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Abstract: Laser-aided additive manufacturing is used for complex shapes and Ni-based superalloy
parts. This study aimed to optimize the additive manufacturing process of Hastelloy X alloy to obtain
its excellent mechanical properties without pores or cracks in the additively manufactured parts.
The additively manufactured Hastelloy X was analyzed by comparing porosity, microstructure, and
mechanical properties in as-built and post-heat treatment conditions. In addition, the pores existing
inside the as-built specimen considerably decreased after the hot isostatic press (HIP) treatment.
Furthermore, cell/columnar microstructures were observed owing to a fast cooling rate in the
as-built condition. However, after heat treatment, dendrite structures disappeared, and recrystallized
equiaxed grains were observed. The tensile test results showed that there was mechanical anisotropy
along the vertical and horizontal directions, and as the microstructure changed to equiaxed grains after
heat treatment, the mechanical anisotropy decreased, and the high-temperature properties improved.

Keywords: Hastelloy X; high-temperature properties; directed energy deposition

1. Introduction

Hastelloy X (HX) is a Ni-Cr-Fe-Mo-based heat-resistant alloy commonly used in gas
turbine parts for aircraft, power plants, and petrochemical plants owing to its excellent
corrosion resistance and high-temperature mechanical properties [1–3]. This alloy does
not precipitate strengthening phases such as γ’, and Cr and Mo act as solid solution-
strengthening alloys, exhibiting solid solution-strengthening effects. Traditional casting
methods are mainly used to produce HX parts. However, using these methods to manufac-
ture complex HX parts causes long production cycles and increases costs. Recently, there
have been an increasing number of cases in which additive manufacturing technology is
applied to produce the necessary part shape [4,5].

Additive manufacturing (AM) is an advanced metal manufacturing process for the
direct fabrication of near-net-shaped three-dimensional components from the solid model
data using a high-power laser as a heat source. Until recently, many studies focusing on the
development of metal powder materials for additive manufacturing and the optimization
of the additive process have been conducted [6–9]. AM technologies for metals can be
largely classified into directed energy deposition (DED) and powder bed fusion (PBF)
processes. PBF is a process of depositing metal powders by laying them flat and irradiating
a laser or electron beam on a designated area to melt the powders. DED is a process that
melts and deposits materials using a high-power laser beam while directly supplying metal
powders on the substrate. This method, which is similar to welding, can be applied to
repair work because powders can be stacked on top of existing products. Moreover, the
DED process can be used to produce alloys or deposit different materials using various
metal powders because heterogeneous materials can be deposited.

Many studies have been conducted on HX AM using the PBF process [10–13], in
contrast to the limited studies conducted on the DED process [14,15]. To apply the DED
process, process optimization is required for the HX material. Among the various process
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parameters, laser beam power, laser scanning speed, and powder feeding rate have a
significant impact on quality and process efficiency [16–19]. In addition, post-heat treatment
may be required if necessary. These factors are directly related to the quality of the DED-
manufactured materials. Therefore, the optimal process conditions must be chosen by
controlling the DED process parameters and post-processing.

Regarding additively manufactured materials, residual stress, porosity, and anisotropy
in mechanical properties are due to the high thermal gradients induced by rapid melting
and cooling [20–22]. Therefore, ductility and mechanical properties can be significantly
improved by applying stress-relief treatment to minimize residual stresses observed in
as-built parts or by applying HIP (hot isostatic pressing) to remove pores or defects existing
inside the part. Qiu et al. reported improved results after investigating the anisotropy
of the ductility of Ti64 alloy manufactured with SLM (selective laser melting) in the as-
built treatment and after HIP [23]. In addition, ductility was improved with a decrease in
strength, but the anisotropy of ductility was maintained. Tomus et al. reported that pores
and cracks can be generated during additive manufacturing, which can affect mechanical
properties; however, this can be controlled by optimizing process parameters, including
HIP [24].

In this study, the deposition of HX alloy was performed through laser-aided direct
metal tooling (DMT), which is a DED process. An optimized process was developed that
would result in a crack- and pore-free deposited layer, with excellent mechanical properties.
The laser beam power and feeding rate were chosen as the most critical process parameters
for this study. To investigate the anisotropy of the AM material, tension tests at room and
high temperatures, as well as creep tests, were conducted in both horizontal and vertical
directions. Additionally, the mechanical properties before and after the heat treatments
were compared and analyzed.

2. Materials and Methods
2.1. Powder Properties

In this study, a commercial gas-atomized HX powder (AMC Powders Co. Ltd., Beijing,
China) was used, with the alloy composition shown in Table 1. Particle size analysis was
conducted using Matersizer 3000 (Malvern Panalytical, Malvern, UK), and the morphol-
ogy of the powder was observed using scanning electron microscopy (FE-SEM, Hitachi,
Tokyo, Japan). It had a spherical morphology, with a particle size range of approximately
57–145 µm (Figure 1). The mean D50 diameter was 92.1 µm. However, some powders had
irregular shapes, with small satellites attached to them.
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Table 1. Chemical composition of Hastelloy X.

Element (wt%) Ni Cr Fe Mo W Co C Si Mn

Powder HX Bal. 21.3 19.1 8.6 0.65 0.96 0.07 0.16 0.54

2.2. Direct Energy Deposition (DED) Process

The DED process involves deposition in real time during which a high-power laser
beam is directed onto a metal surface, and metal powders are simultaneously fed with the
generation of a molten pool. Thus, a metal layer with a dense structure is formed through a
rapid melting and cooling process.

The equipment used in this study was a metal DED-type three-dimensional (3D)
printer (MX-3, Insstek Inc., Daejeon, Republic of Korea). The laser of the used equipment
was 2 kW Yb: YAG (IPG, Oxford, MA, USA), and the laser beam size was set to 1 mm.
Powders were supplied through three powder hoppers, and argon was used for coaxial
and powder carrier gases to prevent oxidation during the process. Figure 2 shows the DED
system used for the deposition of the HX material.

The process experiment was performed with square specimens (10 mm × 10 mm × 5 mm)
that were cut in the building direction and used in the microstructure analysis. The optimized
process parameters are shown in Table 2.

Tensile and creep specimens were prepared to evaluate their mechanical properties.
Furthermore, vertical and horizontal deposition directions were used to verify the dif-
ferences in mechanical properties according to the building direction. Furthermore, heat
treatment was performed to improve porosity and mechanical properties. Three different
sample conditions (Table 3) were used: as-built treatment, heat treatment 1 (HT1), and heat
treatment 2 (HT2). In the HT1 condition, hot isostatic pressing (HIP) was performed to
improve porosity under the following conditions: 1150 ◦C, 4 h, and 100 MPa. In the HT2
condition, after HIP, solution heat treatment was additionally performed at 1177 ◦C for
30 min (solution heat treatment, SHT) in specimens to improve their properties.
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Table 3. Summary of the three testing conditions.

Specimen As-Built HT1 HT2

Conditions As-built 1150 ◦C, 4 h, 100 MPa
(Furnace cooling)

1150 ◦C, 4 h, 100 MPa
+

1177 ◦C, 30 min
(N2 gas cooling)

2.3. Microstructure Evaluation

For microstructure evaluation, the samples were ground and polished with 3 and
0.25 µm diamond suspensions. Thereafter, the prepared sample surface was immedi-
ately etched with a mixed solution consisting of 5 g CuCl2 in 100 mL HCl and 100 mL
CH3CH2OH (Kalling’s No.2 reagent). Finally, the microstructure was observed using
optical microscopy (OM, Axio Observer. D1m, Carl Zeiss, Oberkochen, Germany) and
scanning electron microscopy (SEM, JXA-8530F, JEOL, Tokyo, Japan). X-ray diffraction
(XRD) was performed using an X-ray diffractometer (SmartLab, RIGAKU, Tokyo, Japan),
in which Cu Kα1 radiation was used, and the 2θ range was set from 20◦ to 100◦. Electron
backscattered diffraction (EBSD) analyses were performed using an FEI Quattro ESEM
system (Thermo Fisher, Waltham, MA, USA) equipped with a Bruker QUANTAX EBSD
detector at an acceleration voltage of 20 kV, a step size of 0.12 µm, and a working distance
of 19.5 mm.

2.4. Evaluation of Mechanical Properties

As shown in Figure 3a, specimens for tensile and high-temperature creep tests were
fabricated under the proposed optimal conditions of DED. The cube-shaped specimens were
manufactured in vertical and horizontal directions to confirm anisotropy. The deposited
specimens were processed into tensile and creep specimens using wire cutting. Tensile
tests were conducted at room temperature (24 ◦C) with a strain rate of 8.0 × 10−4/s for the
as-built, HT1, and HT2 specimens fabricated in accordance with the ASTM E8 standard,
as shown in Figure 3b (Z60, Zwick Roell, Ulm, Germany). Furthermore, tensile tests were
conducted at a high temperature (816 ◦C) with a strain rate of 8.0 × 10−4/s using the
specimens fabricated in the same way. The high-temperature creep test specimens were
fabricated in accordance with the ASTM E8 standard, as shown in Figure 3c, and tests were
conducted under the conditions of 816 ◦C, 103 MPa, and an Ar environment according to
the ASTM E139-11 test standard (RB 305, R&B, Daejeon, Republic of Korea).
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to the building direction and scanning strategy; (b) tensile test specimen specification; (c) creep test
specimen specification.

3. Results and Discussion
3.1. Microstructure

As shown in Figure 4, the OM was used to detect the vertical cross-sectional porosity
of the as-built and heat-treated specimens manufactured under optimal process conditions.
Furthermore, the porosity was reduced after heat treatment, compared with the as-built
specimen. The results of the cross-sectional porosity, maximum pore size, and pore number
of the samples for each condition are summarized in Table 4. The cross-sectional porosity
of the as-built specimens was 0.043%, whereas those of HT1 and HT2 specimens were
0.004% and 0.003%, respectively. The as-built specimens had spherical pores, which were
assumed to have been generated from the gas trapped during the process. However, it was
confirmed that the residual pores of the as-built specimens were significantly reduced after
both heat treatments (HT1 and HT2), and the maximum pore size also decreased.
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Table 4. Porosity measurement results of cross-sectional specimens.

Specimen As-Built HT1 HT2

Cross-sectional porosity (%) 0.043 0.004 0.003

Maximum pore size (µm) 93.626 27.563 11.666

Tracked Pore number 71 12 19

The cast HX alloy solidified relatively slowly, exhibiting a typical dendritic structure
and coarse precipitates [25]. However, during the DED process, a complex microstructure
was formed owing to the rapid melting and solidification process. The microstructures of
the HX specimens fabricated through the DED process were observed, as shown in Figure 5.
The microstructure of the as-built specimen exhibited a boundary of the molten pool
(Figure 5a), which was generated due to the laser scan path during deposition. Additionally,
the SEM images show the fine cell/columnar structure inside molten pool boundaries.
The 3D structure of the cellular structure was similar to a honeycomb and was found to
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have different shapes depending on the direction of observation [26]. When observed
transversely to the cell growth direction, an equiaxed cell structure was observed, and
when observed in parallel to the cell growth direction, an elongated rod-type columnar
structure was observed.
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(a,d) as-built; (b,e) HT1; (c,f) HT2.

In the HT1 specimen, almost all the residual pores and dendrite structure disappeared,
and recrystallized grains were formed through heat treatment, while film-shaped carbides
were formed along the grain boundary, as shown in Figure 5b,e. In the case of the HT1
specimen subjected to isostatic pressure for a relatively long time, Cr-rich M23C6 carbide
precipitated in the form of a film along the grain boundary. Conversely, in the HT2
specimen, with the addition of SHT, equiaxed grains were formed, and globular and square
inter-/intragranular carbides were generated in the HT2 specimen, as shown in Figure 5c,f.
Even after heat treatment, the molten pool boundary did not completely disappear. The
existence of the molten pool boundary caused mechanical property anisotropy along the
vertical/horizontal building direction.

SEM and EDS analyses confirmed the formation of Cr-rich M23C6 carbide at the grain
boundary and inside the grains of the HT-1 and HT2 specimens, which underwent post-heat
treatment. According to the literature, the secondary phases that can be generated in HX
are carbides (M6C and M23C6), σ, and µ phases [1,27]. However, the only precipitates inside
the γ matrix of HX are carbides, unless aging is performed for an extended period [28].
Figure 6 shows the XRD patterns of the HX alloy’s cross-sectional surface in the as-built
and heat-treated samples. In the XRD patterns, the characteristic peaks of (1 1 1), (2 0 0),
(2 2 0), (3 1 1), and (2 2 2) of γ phase nickel alloy with an FCC (face-centered cubic) crystal
structure were detected. Low-intensity peaks associated with the carbide phase were also
observed. These peaks can be attributed to M23C6 carbide dispersed in the γ matrix, as
mentioned previously.

To confirm the grain size for each specimen, EBSD analysis was performed, and
the results are shown in Figure 7. The grain size of the HT2 specimen was determined
to be 217 µm based on the EBSD analysis. The grains of the as-built specimens were
formed in a direction parallel to the building direction, which was the temperature-gradient
direction. In the case of HT1 specimens subjected to isostatic pressure at a high temperature,
recrystallization occurred, and it was confirmed that equiaxed grains were formed in HT2
specimens after SHT. This difference in grain shape caused variation in the mechanical
properties depending on the building direction. The average grain size of each specimen
was as follows: as-built (184 µm), HT1 (125 µm), and HT2 (217 µm). The grain size of the
HT2 specimen was coarser than that of the HT1 specimen, at 125 µm. This indicates that,
although the exposure to heat at 1177 ◦C for 30 min was sufficient for grain formation, it
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was not adequate to completely eliminate the molten pool boundary (MPB). Therefore, the
heat treatment time was significantly short.
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3.2. Tensile Properties

Figure 8 shows the results of tensile tests at room and high temperatures in as-built,
HT1, and HT2 conditions with a vertical direction. In the room temperature test, the
as-built specimen had a tensile stress of approximately 693 MPa and a uniform elongation
of approximately 52.4%. After heat treatment, the tensile strength values of HT1 and HT2
were similar, but the yield strength significantly decreased (by approximately 228 MPa).
However, elongation did not increase significantly.

Moreover, the high-temperature tensile test results revealed that the as-built specimen
and the post-heat-treated specimen had similar tensile strength, but the yield strength
decreased significantly (by approximately 90 MPa) after heat treatment (HT1 and HT2).
However, although the elongation of the as-built specimen at a high temperature signifi-
cantly decreased to 19%, elongation in HT1 and HT2 specimens significantly increased to
49% and 89%, respectively.

In contrast to the raw material, the HX specimen fabricated using AM had an MPB
(Figure 5). Epitaxial growth caused a strong morphological texture in the building direction.
Consequently, grains were formed and elongated in the vertical direction in the cross-
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sectional microstructure of the deposited specimen, as shown in Figure 7a. Moreover,
cellular subgrains appeared in the grains. This cellular structure consists of high-density
dislocation walls that act as dislocation barriers, significantly increasing the yield strength
and hardness of the materials [11,24]. According to the literature, Mo-rich carbides appear
in additively manufactured HX specimens [29]. However, in this study, Mo-rich carbides
did not appear, and only Cr-rich carbides were observed after heat treatment.

As-built, HT1, and HT2 conditions affected the mechanical properties according to
microstructural differences. As shown in Table 5, as-built specimens had a higher yield
strength at room temperature. This is caused by high-density dislocation at subgrain
boundaries. Conversely, HT1 and HT2 specimens revealed lower yield strength values than
as-built specimens owing to the lower dislocation density resulting from the formation
of recrystallized grains during heat treatment. The presence of Cr-rich M23C6 carbides
along the grain boundaries and within the grains was also confirmed. After heat treatment,
tensile strength and elongation values were similar to those of the raw material.
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Figure 8. Stress–strain curves of the Hastelloy X alloy post-heat treatment in comparison to the
as-built sample (vertical direction): (a) room temperature (24 ◦C); (b) high temperature (816 ◦C).

Table 5. Tensile test results of the as-built, HT1, and HT2 Hastelloy X specimens with different
building directions: horizontal direction (H) and vertical direction (V).

Specimen
R.T. (24 ◦C) H.T. (816 ◦C)

Y.S
(MPa)

UTS
(MPa)

Elongation
(%)

Y.S
(MPa)

UTS
(MPa)

Elongation
(%)

Raw 324 ± 1.4 739.5 ± 4.9 53.3 ± 2.8 210.5 ± 21.9 343 ± 1.4 67.2 ± 0.4

As
-built

H 508 ± 0.0 566 ± 1.4 5.75 ± 1.1 244 ± 0.0 312.5 ± 2.1 3.5 ± 3.5

V 524.5 ± 27.6 693 ± 26.9 52.4 ± 2.1 259.5 ± 3.5 328 ± 1.4 19.4 ± 2.3

HT1
H 361.5 ± 9.2 796.5 ± 4.9 30 ± 1.4 214.5 ± 0.7 348 ± 2.8 28.5 ± 3.5

V 296.5 ± 46.0 672.5 ± 43.1 50.3 ± 0.7 166.5 ± 2.1 305.5 ± 0.7 49.2 ± 1.5

HT2
H 311 ± 9.9 758 ± 4.2 48.7 ± 7.2 197 ± 1.4 333.5 ± 3.5 96.6 ± 11.3

V 294.5 ± 0.7 695.5 ± 50.2 57 ± 7.3 185 ± 0.0 309 ± 4.2 88.9 ± 37.3

The high-temperature tensile test results indicated that yield strength (YS) and ultimate
tensile strength (UTS) decreased. According to the literature, this can be attributed to the
decrease in the dislocation density as the sample is exposed to a higher temperature during
testing [11]. In high-temperature tensile strength testing, grain boundary sliding (GBS) acts
as a major factor causing fracture owing to the dislocation motion near grain boundaries [30].
Therefore, the larger the grain size, the higher the high-temperature strength. However, the
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as-built specimen showed the highest yield strength owing to the high dislocation density
within the grain boundaries, even though the grain size was smaller than that of the HT2
specimen. Comparing the elongation of the different conditions, the HT2 specimen showed
the highest elongation value. As shown in Figure 5f, discontinuous carbides were formed
at the grain boundary, which suppressed dislocation movement along the grain boundary,
resulting in high elongation.

Table 5 summarizes the tensile test results at room and high temperatures in vertical
and horizontal directions. The anisotropy of mechanical properties according to the build-
ing direction appeared in all three conditions (as-built, HT1, and HT2). This anisotropy
according to the building direction was caused by the molten pool boundaries generated
in the microstructure of the as-built specimen (Figure 5). When fabricated in the vertical
direction, the MPB was in the vertical direction at which the tensile force was applied, as
shown in Figure 3a. The MPB of the vertical AM specimen also acted as a crack-propagation
path because the cracks causing the fracturing of the specimen were formed in the vertical
direction at which the tensile force was applied. In contrast, the horizontal AM specimen
interfered with the propagation of cracks because the MPB was formed in the horizontal
direction at which the tensile force was applied [31–34]. The strength of the horizontal
specimen was higher than that of the vertical specimen, whereas the elongation showed
the opposite result. In the case of the HT1 specimen, recrystallization commenced as
the cell/columnar structures were removed, but the recrystallization process remained
incomplete. In the case of the HT2 specimen, anisotropy according to the building direction
was eliminated because, despite the remaining molten pool boundaries, equiaxed grains
were uniformly generated throughout the specimen as recrystallization proceeded. When
the results were compared based on the building direction, the HT2 specimen showed the
lowest anisotropy effect, and the tensile properties of the HT2 specimens were the most
similar to those of the raw material.

3.3. Analysis of High-Temperature (816 ◦C) Creep Rupture Behavior

Figure 9 shows the high-temperature creep test results according to the building direc-
tion for as-built, HT1, and HT2 conditions. The result of the high-temperature creep test
showed different creep properties according to the building direction and heat treatment.
With respect to the creep property, the rupture time of the vertical direction in the as-built
condition was 33 h, approximately 83% larger than that of the horizontal direction (18 h).

Regarding the high-temperature creep property, GBS was the primary cause of the
rupture. For the as-built specimens, grains were formed parallel to the building direction
as a result of which heat was released. The specimen fabricated in the vertical direction
exhibited a higher creep life than that built in the horizontal direction because the area of
GBS was minimized by the vertically elongated grains. The columnar grain morphology
caused the anisotropy of the creep properties in both specimens. In the horizontal specimen,
the grain boundary was aligned normally to the loading axis, reducing the creep life [35].
In addition, as no carbide was present at the grain boundary, the voids adhered to each
other when deformed at high temperatures, resulting in excessive GBS. Consequently, the
as-built creep life was low.

After heat treatment, the dendritic structure began to disappear, and equiaxed grains
and carbides appeared. This study confirmed that the specimen of HT2 with a large grain
size had the best creep properties after heat treatment (V: 91 h, H: 114 h). The grain forma-
tion due to heat treatment minimized the area of the grain boundary. Moreover, as carbide
was unevenly distributed at the grain boundary, the grain boundary was strengthened,
and the creep life improved [36–38]. However, as mentioned in Section 3.1, the homoge-
nization of the microstructure was not sufficiently advanced; thus, the creep property still
had anisotropy.

Figure 10 shows the fracture surface observed through SEM after the creep test. In
the as-built specimen, a fracture along the dendritic structure was observed, as shown in
Figure 10a. The fracture occurred in the “track–track” MPB region because the interdendritic
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fracture surface sloped into a structure resembling a “valley.” In contrast, dimples, a typical
ductile fracture mode, were observed in the heat-treated specimens.

From the high-temperature creep test results, the HT2 specimen exhibited the best
creep properties among the as-built, HT1, and HT2 conditions.
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4. Conclusions

In this study, the optimized processing conditions for Hastelloy X alloy using the
DED process were proposed, and changes in the microstructure and mechanical properties
before and after heat treatment were compared. The results of this study are as follows:

(1) In the as-built specimens, spherical pores were generated owing to the trapped gas
during the DED process. However, the residual pores significantly decreased after heat
treatment. As-built specimens had a fine cell/columnar structure. After heat treatment,
recrystallization occurred as the temperature increased, equiaxed grains were formed, and
Cr-rich M23C6 carbides were generated in the γ matrix.

(2) At room temperature, the as-built specimens exhibited a high tensile strength
because of the high-density dislocation at subgrain boundaries. Conversely, HT1 and
HT2 specimens showed a lower yield strength than as-built specimens because of a lower
dislocation density as recrystallized grains were formed because of heat treatment. The
high-temperature tensile tests indicated that YS and UTS decreased.

(3) The anisotropy of mechanical properties according to the building direction ap-
peared in all three conditions (as-built, HT1, and HT2). The strength of the horizontal



Metals 2023, 13, 885 11 of 13

specimen was higher than that of the vertical specimen, and elongation showed the op-
posite result. When the results were compared according to the building direction, the
HT2 specimen showed the lowest anisotropy effect, and the tensile properties of the HT2
specimen were the most similar to those of the raw material.

(4) GBS is the main cause of failure in high-temperature creep properties. For the
as-built specimen, grains were formed parallel to the building direction as a result of which
heat was released. The specimen fabricated in the vertical direction exhibited a higher
creep life than that built in the horizontal direction because the area of GBS was minimized
by the vertically elongated grains. After heat treatment, the dendritic structure began to
disappear, and equiaxed grains and carbides appeared. This study confirmed that the HT2
specimen with a large grain size had the best creep properties after heat treatment.

(5) The MPB did not completely disappear even after HT2, because a temperature of
1177 ◦C for 30 min for SHT was not sufficient. Furthermore, anisotropy did not completely
disappear in the high-temperature creep results.

(6) These research results highlight the superior high-temperature properties of Hastel-
loy X material that can be obtained using the DED process. However, further research is
needed to completely eliminate anisotropy.
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