 800 ◦C. Average values of (d) YS; (e) UTS and (f) EF of Hastelloy X base
metals at various temperatures from 20 ◦C to 800 ◦C.

It can also be found in Figure 2d–f that the grain size of Hastelloy X base metal sig-
nificantly affects its strength and elongation. The YS and UTS of the base metal decrease
simultaneously when the grain size increases from ~5 µm to ~90 µm at the same tempera-
ture (Figure 2d,e). Unlike YS and UTS, the EF of base metal increases when the grain size
increases from ~5 µm to ~90 µm at the same temperature (Figure 2f). Therefore, a decrease
in grain size of the base metal results in an increase in its strength, as well as a decrease in
its elongation.
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3.3. Microstructures of the Welded Hastelloy X Alloy

Figure 3a is the macrograph of a welded Hastelloy X alloy sheet welded by laser weld-
ing. BSE images of transverse sections of welds are shown in Figure 3b–d, corresponding
to Hastelloy X base metals with grain sizes of ~5 µm (Figure 3b), ~12 µm (Figure 3c) and
~90 µm (Figure 3d). All the alloy sheets have been fully welded, and there is no cracks in
the welds, indicating the exceptional weldability of the alloy. Although the grain sizes of
base metals are different before welding, welds have microstructural similarities. For all
welds shown in Figure 3b–d, fusion zones (FZ) exhibit grain structures of coarse columnar
grains growing from fusion lines to centerlines. However, the grain structure at the center
of the welds cannot be identified clearly from BSE micrographs in Figure 3b–d. Thus,
the following microstructural characterizations are conducted to further investigate grain
structures of the fusion zone for welded alloys.
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Figure 3. Photographs and microstructures of welded Hastelloy X alloys. (a) A photograph of a
welded Hastelloy X alloy sheet. (b–d) BSE micrographs of welds’ transverse sections of metals
with grain sizes of (b) ~5 µm; (c) ~12 µm; (d) ~90 µm. All welds have no cracks and exhibit coarse
columnar grains microstructure.

The weld of the Hastelloy X base metal with average grain sizes of ~12 µm is selected
as a representative example for the weld of the small grain size base metal (Figure 4). From
the EBSD figure (Figure 4b), three different types of microstructures in welded alloy can
be clearly observed. The equiaxed grain not affected by laser welding can be observed
outside the weld, indicated by a white arrow in Figure 4b. In the weld, columnar grains
grow from the fusion lines to the centerline, indicated by a green arrow in Figure 4b. In the
process of welding solidification, grains tend to grow along the direction of the maximum
temperature gradient, toward the solid-liquid interface. Therefore, columnar grains in
the weld grow from the fusion line towards the centerline, which results in the typical
columnar grain structure of the welded Hastelloy X alloy.
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Figure 4. The BSE micrographs, EBSD, and EDS mappings of the welded Hastelloy X alloy when the
grain size of base metal is ~12 µm. (a) Low-magnification cross-section image of the weld. (b) EBSD
of the area marked by a white dash rectangle in (a). (c,d) BSE micrographs of columnar grains from
the fusion lines to the centerline (c) and at the weld center (d). (e,f) EDS maps of columnar grains
shown in (c,d), indicating that solidification segregations with higher contrast in the weld are all
Mo-rich phase.

At the weld center, there is a coarse columnar grain growing from the surface of the
alloy sheet towards the inside of FZ, indicated by a black arrow in Figure 4b, which might
result from the heat flow from the center to the surface. Average lengths and aspect ratios
of columnar grains in the welds are measured. It is found that the average lengths of
columnar grains are ~250 µm, and the average aspect ratios (the ratio of the length and
width of grains) are ~4 for welds whose grain sizes of base metals are ~5 µm and ~12 µm,
while the average length of columnar grains is ~270 µm, and the average aspect ratio is
~4.3 for the weld whose grain size of base metal is ~90 µm. Therefore, the grain size of the
base metal does not change the columnar grain structure significantly.

In addition, Figure 4c,d indicate that solidification segregations exist in columnar
grains in the fusion zone. EDS maps (Figure 4e,f) reveal that these segregations are Mo-rich,
which is similar to the Mo-rich phase in the as-cast Hastelloy X alloy [5].

The weld of the Hastelloy X base metal with an average grain size of ~90 µm is also
characterized (Figure 5). Figure 5b shows the EBSD of the area marked with a white dash
rectangle in Figure 5a. Similar to the welding microstructure shown in Figure 4b, the base
metal outside the weld maintains an equiaxed grain microstructure (indicated by a white
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arrow in Figure 5b); in the weld, columnar grains growing from the fusion lines to the
centerline can be observed (indicated by a green arrow); at the weld center, the columnar
grain growing from the surface of the alloy sheet towards the inside of FZ is observed
(indicated by a black arrow). It indicates that although the grain sizes of base metals are
different (e.g., ~12 µm and ~90 µm), the microstructures in the welds are similar. Similarly,
solidification segregations are also observed in the fusion zone of the weld (Figure 5c,d).
EDS maps (Figure 5e,f) again indicate that they are all Mo-rich phases.
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Figure 5. The BSE micrographs, EBSD, and EDS mappings of the welded Hastelloy X alloy when
the grain size of the base metal is ~90 µm. (a) Low-magnification cross-section image of the weld.
(b) EBSD of the area marked by a white dash rectangle in (a). (c,d) BSE micrographs of columnar
grains from the fusion lines to the centerline (c) and at the weld center (d). (e,f) EDS mappings of
columnar grains shown in (c,d), indicating that phases with higher contrast in the weld are all in the
Mo-rich phase.

3.4. Mechanical Properties of Welded Hastelloy X Alloys

Figure 6a–c show the engineering stress-strain curves of welded Hastelloy X alloys
when the average grain size of the base metal is ~5 µm (Figure 6a), ~12 µm (Figure 6b),
and ~90 µm (Figure 6c), respectively. A strong temperature dependence trend can be
observed for strength and elongation of the welded alloys. YS and UTS simultaneously
decrease, while EF increases when the test temperature increases from 20 ◦C to 800 ◦C. The
temperature dependence of the strength and elongation for the welded Hastelloy X alloy
are similar to that of base metal.
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temperatures from 20 ◦C to 800 ◦C. Average values of (d) YS, (e) UTS, and (f) EF of welded Hastelloy
X alloy at various temperatures from 20 ◦C to 800 ◦C.

Moreover, mechanical properties of welded Hastelloy X alloy are affected by the
average grain size of the base metal. For instance, at RT, the YS of the welded alloy
decreases by ~50%, and the UTS decreases by ~30% when the grain size of base metal
increases from ~5 µm to ~90 µm (Figure 6d,e). The EF of the welded alloy increases by
~150% when the grain size of base metal increases from ~5 µm to ~90 µm (Figure 6f).
The results demonstrate that the YS and UTS of the welded alloy decrease, while the EF
increases, when the grain size of the base metal increases.

4. Discussion
4.1. Fracture Analysis

Microstructural characterization of fractures is performed to identify possible causes
for the fracture of Hastelloy X base metals and the laser-welded alloys. For the welded
tensile specimens, fracture occurs in the welds (Figure 7a). The microstructures near the
fracture are typical columnar grains, indicated by the black arrow in Figure 7a. The fracture
occurs within the columnar grain at the weld center.
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Figure 7. Microstructure of fractures of base metals and welded alloys. (a) Photograph and corre-
sponding BSE image of the tensile fractured welded specimen whose grain size of base metal is
~12 µm. (b) SE images of fractures of base metal (b) whose grain size is ~12 µm and its corresponding
welded specimen (c). Dimples on fractures demonstrate that fractures of both base metal and welded
alloy are ductile.

Figure 7b is the secondary electron (SE) micrograph, showing RT fracture surface of
Hastelloy X base metal. Dimples can be observed on the fracture surface, showing that
the fracture of base metal is a ductile fracture at RT. For the fracture of welded Hastelloy X
alloy (Figure 7c), although the EF is reduced, similar dimples can also be observed on the
fracture surface, revealing that the fracture mode is also ductile.

4.2. Mechanical Behavior

As observed in Figures 2 and 6, the YS and UTS of base metal decrease, while EF
increases when the grain size of Hastelloy X base metal increases from ~5 µm to ~90 µm. A
similar case is also observed for the welded alloy. For better comparison, the average values
of YS, UTS, and EF of Hastelloy X base metals and welded alloys with different grain sizes
are summarized in Figure 8. It is found that YS, UTS, and EF all decrease after laser welding,
and degrees of reduction are different when the grain sizes of the base metal change.

Quantitatively, at RT, the welded Hastelloy X alloy maintains ~93% of the YS of the
base metal when the grain size of base metal is ~5 µm; when the grain size of base metal is
~12 µm, the laser welded alloy maintains ~96% of its YS; when the grain size of base metal
is ~90 µm, the laser welded alloy retains ~98% of its YS. These differences indicate that
the degree of reduction in YS after laser welding decreases when the grain size of the base
metal increases.

The grain sizes of the columnar grains in the weld are larger than those of equiaxed
grains in base metal, leading to a reduction in YS. When the grain size of base metal is small
(e.g., ~5 µm and ~12 µm), coarse columnar grains in the weld result in a significant increase
in grain size for the welded alloy, leading to a significant reduction in YS. Since grain sizes
of columnar grains in the welds are similar, when the grain size of the base metal is initially
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large (e.g., ~90 µm), the difference in grain sizes between weld and base metal is relatively
small. Thus, the degree of reduction in YS decreases when the grain size of the base metal
increases, as observed in Figure 8a.
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Figure 8. Average values of (a) YS, (b) UTS, and (c) EF of Hastelloy X base metals and welded alloys
at various temperatures from 20 ◦C to 800 ◦C. The degrees of reduction in YS, UTS, and EF after
welding all reduce when the grain size of the Hastelloy X base metal increases.

Similar to the reduction in YS, the degree of reduction in UTS of the welded Hastelloy
X alloy also decreases when the grain size of base metal increases from ~5 µm to ~90 µm
(Figure 8b). However, even if the grain size of base metal is small, e.g., ~5 µm, the welded
alloy can maintain nearly all of the tensile strength of the base metal.

The average values of the EF (Figure 8c) shows that the EF of the Hastelloy X alloy also
reduces after laser welding. It is found that the degree of reduction in EF is also affected by
the grain size of base metal. As observed in Figure 8c, at RT, compared with base metal, the
welded alloys maintain ~60%, ~68%, and ~90% of the EF of the base metal, when grain size
of base metal is ~5 µm, ~12 µm, and ~90 µm, respectively.

Due to the structural difference between the weld and base metals, the microstructure
uniformity of the alloy reduces after welding. As a result, cracks are easier to concentrate
inside the welds during tensile testing, resulting in a decrease in EF. In this case, the degree
of reduction in EF is dictated by the degree of reduction in microstructure uniformity,
which is affected by the grain size of the base metal. When the grain size of the base
metal is small (e.g., ~5 µm and ~12 µm), great structural differences between the weld and
base metal lead to a significant reduction in the microstructure uniformity, resulting in a
significant reduction in EF; when the grain size of the Hastelloy X base metal is initially
large (e.g., ~90 µm), the microstructure after welding is relatively uniform, resulting in a
slight reduction in the EF. Thus, the degree of reduction in the EF decreases when grain
size of base metal increases, as observed in Figure 8c.

5. Summary and Conclusions

The microstructure and mechanical properties of a welded Hastelloy X superalloy
are investigated systematically. The hot-rolled Hastelloy X alloy bars are homogenized,
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cold-rolled, and then recrystallized to obtain equiaxed grain microstructures with average
grain sizes of ~5 µm, ~12 µm, and ~90 µm. Laser welding processes are used to join
sheets of the alloy, and then the alloy’s weldability is determined through microstructural
and mechanical property characterizations on the base metal and welds. Moreover, the
effect of microstructure, especially grain size, on the weldability of the Hastelloy X alloy is
investigated. The following conclusions can be drawn:

(1) After laser welding, there is no cracking in any welded alloys. The microstructures in
the weld consist of columnar grains, which grow in the direction from the fusion line
to the centerline.

(2) The sizes of the columnar grains in the weld are almost the same when the grain
size of the Hastelloy X base metal increases from ~5 µm to ~90 µm. There is Mo-
rich segregation in the fusion zone during welding, but this segregation is not a
laves phase.

(3) The fractures of both base metals and welded alloys are ductile. The fractures tend
to take place at the weld center due to the larger grain sizes of columnar grains at
this area.

(4) Compared to the base metal, the YS, UTS, and EF of the Hastelloy X alloy all reduce
after laser welding. When the grain size of the Hastelloy X base metal increases, the
increase in grain size for the welded alloy becomes small, and therefore the degree
of reductions in YS and UTS decreases; In the meantime, the decreases of EF also
become small.

Author Contributions: Y.L.: formal analysis, investigation, writing—original draft, writing—review
and editing. Q.D.: conceptualization, methodology, formal analysis, investigation, writing—original
draft, writing—review and editing. X.W.: resources, writing—review and editing. Y.Z.: resources,
writing—review and editing. Z.Z.: conceptualization, formal analysis, resources, writing—review
and editing, supervision. H.B.: conceptualization, methodology, formal analysis, investigation,
resources, writing—original draft, writing—review and editing, supervision. All authors have read
and agreed to the published version of the manuscript.

Funding: This work is supported by Basic Science Center Program for Multiphase Media Evolution
in Hypergravity of the National Natural Science Foundation of China (No. 51988101), the Key R & D
Project of Zhejiang Province (No. 2020C01002), Natural Science Foundation of Zhejiang Province
(No. LQ20E010008), National Science and Technology Major Project of China (J2019-III-0008-0051),
the Innovation Fund of the Zhejiang Kechuang New Materials Research Institute (No. ZKN-20-P01,
ZKN-20-Z01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reed, R.C. The Superalloys Fundamentals and Applications; Cambridge University Press: Cambridge, UK, 2008; pp. 1–28.
2. Zhao, J.-C.; Larsen, M.; Ravikumar, V. Phase segregation and time–temperature-transformation diagram of Hastelloy X. Mater.

Sci. Eng. A 2000, 293, 112–119. [CrossRef]
3. Tawancy, H.M. Long-term ageing characteristics of Hastelloy alloy X. J. Mater. Sci. 1983, 18, 2976–2986. [CrossRef]
4. Kim, W.-G.; Yin, S.-N.; Ryu, W.-S.; Chang, J.-H.; Kim, S.-J. Tension and creep design stresses of the “Hastelloy-X” alloy for

high-temperature gas cooled reactors. Mater. Sci. Eng. A 2008, 483–484, 495–497. [CrossRef]
5. Ding, Q.; Bei, H.; Wei, X.; Gao, Y.; Zhang, Z. Nano-twin-induced exceptionally superior cryogenic mechanical properties of a

Ni-based GH3536 (Hastelloy X) superalloy. Mater. Today Nano 2021, 14, 100110. [CrossRef]
6. Wang, Y.-Q.; Kong, W.-W.; Yuan, C.; Chen, Y.-P.; Liu, X.; Liu, S. Effects of annealing on microstructures and properties of

cold-rolled GH3536 sheet. Mater. Charact. 2021, 180, 111409. [CrossRef]
7. Attallah, M.M.; Jennings, R.; Wang, X.; Carter, L.N. Additive manufacturing of Ni-based superalloys: The outstanding issues.

MRS Bull. 2016, 41, 758–764. [CrossRef]

http://doi.org/10.1016/S0921-5093(00)01049-2
http://doi.org/10.1007/BF00700780
http://doi.org/10.1016/j.msea.2006.12.184
http://doi.org/10.1016/j.mtnano.2021.100110
http://doi.org/10.1016/j.matchar.2021.111409
http://doi.org/10.1557/mrs.2016.211


Crystals 2022, 12, 1336 12 of 12

8. Wu, Z.; David, S.; Feng, Z.; Bei, H. Weldability of a high entropy CrMnFeCoNi alloy. Scr. Mater. 2016, 124, 81–85. [CrossRef]
9. Wu, Z.; David, S.A.; Leonard, D.N.; Feng, Z.; Bei, H. Microstructures and mechanical properties of a welded CoCrFeMnNi

high-entropy alloy. Sci. Technol. Weld. Join. 2018, 23, 585–595. [CrossRef]
10. Sun, X.; Zhang, Q.; Wang, S.; Han, X.; Li, Y.; David, S.A. Effect of adhesive sealant on re-sistance spot welding of 301L stainless

steel. J. Manuf. Processes 2020, 51, 62–72. [CrossRef]
11. Mei, Y.; Liu, Y.; Liu, C.; Li, C.; Yu, L.; Guo, Q.; Li, H. Effect of base metal and welding speed on fusion zone microstructure and

HAZ hot-cracking of electron-beam welded Inconel 718. Mater. Des. 2016, 89, 964–977. [CrossRef]
12. Sathishkumar, M.; Manikandan, M.; Subramani, P.; Anbarasan, N.; Jerome, S.; Arivazhagan, N. Effect of Welding Speed on Aspect

Ratio of Hastelloy X Weldment by Keyhole Plasma Arc Welding (K-PAW). Mater. Today Proc. 2020, 22, 3297–3304. [CrossRef]
13. Dwibedi, S.; Kumar, B.; Bhoi, S.R.; Tripathy, S.R.; Pattanaik, S.; Prasad, S.; Behera, R. To investigate the influence of weld time on

joint characteristics of Hastelloy X weldments fabricated by RSW process. Mater. Today Proc. 2020, 26, 2763–2769. [CrossRef]
14. Ghasemi, A.; Kolagar, A.M.; Pouranvari, M. Microstructure-performance relationships in gas tungsten arc welded Hastelloy X

nickel-based superalloy. Mater. Sci. Eng. A 2020, 793, 139861. [CrossRef]
15. Liu, X.; Qiao, X.; Xie, W.; Pei, R.; Yuan, L.; Zheng, M. Influence of grain size on microstructure, mechanical properties and strain

hardening behavior of Mg-0.3Ca (wt.%) alloy. Mater. Sci. Eng. A 2022, 839, 142847. [CrossRef]
16. Otto, F.; Dlouhý, A.; Somsen, C.; Bei, H.; Eggeler, G.; George, E.P. The influences of temperature and microstructure on the tensile

properties of a CoCrFeMnNi high-entropy alloy. Acta Mater. 2013, 61, 5743–5755. [CrossRef]
17. Hasan, M.N.; Gu, J.; Jiang, S.; Wang, H.J.; Cabral, M.; Ni, S.; An, X.H.; Song, M.; Shen, L.M.; Liao, X.Z. Effects of elemental

segre-gation on microstructural evolution and local mechanical properties in a dynamically deformed CrMnFeCoNi high entropy
alloy. Scr. Mater. 2021, 190, 80–85. [CrossRef]

18. Ren, W.; Lu, F.; Yang, R.; Liu, X.; Li, Z.; Hosseini, S.R.E. A comparative study on fiber laser and CO2 laser welding of Inconel 617.
Mater. Des. 2015, 76, 207–214. [CrossRef]

19. Giri, S.R.; Khamari, B.K.; Moharana, B.R. Joining of titanium and stainless steel by using different welding processes: A review.
Mater. Today Proc. 2022, 66, 505–508. [CrossRef]

20. Liang, S.; Yan, W. Study on the micro-structure and the nano-indentation responses of laser solid formed epitaxial Ni-based
superalloy. J. Alloys Compd. 2022, 921, 166091. [CrossRef]

21. Jeong, Y.; Sahu, J.K.; Payne, D.N.; Nilsson, J. Ytterbium-doped large-core fiber laser with 1.36 kW continuous-wave output power.
Opt. Express 2004, 12, 6088–6092. [CrossRef]

22. Mousavi, S.A.; Sufizadeh, A. Metallurgical investigations of pulsed Nd:YAG laser welding of AISI 321 and AISI 630 stainless
steels. Mater. Des. 2009, 30, 3150–3157. [CrossRef]

23. Baghjari, S.; AkbariMousavi, S. Experimental investigation on dissimilar pulsed Nd:YAG laser welding of AISI 420 stainless steel
to kovar alloy. Mater. Des. 2014, 57, 128–134. [CrossRef]

24. Sabbaghzadeh, J.; Azizi, M.; Torkamany, M.J. Numerical and experimental investigation of seam welding with a pulsed laser. Opt.
Laser Technol. 2008, 40, 289–296. [CrossRef]

25. Jinoop, A.; Paul, C.; Kumar, J.G.; Anilkumar, V.; Singh, R.; Rao, S.; Bindra, K. Influence of heat treatment on the microstructure
evolution and elevated temperature mechanical properties of Hastelloy-X processed by laser directed energy deposition. J. Alloys
Compd. 2021, 868, 159207. [CrossRef]

26. Pakniat, M.; Ghaini, F.M.; Torkamany, M.J. Hot cracking in laser welding of Hastelloy X with pulsed Nd:YAG and con-tinuous
wave fiber lasers. Mater. Des. 2016, 106, 177–183. [CrossRef]

http://doi.org/10.1016/j.scriptamat.2016.06.046
http://doi.org/10.1080/13621718.2018.1430114
http://doi.org/10.1016/j.jmapro.2020.01.033
http://doi.org/10.1016/j.matdes.2015.10.082
http://doi.org/10.1016/j.matpr.2020.03.291
http://doi.org/10.1016/j.matpr.2020.02.576
http://doi.org/10.1016/j.msea.2020.139861
http://doi.org/10.1016/j.msea.2022.142847
http://doi.org/10.1016/j.actamat.2013.06.018
http://doi.org/10.1016/j.scriptamat.2020.08.048
http://doi.org/10.1016/j.matdes.2015.03.033
http://doi.org/10.1016/j.matpr.2022.05.590
http://doi.org/10.1016/j.jallcom.2022.166091
http://doi.org/10.1364/OPEX.12.006088
http://doi.org/10.1016/j.matdes.2008.11.026
http://doi.org/10.1016/j.matdes.2013.12.050
http://doi.org/10.1016/j.optlastec.2007.05.005
http://doi.org/10.1016/j.jallcom.2021.159207
http://doi.org/10.1016/j.matdes.2016.05.124

	Introduction 
	Materials and Methods 
	Material Preparation 
	Laser Welding 
	Tensile Testing 
	Microstructure Characterization 

	Results 
	The Initial Microstructures of Base Metal 
	The Tensile Properties of the Hastelloy X Base Metals 
	Microstructures of the Welded Hastelloy X Alloy 
	Mechanical Properties of Welded Hastelloy X Alloys 

	Discussion 
	Fracture Analysis 
	Mechanical Behavior 

	Summary and Conclusions 
	References

