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Abstract. Hot isostatic pressing (HIP) with two different temperatures of 1100 ○C/160MPa/2h and
1175 ○C/160 MPa/2 h was performed on Hastelloy X samples produced by selective laser melting
(SLM) was performed. The effect of hot isostatic pressing on defects, microstructures and
mechanical properties of SLM fabricated Hastelloy X samples were investigated. It showed that
cracks and micro-pores on within SLM-fabricated samples were gradually eliminated with the
increase of HIP temperatures, increased A in which nearly fully dense part can be achieved at hot
isostatic pressing of 1175 ○C /160 MPa/2 h. The microstructure evolution rule as follows: cellular
crystal in both horizon and vertical directions, no precipitates (as-deposited) → equiaxed crystal 
with size of 10-50 μm in horizon direction and columnar crystal with size of 200μm in vertical 
direction, chain-like precipitates distributed at grain boundaries (1100 ○C/160 MPa/2 h HIP
processed) → equiaxed crystal with size of 150 μm in both horizon and vertical directions, 
plate-like precipitates distributed at grain boundaries with size triple increased (1175 ○C/160 MPa/2
h HIP processed). Ductile fracture occurred in both SLM deposited and HIP processed samples
during room temperature tensile tests, while all tested samples behaved higher mechanical
properties than traditional wrought parts. The room temperature tensile properties of the
as-deposited and the two HIP processed samples all reached the standard for wrought Hastelloy X.
Moreover, the ductility of HIP processed samples enhanced and tensile properties decreased
compared with SLM deposited samples.

Introduction

Hastelloy-X alloy is a solid solution strengthening nickel base superalloy, the main solid solution
strengthening elements of which are Mo, W and Cr. It has good corrosion resistance and oxidation
resistance. The alloy has good high-temperature performance and can be used for a long time under
900 ○C. It is mainly used to fabricate blades, combustor parts and other high-temperature
components of aeroengine. Although there have been many researches carried out on the Hastelloy
series alloys up to date, most of them were focused on traditional preparation routes of these alloys,
such as rolling and casting [1-4]. In this study, selective laser melting (SLM) method was used to
prepare Hastelloy X alloy components.

Selective laser melting is presently one of the most promising additive manufacturing techniques.
In this method, a high energy laser beam is used to melt the powder material layer by layer
according to the CAD data of the part, thus creating high density three-dimensional parts [5]. SLM
is highly time and cost efficient, compared with traditional casting and forging methods [6, 7], and
has been applied to a wide range of industries, including the aerospace, biomedical, mold and other
industries.

However, due to the rapid melting and solidification of the powdery material during the SLM
process, the temperature, temperature gradient and volume change dramatically, resulting in the
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accumulation of internal stress and cracking in SLM manufactured components. In addition, there is
a gap between the particles during the spherical powder particles spread, while in the process of
powder material melt under laser irradiation, the faster solidification tends to induce the liquid
phase spreading unfully and thus creating micro-pores. These defects adversely affect the end-use
properties of the SLM parts. By adopting the hot isostatic pressing (HIP) treatment, which is widely
used both domestically and overseas, the above mentioned defects can be effectively eliminated,
and the density of the components can be improved [8-10].

In this study, the SLM fabricated Hastelloy X alloy components were subjected to HIP treatment.
The effects of HIP treatment on eliminating SLM defects, the material microstructure and
mechanical properties were investigated.

Material and Methods

Experimental Material. Hastelloy X powders were used in the current study, and their chemical
composition is shown in Table 1. The powders possessed a spherical shape, with the particle size
distribution of 15 μm ~45 μm (Fig. 1). Prior to laser process, the powders were subjected to a 
vacuum drying process to remove the moisture adsorbed. In addition, a carbon steel substrate was
cleaned with alcohol.

Table 1. Chemical composition of Hastelloy X alloy powder.
Element Ni Cr Fe Mo Co W B Mn C P S

Mass/% 48.58 21.58 18.59 8.91 1.52 0.6 <0.002 0.014 0.082 <0.002 0.002

Fig. 1 SEM images of Hastelloy-X alloy powders.

Table 2. Process parameters for selective laser melting of Hastelloy-X powder.

Parameter Value

Layer thickness, d 20 μm 

Spot diameter, D 100 μm 

Hatch spacing , s 90 μm 

Preheating temperature, T0 80 ○C

Laser power, P 200 W

Scan speed, v 1100 mm/s

Rotation angle of laser
scanning direction

67 °
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Samples Prepared. The Hastelloy X samples used for tensile tests were prepared using an EOS
M280 SLM machine. Argon gas was fed into the sealed building chamber. The samples were
oriented parallel to the laser beam direction (z axis). The processing parameters used in this study
are listed in Table 2. The samples were cut off from the substrate by electro-discharge machining
after the SLM process was completed. Three different treatment conditions, namely as deposited
(without HIP treatment), HIP treated at 1100 ○C with a pressure of 160 MPa, and HIP treated at
1175 ○C with a pressure of 160 MPa for 2 h, were selected to assess the effect of HIP treatment on
the microstructure and mechanical properties of the samples.
Microstructural Characterization and Mechanical Properties Testing. The densities of the
SLM-processed specimens after different treatment process were calculated based on the
Archimedes principle, using a TG320 electronic balance.

Samples for metallographic examination were prepared following the standard grinding and
polishing procedures, and some of the samples were then etched in a solution consisting of 50 %
HCl and 50 % HNO3. The as polished samples were used for porosity measurement and crack
observation using a LEICA DMI5000M optical microscope; while the etched samples for
microstructural characterization and analysis of the size and distribution of the precipitates, using a
QUANTA 400FEG scanning electron microscope.

Tensile tests according to ASTM E8 standard were performed at room temperature using a
ZWICK Z020 machine. The SEM technique was then used to examine the fracture surfaces of the
samples tested.

Fig. 2 Defects of SLM-processed Hastelloy-X samples using different HIP: (a)as-deposited; (b)1100
○C /160 MPa/2 h; (c)1175 ○C /160 MPa/2 h.

Results and Discussion

The Influence of HIP on Eliminating Defects of SLM-Processed Samples. Optical micrographs
of the SLM-processed Hastelloy-X samples, with different HIP conditions, are shown in Fig. 2. A
large number of cracks were found on the as-deposited surface, the average size of which is about
60 µm. In addition, micro-pores with a size of several micrometers were also observed. The density
of the SLM sample was about 97.6 % (Fig. 2a). After HIP treatment at 1100 ○C with a pressure of

Advances in Engineering Research (AER), volume 102

33



160 MPa for 2 h, the number of cracks and micro-pores of the SLM samples were noticeably
reduced to a much lower level. The density of the sample was about 99.7 %, which was increased
by 2.1%, compared with the as-deposited sample (Fig. 2b). As to the sample HIP treated at 1175 ○C,
the cracks and the micro-pores of the SLM specimen were completely eliminated, and the density of
the sample was increased to almost 100 % (Fig. 2c)

It can be seen from Fig. 2 that the HIP treatment can effectively reduce defects, such as cracks
and micro-pores, in the Hastelloy X samples prepared by the SLM process. As a result, the densities
of the SLM samples were improved. Moreover, as the HIP temperature increased, the number of
cracks and micro-pores of the SLM samples decreased, leading to SLM samples being almost fully
dense. This was mainly due to i) the gradual closure of the cracks and micropores in the SLM
samples under high pressure, and ii) material diffusion under high temperature.

Fig. 3 SEM images of as-deposited samples: low-magnification microstructures on the horizontal
cross-section (a) and vertical cross-section(b)；high-magnification microstructures on the horizontal

cross-section (c) and vertical cross-section(d).

The Influence of HIP on Microstructures of SLM-processed Samples. Fig. 3 shows the SEM
images of the transverse and the longitudinal cross-sections (Fig. 3a and b, respectively) of the
as-deposited Hastelloy-X specimens, on which great differences can be observed. The elongated
oval melt tracks can be clearly seen, of which widths were similar to that of the laser spot (100 µm).
The melt tracks of different layers were at a certain angle, which was mainly related to the rotation
angle of the laser scanning direction set in the SLM parameter (Fig. 3a). Molten pool boundaries
can be observed in the as-deposited sample with typical arch-shape curves. The molten pool depth
was about 50 μm, penetrating 2.5-layer thickness. The neighboring layers had a good metallurgical 
bonding (Fig 3b). In addition, cracks about 50 µm long and micro-pores with a size of several
micrometers were observed in Fig. 3a and Fig. 3b, as well as longitudinal cracks penetrating several
deposition layers in the Z-direction. In Fig. 3c and d, higher magnification micrographs of the
as-deposited sample are shown. In addition to the visible cracks, it was found that the solidification
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method of the SLM process was grown in a cellular crystal. The cellular grains were actually a
cross-section of the columnar grains. Due to the rapid melting and subsequent solidification of the
material, the grain sizes were very fine and no precipitates were observed in the microstructure (Fig.
3c, d).

Fig. 4 SEM images of samples after 1100 /160MPa/2h℃ : low-magnification microstructures on the
horizontal cross-section (a) and vertical cross-section(b); high-magnification microstructures on the

horizontal cross-section (c) and vertical cross-section(d).

After the as-deposited sample was subjected to HIP treatment at 1100 ○C with a pressure of 160
MPa for 2 h, equiaxed grains of 10~50 μm in size were observed on its transverse cross-section (Fig. 
4a). The melt tracks and the molten pool boundaries disappeared. However, the laser scanning
direction can still be deduced from the distribution of the grains. In addition, strips of coarse grains
were intercalated with strips of fine grains. This was mainly due to the line-by-line scanning mode
of the SLM process. The adjacent scanning lines had overlapping zones, these zones were subjected
to 2 melting process, leading to the grain growth in the region (Fig. 4a). A large amount of
chain-like precipitates appeared on the grain boundaries, the sizes of which range from about 1-4
μm. There were also some fine precipitates with a size of less than 1 μm within the grains (Fig. 4c). 
These precipitates were mainly chromium-rich M23C6 and molybdenum-rich M6C according to the
literature [11-14].

There were still some cracks and micro-pores observed on the low-magnification micrograph of
the longitudinal cross-section of the specimen (Fig. 4b), which were consistent with the results
observed in Fig. 2b. In addition, it was found that the elongated columnar grains with a relatively
large aspect ratio had an average grain length of about 200 μm and an average width of about 40 μm. 
Such a grain extended through about 20 deposited layers. The growth of the columnar grains was
mainly along the Z-axis, and the grain growth orientation was slightly different. On one hand, this
was because the grains tended to grow along the maximum temperature gradient along which heat
dissipation was the fastest. During the SLM process, the under deposited part had a lower
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temperature and high thermal conductivity, which led to heat dissipation being fastest in the Z
direction. On the other hand, the grain tended to grow epitaxially along the original crystallographic
orientation, associating crystallization [15-17]. From the SEM micrograph of a higher magnification
on the longitudinal cross-section (Fig. 4d), it can be seen that fine precipitates distributed both on
the grain boundaries and within the grains (Fig. 4d). The average size of the precipitates at the grain
boundaries was 1 μm, while some grains had a size of about 3μm. While the precipitates within the 
grains were noticeably smaller, being less than 1μm. Since the grains had elongated columnar 
structure grown along the Z axis, the precipitates also tended to distribute along the Z-axis both on
the grain boundaries and within the grains (Fig. 4d).

As to the samples subject to HIP treatment at 1175 ○C with a pressure of 160 MPa for 2 h, there
was little difference between the microstructure of its longitudinal and transverse cross-section (Fig.
5a, b). The grains were all equiaxed and have grown up to about 150 μm in size. Laser scanning 
trajectory features, cracks and micro-pores disappeared, and the microstructures tended to show a
higher level of homogenization and densification. Lamellar precipitates were observed at the grain
boundaries from SEM micrographs of higher magnification. The size of the precipitates was
significantly increased, and the spacing between intergranular phases was small, which almost
touched each other, compared with the sample subject to the other set of HIP processing parameters.
Meanwhile, the particulate precipitates inside the grains were also obviously grown, with size
increasing to 3μm. However the amount of the precipitates in the grains was relatively reduced (Fig. 
5c, d).

Fig. 5 SEM images of samples after 1175 ○C /160 MPa/2 h : low-magnification microstructures on
the horizontal cross-section (a) and vertical cross-section(b); high-magnification microstructures on

the horizontal cross-section (c) and vertical cross-section(d).

By comparing Fig. 3, Fig. 4 and Fig. 5, it was found that the microstructure evolution of
Hastelloy X alloy SLM samples was strongly temperature-dependent. The Hastelloy X alloy
recrystallized after being HIP treated at 1100 ○C with a pressure of 160 MPa for 2 h, as indicated by
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the disappearance of the melt tracks and the molten pool boundaries in the as-deposited samples.
Moreover, the transverse microstructure evolved into equiaxed grains and the longitudinal
microstructure evolved into columnar grains. There were also fine precipitates in the transverse and
longitudinal microstructures. When the pressure and the time of the HIP treatment remained the
same but the temperature increased to 1175 ○C, it was found that all the transverse and longitudinal
microstructures evolved into equiaxed grains. The grain size of the matrix and the precipitates grew
at least 3 times larger. Meanwhile, the precipitates inside the grains partly dissolved. Grain growth
was mainly affected by the grain boundary migration mechanism which is significantly temperature
dependent. With the increase of the HIP temperature, the grain boundary migration was accelerated.
The grain growth process can be seen as a thermally activated process. On the other hand, it can be
concluded from Fig. 5 that the number of the precipitates decreases with the increase of the grain
size, indicating that the precipitate number was related to the grain size of the Hastelloy X alloy. A
similar phenomenon was also observed in the study of Hastelloy N alloys by R.E. Gehlbach [18].
When Mo or Si and other elements were added to promote the formation of M6C carbides, it was
found that the number of precipitates increased and the grain size decreased accordingly.
The Influence of HIP on Mechanical Properties of SLM-processed Samples. Table 3 shows the
tensile properties of the SLM-processed Hastelloy-X samples subject to different HIP treatments. It
can be seen that the tensile properties of the SLM samples were higher than those of the materials
traditionally prepared by rolling or forging. When the sample condition changed from as-deposited
to HIP treated at 1100 ○C/160 MPa/2 h and 1175 ○C /160 MPa/2 h, the tensile strength decreased by
6.5% and 7.8% respectively, and the yield strength decreased by 24.5% and 50.7% respectively;
while the elongation increased by 24.6% and 36.2% respectively, and the area shrinkage increased
by 5.6% and 26.9% respectively. On the whole, the room temperature strength of the samples after
HIP treatment decreased, while the plasticity was improved. In particular, the yield strength and
elongation of the sample changed significantly. The factors that affected the yield strength of the
material are bond, atomic nature and microstructure. For the same type of material, the yield
strength is mainly affected by its microstructure. After HIP treatment, a large amount of carbide
precipitates appeared at the grain boundaries and inside the grains. As the temperature increases, the
precipitates and the matrix grains grew in size at the same time, while the tensile strength decreases.
Therefore, the size of the precipitates and the matrix grains were the main factors that influenced
the SLM-processed Hastelloy X samples.

Table 3. Tensile properties of SLM-processed Hastelloy-X samples.

Treatment condition σb/Mpa σ0.2/Mpa δ5/% ψ/% 

As-deposited 770 570 34.5 57.5

1100
○C /160 MPa/2 h 720 430 43 60.7

1175
○C/160 MPa/2 h 710 281 47 42

Wrought standard
(HB5497-92)

≥690 ≥275 ≥30 ——

The SEM fractographs of the SLM-processed Hastelloy X tensile samples are shown in Fig. 6.
The lower-magnification micrograph of the as-deposited sample shows that the fracture surface was
rough, and the necking phenomenon before fracturing can also be seen (Fig 6a). And the
higher-magnification micrograph of the fracture surface shows the dimple and tear features,
indicating a ductile failure mode (Fig 6b). After being HIP treated at1100 ○C and 160 MPa for 2 h,
the typical cup-cone feature and the necking phenomenon can be observed on the
lower-magnification micrograph of the fracture surface (Fig 6c). And the higher magnification
micrograph shows obvious equiaxed dimples, indicating the material had excellent plasticity (Fig
6d). As to the samples subject to HIP treatment at 1175 ○C and 160 MPa for 2 h, the fracture surface
appeared relatively flat, and necking was not obvious on this sample. In addition, a granular fracture
surface was formed (Fig 6e). Equiaxed dimples and secondary cracks that are typical features of the
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ductile failure mode can be observed on the higher-magnification micrograph (Fig 6f).

Fig. 6 Tensile fracture morphologies of SLM-processed Hastelloy X samples: as-deposited at low (a)
and high (b) magnification；HIP of 1100○C/160 MPa/2 h at low (c) and high (d) magnification；HIP

of 1175 ○C/160 MPa/2 h at low (e) and high (f) magnification.

Conclusion

(1) HIP can effectively eliminate the defects such as cracks and micro-pores in SLM-processed
samples, and the defects decreased gradually with the increase of HIP temperature. A nearly full
dense SLM-processed sample was obtained at HIP of 1175

○C/160 MPa/2 h.

(2) The microstructure evolution rule as follows: cellular crystal in both horizon and vertical
directions, no precipitates (as-deposited) → equiaxed crystal with size of 10-50μm in horizon 
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direction and columnar crystal with size of 200μm in vertical direction, chain-like precipitates 
distributed at grain boundaries (1100 ○C/160 MPa/2 h HIP processed) → equiaxed crystal with size 
of 150μm in both horizon and vertical directions, plate-like precipitates distributed at grain 
boundaries with size triple increased (1175 ○C/160 MPa/2 h HIP processed).

(3) Ductile fracture occurred in both SLM deposited and HIP processed parts during room
temperature tensile tests, while all tested samples behaved higher mechanical properties than
traditional wrought parts. The ductility of HIP processed samples enhanced and tensile properties
decreased compared with SLM deposited samples, which was mainly due to the precipitation of
carbides and the grain size.
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