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The powder bed fusion method is one of the metal additive technologies, which can be used for the fabrication of
difficult-to-process materials, such as cobalt and nickel superalloys. Inconel 939 is an example of a nickel su-
peralloy widely used in constructions subjected to high temperatures such as industrial gas turbines. The current
paper studies the effect of heat treatment and Hot Isostatic Pressing (HIP) on the structure and mechanical
properties of additively manufactured (AM) Inconel 939. Mechanical properties i.e., tensile yield strength, ul-
timate tensile strength, and creep resistance were observed after the heat treatment (comprised of annealing and
subsequent aging), HIP, and compared to the conventionally casted material. HIP post-process caused an increase
of 5.73 % and 3.81 % in ultimate tensile strength at the room temperature as well as at the elevated temperature.
A detailed analysis of the microstructure of AM and casting samples via light and electron microscopy was
performed. The maximum grain sizes in AM samples were similar (122.9 pm and 127.2 pm in the axis and
periphery, respectively), while the grain size in casting samples exhibited a mean equivalent circle diameter of
440 pm in the axial region and 398 pm in the vicinity of the peripheral region.

1. Introduction

AM technologies have made a significant progress in recent years,
particularly in processing nickel, cobalt, and titanium alloys. The AM
process can be divided into three basic steps i.e., pre-processing aimed at
preparing a model and the process parameters, processing consists of
layer-by-layer deposition, sintering, and solidifying of the actual part
[1], and post-processing operation, which involves removing the pow-
der from the building chamber, cutting the models from the building
platform and eventually removing supports [2]. AM enables a produc-
tion of various types of materials, such as 316 L stainless steels [3,4], 15-
5PH [5], Inconels [6], Ti alloys [7] or maraging steels [8], whose
structures and mechanical properties can be influenced by the used
powder [9], process parameters [10], strategies or applied post-
processing operations (heat or chemical heat treatment, applying of
special coating [11], hot rotary swaging [12], HIP [13], LSP [14], laser
polishing [15] topological optimization [16,17] and machining [18]
[19]Dand so on [20].

* Corresponding author.
E-mail address: zouhar@fme.vutbr.cz (J. Zouhar).

https://doi.org/10.1016/j.jmapro.2025.04.082

Inconel 939 is a nickel-based superalloy with remarkable material
properties for extreme conditions, in which these alloys can operate as
high-pressure turbines [21]. Inconel 939 is very used in the aerospace
industry due to its high-temperature corrosion, oxidation resistance, and
creep strength [22]. These superalloys are used in more than 50 % of
components (liquid-fuel rocket engines, satellite components, turbo-
machinery, propellant tanks, and others [23]) of aerospace engines
[24,25].

But what is the benefit of superalloys in terms of their mechanical
properties is a disadvantage in terms of their machinability, such as their
toughness, hardness, high-temperature resistance, creep resistance, etc.
[26]. Therefore, AM has become a more and more popular technology
for production of industrial components (manufacturing tools, forms, or
small series components) from superalloys [27,28]. However, AM re-
quires a further research on the final Inconel 939 microstructure and its
impact on the mechanical properties and how they differ from con-
ventional processing methods [29].

Creep properties, which depend on AM technology and heat
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Table 1
Chemical composition of a virgin powder used for the sample fabrication.
Element Cr Co Al Ti w Mn Nb Ta Ni
(Wt%) 22-23 18-20 1-3 3-4.5 1-3 0.04 0.5-1.5 1-1.8 Balance
(a) (c)
(b)
(d)
20 mm —20mm__
(e)

orientation X/Y

orientation Z

Fig. 1. (a) precision cast blank used for the creep resistance test, (b) precision cast blank used for the tensile test, (c) prepared sample used for creep resistance test,
(d) prepared sample used for tensile test and (e) types of sample orientation when 3D printing used for further analysis.

treatment conditions were studied by Banoth et al. [30], who discovered
that a lower temperature during the heat treatment was not sufficient for
AM Inconel 939, because it exhibited a lower creep life compared to the
cast specimen. Because the life of high-temperature alloys is highly
influenced by their creep resistance, it is important to understand the
various microstructural parameters such as used materials and other
factors controlling their creep resistance [31].

AM Inconel 939 has been the subject of many research studies in
recent years, which tried to monitor its behaviour under different con-
ditions. As mentioned above, the final properties of AM Inconel 939 are
affected by many factors attributed to the building cycle and its process
parameters, powder mixture, or environment [32]. Regarding the
powder material properties, powders with fine sieving fractions are
more suitable for the fabrication of dimensionally more accurate and
smooth surfaces. On the other hand, their flow rate is worse, and it is
more difficult to dispense them [33]. Interesting findings are also
brought by Tang et al. [34], who discovered that superalloys, which
were not designed for AM did not feature a suitable composition and
there are possibilities for future research to improve their composition to
increase mechanical properties. Therefore, results obtained in the cur-
rent study about Inconel 939 can support future research in this field.
Regarding process parameters, Marchese et al. [35] discovered that the
most appropriate hatch distance of AM Inconel 939 was 0.03 mm
because it provided a sufficient overlap between consecutive laser scans
which imparted a reduction of cracking density and residual porosity.

Ozaner et al. [36] studied the effect of creep feed grinding and wire
electrical discharge machining methods on the surface integrity of AM
turbine blades of gas turbines. They found out that the electrical
discharge machining method brought about more favourable results
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regarding the mechanical properties. Another frequently studied post-
processing operation is welding, especially the influence of process pa-
rameters on crack formation. Generally, as more studies showed, Inconel
939 can be welded with the satisfying weld quality. The most common
problem during welding is cracking, which depends on the type of
welding, welding speed, heat input or energy per unit length, type of
filler alloy, microstructure of welded material, hardness, and other pa-
rameters [37,38,39]. Gonzalez Albarran et al. [40] pointed out that pre-
weld heat treatment could improve the weldability of Inconel 939,
which exhibited a decrease in cracking in the heat-affected zone.

Heat treatment is an effective way to improve the mechanical
properties of Inconel 939, due to a dissolution of the dendritic micro-
structure and precipitation of the y’ precipitates in the microstructure
[41]. The heat treatment increases the volume fraction of these pre-
cipitates as well as the yield and ultimate tensile strength [42,43]. For
example, the tensile strength was increased by heat treatment applied by
Gusain et al. [44]. In addition, Jahangiri [45] found out that the vy’
precipitates can increase the hardness of Inconel 939 superalloy more
when they have nanoscale dimensions. Especially in the aerospace in-
dustry, the microstructure stability under prolonged thermal exposures
is critical [46]. The heat treatment can ensure this stability, but there is
still not enough knowledge in this field, and the further research is
required. Besides the microstructure of Inconel 939 can be improved by
other types of treatments. For example, Shaikh et al. [47] studied the
suitability of the AM Inconel 939 microstructure for aging with and
without a solution treatment. Their results showed that the solution
treatment is probably not necessary for the dissolution of the y’ phase,
but it is critical for removing the n phase from the microstructure. On the
other hand y’ phase precipitated within the matrix after all solution heat
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Fig. 2. Light optical microscopy (LOM) images show porosity (cross-section in middle height) in (a) cast sample, (b) cast and HT sample, (c) cast and HIP sample, (d)
sample with layer thickness of 30 pm and post-processed by HT and (e) sample with layer thickness 60 pm and post-processed by HIP.

Table 2
Sample porosity evaluated after different post-processing operations.
Sample A) (B) ©) (D) (B)
Type of Cast Cast Cast plus AM (30 AM (60 pm,
production (HT-C) HIP (HIP-C) pm, HT-P) HIP-P)
Porosity (%) 0.400 0.100 0.120 0.004 0.012

treatment conditions, which led to increase in the microhardness values
as observed by Dogu et al. [48].

Due to the shortage or even nonexistence of studies focused on effects
of HIP and heat treatment on creep properties of Inconel 939 manu-
factured via PBF, this study was conducted., Detailed analysis of the
mechanical properties and microstructure of AM and casted Inconel 939
materials post-processed by the heat treatment and HIP were performed
to fill the research gap. The novelty of this paper is the examination of
HIP post-process operation on the microstructure and mechanical
properties i.e., ultimate tensile strength (UTS), yield strength (YS), and
creep resistance of Inconel 939. The thorough microstructure analysis i.
e., porosity evaluation via light optical microscopy, SEM, TEM, and
EBSD were performed. In addition, a detailed fractographic analysis was
used to observe fracture surfaces. The results were compared with the
conventionally casted material and the differences between the micro-
structure and mechanical properties of tested samples were evaluated.
The main purpose of this study was to investigate the possibility of using
AM to produce a turbine engine axial impeller from the relatively new
material Inconel 939.
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2. Experimental procedure
2.1. Sample preparation

Samples from the Inconel 939 powder mixture were 3D printed and
casted via precision casting. The chemical composition of the material is
given in Table 1. Tensile tests were carried out according to EN ISO
6892-1 (under room temperature) and ISO EN 6892-2 (at an elevated
temperature) and for the creep strength test according to EN ISO 204.
Raw material for the test samples prepared by casting for both tests (at
room and elevated temperature) are shown in Fig. 1a and b. Fig. 1c and
d show machined samples used for testing. The technology of precision
casting into a water-based ceramic malachite shell was used to produce
casting samples. The final composition of the metal came from a virgin
material directly from the supplier. AM specimens for tensile and creep
tests were manufactured on the 3D printer (SLM 280 2.0, SLM Solutions
Group AG) using a powder mixture in the range of 10-45 pm. The entire
building cycle took place on the mentioned device with process pa-
rameters recommended by the powder supplier of the Inconel 939 ma-
terial. In particular laser power was set in range 27-370 W (depends on
the printing zone), scanning speed was set in range 500-7000 mm.s
hatching distance was determined in range 0.06-0.11 mm. The 3D
printed samples exhibited a 1.2 mm allowance on their diameter. This
allowance was removed by finishing operation using a cutting insert
with 0.4 mm nose radius. All 3D printed samples were marked according
to their orientation during 3D printing (see Fig. 1le). The samples 3D
printed parallel to the z-axis were indicated as Z orientation. Also, the
samples 3D printed perpendicularly to the z-axis were indicated as X/Y
orientation. The layer thickness was chosen as either 30 or 60 pm, which
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Fig. 3. Dependence of stress on nominal strain for the printed and casted samples under RT and ET.

was further marked for each sample.

2.2. Post-processing operation

The process of the heat treatment depends on the technology of the
production of semi-finished products. The procedure of the heat treat-
ment (prescribed by the powder supplier) was followed for the casted as
well as for the 3D printed samples. The HIP operation was also included
in the heat treatment of few samples, which combining the temperature
of up to 2000 °C with a pressure of up to 2070 bar leads to the elimi-
nation of pores in the material and conversion of some undesirable
structures, such as oxides, nitrides and some forms of carbides [49]. The
annealing heat treatment was performed by rapid heating (RH) to
1107 °C/2 h in a vacuum furnace followed by a slow cooling (3 °C/min)
to 899 °C. After reaching a temperature of 899 °C a rapid cooling (RC)
with Ar to the room temperature (RT) was carried out. Subsequent aging
consisted of three steps i.e., RH to 913 °C/8 h plus RC with Ar at RT, RH
to 982 °C/6 h plus RC with Ar at RT, RH to 803 °C/4 h, and quenching
with Ar to RT. The HIP post-process operation was realized as a com-
bination of the identical heat treatment with HIP at the temperature of
1200 °C/4 h and the pressure of 1000 bar.

The casted samples were heat treated with homogenization anneal-
ing followed by aging. Homogenization annealing was carried out at the
temperature of 1160 °C/2 h followed by cooling (30 °C) to the tem-
perature of 700 °C followed by the air cooling to RT. The aging treat-
ment was carried out at the temperature of 845 °C/16 h with fan cooling
to RT. Few samples were subjected to the HIP process parameters at a
temperature of 1200 °C/4 h and the pressure of 1035 bar in Ar atmo-
sphere with a minimum purity of 99.995 %.

For a better recognition and simpler orientation among individual
samples, a clear identification system was developed. The first character
was assigned to the production technology: P for the 3D printed samples
and C for the casted samples. The second dashed character indicates the
type of test being performed: RT for tensile tests at room temperature,
ET for the tensile tests at elevated temperatures, and CR for the samples
designed for the creep resistance tests. In the case of tests of the 3D
printed material, information about the build orientation (Z or X/Y) and
layer thickness (30 or 60 pm) was also added. The following designa-
tions were chosen for the type of heat treatment i.e., heat treatment of
the casted samples (C-HT), heat treatment of the 3D printed samples
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(P-HT), heat treatment + HIP of the cast samples (C-HIP), heat treat-
ment + HIP of the 3D printed samples (P-HIP). To obtain relevant re-
sults five samples were tested for each variant mention above. All
samples intended for testing were places randomly on the building
platform to avoid any accidental anomalies caused by 3D printing
process.

2.3. Mechanical properties and structure observation

The tensile tests at RT were performed using the TIRAtest 28,250
machine (TIRA GmbH). The creep resistance tests were carried out via a
T-800 machine (SVUM GmbH). The limit condition for testing under the
temperature of 870 °C and a load of 255 MPa was set to 60 h of break
time with a minimum elongation of 5 %. For the test at 982 °C and 112
MPa, the minimum fracture time was set at 40 h with a minimum
elongation of 5 %. The study of the fracture surfaces and microstructure
was performed using a Lyra 3 scanning electron microscope (SEM,
TESCAN, Brno) equipped with an energy-dispersive X-ray detector
(EDX). A microstructure was observed after a metallographic prepara-
tion via conventional techniques such as grinding, polishing with dia-
mond pastes, and etching. After etching (2 g CuCl; + 40 ml HCI + 40 ml
ethanol) for 10 s, the samples were observed via SEM (the backscattered
electron detector was used in all cases) and light microscopy using Axio
observer Z1m from ZEISS.

Scanning electron microscopy (SEM) was used to perform electron
backscatter diffraction (EBSD) analyses of the cast and 3D-printed ma-
terials subjected to HIP. The analyses were carried out using a Tescan
Lyra 3 XMU FEG/SEMXFIB microscope equipped with a Symmetry EBSD
detector (Tescan Orsay Holding a.s., Brno, Czech Republic). Cross-
sectional cut of the samples from both materials were mechanically
ground via SiC papers and then electropolished. Scanning was per-
formed with 70° tilted samples. EBSD scans from the 3D printed material
were carried out on an area of 300 x 500 pm with a scan step of 0.5 pm,
whereas the scans acquired from the casted material had an area of
2500 x 2000 pm and the scan step of 5 pm. During evaluations of the
scanned data, the limiting value for low angle grain boundaries (LAGB)
was 5°, while for high angle grain boundaries (HAGB) it was 15°. The
lamella was produced using a Helios-type electron microscope from
THERMO FISHER, which was also equipped with a focused intense beam
(FIB). This lamella was intended for the study of material composition
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Fig. 4. (a) Outputs of the tensile test at the RT and ET for the individual cast samples, while the limit of YS and UTS are indicated by the pointed and dashed lines,
and (b) the outputs of the tensile test, while the limit for ductility A5 and contraction Z are marked with the same interrupted lines.

using EDX in a transmission electron microscope (TEM) of the Titan type 3. Results and discussions
from THERMO FISHER.

3.1. Porosity evaluation

The AM technology such as powder bed fusion can manufacture a
microstructure with minimal porosity [50]. Set process parameters can
change the forming of the structure, especially the final porosity
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Fig. 5. (a) Outputs of the tensile tests at RT and ET for individual 3D printed samples, while the limit of YS and UTS are indicated by the dashed and interrupted lines,
and (b) the outputs of the tensile test, while the limit for ductility A5 and contraction Z are marked with the same interrupted lines.

[51,52], which includes pores, cavities, or voids occurring within the
structure due to the protecting gas entrapped in the material during the
building process [53,54]. Structure, which features lower porosity will
perform higher fatigue resistance and mechanical properties [55]. The
porosity was evaluated on the light images (see Fig. 2a-e) via the soft-
ware AxioVision in the middle height of the sample due to the expec-
tance of the highest porosity in this location. The light image with the
highest observed porosity was chosen for the further evaluation. The
obtained results are listed in Table 2. It can be seen that sample A
exhibited the highest observed porosity in the as-casted state. After the
heat treatment, the porosity was reduced as can be seen in samples B and
C. A small difference was evaluated among samples B and C even after
HIP a slight increase was observed (depending on the measured place).
AM samples featured the lower porosity in comparison to the casted
samples. Sample D exhibited a lower porosity compared to sample E due
to the lower layer thickness, which can reduce a few pores and voids
[56].
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3.2. Tensile test

Fig. 3 shows a graph depicting the dependence of stress on nominal
strain for the 3D printed and casted samples tested under RT and ET. The
course of the stress is typical (neither an upper nor a lower yield stress
point was seen) for a material with high toughness. It can be seen that
the strain hardening is lower at ET as well as the elongation. The
absorbed energy is higher in the case of testing under RT in comparison
to the ET. Hence a fraction point in P-RT- HIP occurred under higher
stress than in P-ET- HIP. Each sample featured a similar course with
different values of YS and UTS.

The UTS limit and the YS limit were chosen as the initial criteria for
the evaluation of the tensile test results under RT as well as EL, which is
visualized by pointed and dashed lines depicted in Figs. 4a and b. The YS
is one of the initial criteria, which is used for components design in heat-
resistant applications. The UTS limit and YS limit were reached by all
casted samples. The inclusion of the HIP operation in the heat treatment
of casted Inconel 939 resulted in a slight increase in the UTS. In other
words, the HIP operation yielded higher mechanical properties (an
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Fig. 6. Outputs of the CR tests for the cast and 3D printed samples post-processed by HT and HIP, (a) the graph represents breaking time and elongation for the C-HT
and C-HIP samples tested under the temperature of 870 °C and 982 °C and load 255 MPa and 112 MPa, respectively and (b) characterization of the P-HT and P-HIP
samples tested under the temperature of 870 °C and 982 °C and load 128 MPa and 56 MPa, respectively.

increase of 5.7 % in UTS). The casted samples post-processed by the heat
treatment did not reach the ductility A5 at RT. By including the HIP
operation in the heat treatment, it was possible to observe an
improvement in the ductility and contraction of the material, however,
only the contraction reached the prescribed limit at RT. The same trend
(an increase of 3.9 % in UTS after HIP) was observed in the case of
tensing under ET. The ductility limit of the casted samples at ET of
650 °C complied with the requirements for all tested samples. During the
test, the HIP featured none significant effect on the resulting ductility of
the casted material, but the contraction Z showed an increase after the
HIP. The initial criterion for the evaluation of the tensile test results
under the ET of 650 °C was the limit of the minimum YS given according
to the lowest possible value, which can be used as a propeller in the high-
temperature environment.

Fig. 5 shows the results for the 3D printed samples obtained for
different types of testing. The highest observed YS was obtained in the
case of the samples, which were built with the 30 pm layer thickness (see
Fig. 5a). It was an increase of 25.8 % and 22.6 %, respectively in com-
parison to the samples with the 60 pm layer thickness and post-
processed by the HIP. It can be stated that not only the layer thickness
but also a build orientation (Z, X/Y) affected the final mechanical
properties. In regards to the UTS the samples heat treated and HIPed
exhibited a higher value compared to the samples without HIP. A very
similar trend was observed under ET, where the highest UTS was
reached for the samples fabricated with 60 pm layer thickness. Never-
theless, all 3D printed samples complied with the limit of the YS and UTS
(visualized in each figure) under RT and ET. A significant improvement
of the ductility A5 was observed in the 3D printed samples at RT
compared to the P-RT-HT samples, which increased (by 10.6 % for the Z
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orientation and 7.2 % for the X/Y orientation on average, respectively)
not only due to the higher layer thickness but also due to the HIP
operation, which was included. The similar trend was obtained for the
3D printed samples tested at ET, where the highest ductility A5 and
contraction Z were approached in the samples 3D printed in Z orienta-
tion. In comparison to the P-ET-HT samples the P-ET-HIP samples
reached the higher ductility A5 (an increase of 5.9 % for the Z orien-
tation and 3.7 % for the X/Y orientation on average, respectively) and
contraction Z (the similar trend was observed). In other words, it can be
stated that all 3D printed samples met the prescribed limits of ductility
AS5 and contraction Z (see Fig. 5b).

Since the Inconel 939 material in 3D printed form has not yet been
tested under RT and ET in other studies by a tensile test, a comparison
was performed with other types of Inconel e.g., testing of the printed
Inconel 718 brought the UTS of 1287 MPa [57], which is a lower
compared to values obtained in the current study. Nguyen et al. [58]
reached similar values (as achieved in the current study for Inconel 939)
of UTS and ductility A5 for 3D printed Inconel 718. The higher layer
thickness (60 pm) resulted in higher observed ductility compared to the
sample produced with the layer thickness of 30 pm. It can be concluded
that the HIP post-process positively influenced final mechanical
properties.

The casted material exhibited a lower value of UTS as well as the
lower ductility A5 in the case of all samples in comparison to the 3D
printed samples, but contrary in regards of the YS the quite opposite
trend was observed. This phenomenon was shown very likely due to the
higher porosity (defined in section 3.1) and different structure (describe
in detail in the section 3.3). Considering the ductility A5 and contraction
Z a higher difference was obtained, where the 3D printed samples
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Fig. 7. SEM images of the sample P-RT-HT with the layer thickness of 30 pm (a-c), the P-RT-HIP sample with the layer thickness of 60 pm (d-f), the C-RT-HT

sample (g and h), and (i and j) the C-RT-HIP sample.

featured a higher value at RT as well as at ET compared to the cast
samples.

3.3. Creep test

The results of the casted samples used for the creep testing are
depicted in Fig. 6a. The specimens subjected to the creep test at 870 °C
featured the higher breaking time in comparison to the samples tested
under 982 °C. But contrary the course of the elongation exhibited an
opposite evolution. The difference reached 60.4 h and 10.4 % respec-
tively. The similar trend was seen in the case of the samples post-
processed by the HIP, but the difference in results were lower than in
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case of HT samples. From global point of view the HIPed samples
resulted with lower breaking time and elongation. Furthermore, based
on the obtained results a significant influence of the post-process (HT,
HIP) on the final breaking time and ductility of the samples was
observed. However, the samples with the included HIP operation ach-
ieved the lower breaking time as well ductility. It can be explained by
the lower average grain size (reduced by applied HIP [59]), which was
not suitable for the creep resistance [60].

A few of 3D printed samples for the layer thickness of 30 pm and 60
pum were chosen for the creep tests. Unfortunately, the results showed
poor results for both types of samples. Hence the applied stress was
reduced in the following tests to 50 % of the original stress. Finally, the
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Fig. 8. Light optical microscopy (LOM) images of the C-HT (a), the C-HIP sample (b), the P-HT sample with the layer thickness 30 pm (c), and (d) the P-HIP sample

with the layer thickness 60 pm.

stresses 128 MPa at the temperature of 870 °C and 56 MPa at 982 °C
were used respectively. Regarding the P-HT samples, the breaking time
was significantly lower than in the case of the P-HIP samples, but the
elongation featured the higher values respectively (see Fig. 6b). The
creep tests were performed on the samples fabricated with the 60 pm
layer thickness because the samples with the 30 pm layer thickness
achieved poor breaking time. Hence the higher breaking time was ex-
pected due to the higher layer thickness causing the larger grain size,
which can impart more favourable CR and HIP post-process reduces
initial impurities such as pores voids, etc. [61]. The lower CR of the 3D
printed samples compared to the casted ones can be explained by the
lower average grain size (Lee et al. found out that an initial strain at the
beginning of creep tests decreased with the decrease of grain size),
which resulted in the poorer creep resistance [62]. However, the P-HIP
samples resulted in a higher breaking time than the P-HT samples. It can
be concluded that HIP had a positive effect on the final CR. The creep
test results of Inconel 939 have not been yet presented in other studies,
therefore a comparison with other studies is not possible. The CR of
Inconel 718 reached similar or slightly lower values compared to the
results obtained in this study [63,64,65]. However, the 3D printed
Inconel 625 featured lower CR in the study presented by Leary et al.
[66].

3.4. Fractographic analysis of fracture surfaces

The analysis of fracture surfaces (see Fig. 7) was carried out on the
selected samples tested under RT using SEM. These samples, which were
selected exhibited the lowest UTS. Specifically, the samples P-RT-HT
with the 30 pm layer thickness, P-RT-HIP with the 60 pm layer
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thickness, C-RT-HT, and C-RT-HIP. The morphology of the 3D printed
material showed signs of ductile fractures. In the P-RT-HT sample, the
initiation of the fracture (see Fig. 7a) on the surface with a gradual
propagation of the formed crack was evident. After a more detailed
sample examination, further scanning was focused on the defects of the
P-RT-HT sample captured in Fig. 7b and ¢, where a more detailed im-
aging of the spherical cavity took place. Similar spherical cavities were
also observed on the Inconel 718 samples with layer thicknesses of 30
and 50 pm [67] and also in the Pradeep study [68]. The spherical cavity
was determined as an imprint of an unmelted metal powder particle that
remained trapped inside the material during the building process and
was released from the material after a tensile test. Validity of this
conclusion is also confirmed by the shell morphology of crack propa-
gation in the entire cross-section of the sample. The fracture surface of
the 3D printed sample P-RT-HIP (see Fig. 7d-f) is very similar to the
fracture surface in the McLouth [69] or Wang [70] study for Inconel
718. In the examined sample C-RT-HT seen in Fig. 7g and h was possible
to observe the remains of secondary cracks formed at the grain bound-
aries, which emerged into the fracture surface of the main crack during
the tensile test. The sample post-processed by HIP (C-RT-HIP) tech-
nology showed signs of ductile fracture. The facets protruding into the
fracture surface of this sample indicate the propagation of cracks along
the dendrites and grain boundaries.

3.5. Structure observation

Fig. 8 shows light optical microscopy images taken from the casted
and as-built samples. The images represent the transverse cross-section
(perpendicular to the building direction) in case of Z oriented samples.



J. Sedlak et al.

ol

B ]
® me o)

“1 l‘lt

16 18 20

Ll

0
(h)() 2 4 6 SkL(‘)IIZ 14 16 18 20

Fig. 9. SEM images of the C-HT with excluded MC carbides (a), the C-HIP
sample with excluded MC carbides (b), the P-HT sample with a layer thickness
30 pm (c), EDX analysis of the P-HT sample (d, e), the P-HIP sample with the
layer thickness 60 pm (f) and EDX analysis of the P-HIP sample (g, h).

The structure of the C-HT sample (see Fig. 8a) shows visible grain
boundaries with higher porosity (cluster of inclusions) in comparison to
the C-HIP sample depicted in Fig. 8b. However, the amount of these
defects corresponded to the concentrations normally existing in the cast
structure. Slight differences could be observed in the case of materials
subjected to post-process operations. The HIP post-process reduced
several impurities such as voids and pores and the structure exhibited a
favourable structure with the extruded carbides within each single
grain. Grain boundaries with excluded hard structures are clearly
distinguishable in the images of the etched samples The specimens after
HIP studied by Pippa [71], showed partial recrystallization and pre-
sented precipitates concentrated especially at the grain boundary. The
recrystallization is mainly influenced by solution treatment tempera-
ture. For solution heat treatments at 1200 °C and higher, the melt pool
and scanning path morphologies completely vanished [48]. However,
without a more detailed local analysis of the particle’s composition, it is
not possible to precisely determine its chemical composition. Most likely
they are secondary carbides of the M23C6 type formed by the reaction of
less stable carbides of the MC type with particles within y phase [72].
The primal carbides are distributed uniformly inside the matrix in all
examined samples. In contrast, the P-HT and P-HIP samples featured a
relatively homogenized microstructure, with elongational grains along
the build direction and clear boundaries, as shown in Fig. 8c and d.
The SEM microstructure analysis was performed for all variants of
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post-process operations as well as for the 3D printed and casted samples,
in order to investigate the distribution of phases and structures in the
material. For the analysis of the casted material, the observations were
performed on the C-HT and C-HIP samples. The analysis was carried out
on the longitudinal cross-sections (parallel to the printing direction) of
the 3D printed P-HT, and P-HIP samples with the Z orientation. A total
of four samples were prepared for the microstructure scanning via SEM.
The microstructures of the individual samples captured by SEM are
summarized in Fig. 9. The primary carbides are equally distributed in-
side the y matrix in all the examined samples. All samples (cast and 3D
printed) showed a high degree of homogeneity with only a occasional
occurrence of gas shrinkages. The original structure of lamellar-
excluded y phases with MC carbides (characterized by the yellow ar-
rows) forming eutectic cells, caused by the rapid cooling of the material
during the casting, was removed by the heat treatment of the samples
consisted of solution annealing, where the internal structure of the
material was homogenized. Subsequent aging affected the re-exclusion
of the y‘phase into a more favourable strengthening intermetallic
structure within the y matrix (see Fig. 9a) [73]. In the casted material,
the primal carbides were homogeneously distributed in the matrix. The
HIP operation (see Fig. 9b) inflicted the change of the shape of the
excluded carbides (from needle-like to a more equal shape) to the more
favourable one. The microstructure of the P-HT sample is depicted in
Fig. 9c, where the homogeneous distribution of the carbides was
disturbed by the needle-like formations. These similar descriptions of
the microstructures of 3D printed Inconel have already been presented
by Siddiqui et al. [74]. The fine particles (chemical composition is
shown in Fig. 9d and e) with sizes of less than 5 pm are assumed to be
carbides resulting from the heat treatment, corresponding to the MC-
type carbides detected by EDX. The dual-phase microstructural config-
uration of y and y> were observed, while cellular and columnar struc-
tures were not detected in the P-HIP and P-HT samples. The results
observed in [75] indicated that the grains of the as-deposited samples in
the building direction exhibited a very fine cellular dendritic structure
with fine Laves phase, which completely disappeared after HIP. The
small particles seen in Fig. 9f are likely precipitates excluded during the
aging and their chemical composition obtained by EDX is characterized
in Fig. 9g. The needle-like delta phases (chemical composition see
Fig. 9h) were not fully solved during the heat treatment or by the HIP
post-process. Moreover, these phases can affect mechanical properties
due to the possible stress concentration at these particles.

The grains of the materials subjected to HIP treatments were ana-
lysed via EBSD. For both, scanning was performed in the axial region of
the respective cross-sectional sample, as well as in the vicinity of its
periphery in order to evaluate structure homogeneity. Fig. 10a and b
show grains’ orientations via orientation image maps (OIM), together
with HAGBs and LAGBs depicted in black and green, respectively, for the
axial and peripheral regions of the 3D printed and HIP-ed sample. The
respective graphical depictions of grain size distributions (area-
weighted fractions of equivalent circle diameters) are then depicted in
Fig. 10c and d.

Fig. 10a and b documenting the grains’ orientations show that the 3D
printed P-HIP sample did not exhibit any significant texture, as the
colouring of the individual grains was more or less random. Analyses of
grain boundaries revealed that the structure contained almost 100 % of
HAGBEs, regardless of the examined location. Both these findings corre-
late with the hypothesis that the structure underwent successful
recrystallization during HIP (this conclusion is also supported by the
occurrence of numerous twins within the structures). As regards the
grain size (Fig. 10c and d), the mean equivalent circle diameter did not
differ to a greater extent (compare 15.7 pm acquired in the axial region
to 17.1 pm acquired in the peripheral region). The maximum grain sizes
were also comparable (122.9 pm and 127.2 pm in the axis and periph-
ery, respectively). The 3D printed P-HIP sample thus exhibited suffi-
cient homogeneity. Also, no pores were detected to be present within the
structure during the analyses.
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Fig. 10. OIM with HAGBs (black) and LAGBs (green) in axial (a) and peripheral (b) region of 3D-printed HIP-ed sample. Area-weighted fraction of equivalent circle
diameter depicting grain size distribution in axial (c) and peripheral (d) region of the P-HIP sample. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

OIMs with depicted HAGBs and LAGBs for the axial and peripheral
regions of the C-HIP sample are shown in Fig. 11a and b, respectively,
while the respective area-weighted fractions of equivalent circle di-
ameters demonstrating grain size distributions are depicted in Fig. 11c
and d.

The depicted scanned images evidently point to the fact that the
grain size was incomparably larger than that acquired for the P-HIP
sample; the scan of 2.5 x 2 mm was only able to acquire 15 and 21 grains
(respectively for the axial and peripheral regions). By this reason, the
conclusions drawn based on these scans are only informative.

The structures depicted in Fig. 11a and b show that the grains within
the C-HIP sample had a tendency to preferably orient in (110)||z or
(111)||z orientation. Also, some of the grains featured the development
of subgrains — a fraction of LAGBs pointing to incomplete structure
restoration was found in the axial region of the sample (Fig. 11a). No
occurrence of LAGBs was found in the periphery of the sample. As
regards the grain size, the acquired mean equivalent circle diameter was
440 pm in the axial region, and 398 in the peripheral region. Slightly
larger grains were thus found in the vicinity of the axis (compared to the
periphery). Nevertheless, as afore-stated, the grain count was not suf-
ficient to provide reliable results. Neither the C-HIP sample exhibited
any porosity within the structure.

The prepared lamellas were studied via TEM in order to distribute
the individual chemical elements in the material. EDX measurements
were performed on the P-HT and P-HIP samples. The lamella produced
from the P-HT and P-HIP samples are shown in Fig. 12a and b, including
the individual detail, in which the EDX analysis was performed. Based
on the chemical analysis of the lamella from the P-HT sample, the MC
and Mj3Cg carbides were identified in the y matrix. The MC carbides
(marked with the red arrows, based on the titanium and tantalum) are
very stable and form just below the solidus temperature while the M3Cg
(marked with the red circle, based on the chromium) originate during
the heat treatment [76]. The MC carbides exhibited a dominantly
needle-like shape, which can negatively affect mechanical properties.
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Chemical analysis of the P-HIP sample showed none significant differ-
ence in the element distribution. Hence, it can be stated that the
chemical composition of the individual elements is depicted also in
Fig. 12, when the errors were considered, it turned out that both samples
featured the similar concentration (the intervals overlapped). In contrast
to the EDX measurement for the sample P-HT, the presence of chromium
particles was not confirmed for the sample P-HIP. Considering the shape
of the MC carbides a significant difference was observed after HIP post-
process. Their shape changed from the needle-like to the more spherical
shape, which promotes the mechanical properties.

3.6. Discussion

Inconel 939 is one of the materials used in constructions of turbo-
chargers and gas turbine blades. Among the nickel superalloys processed
by the PBF technology, Inconel 939 featured favourable material prop-
erties at the room temperature as well at the elevated temperature. The
conventional processing of nickel superalloys is usually carried out by
the precision casting technology in the combination with the subsequent
machining. The standard process of prototyping using this technology
involves long and cost development of technological process parameters
and the subsequent time-consuming production. A possible way to
accelerate and streamline production is the use of AM in the production
process. Based on the obtained data the 3D printed Inconel 939 featured
sufficient YS and UTS, which are required in the energy industry,
especially in the impeller production. In comparison to the casted ma-
terial the 3D printed one exhibited higher UTS, which is a crucial factor
in the aforementioned applications. The HIP post-process brought a
positive effect regarding the final porosity, average grain size, and high
angle grain boundaries, which corresponded with the increased me-
chanical properties as well as with the creep resistance. The sample after
the heat treatment and HIP underwent the full recrystallization and
showed homogeneously distributed carbides with none observable pores
and voids within the structure. TEM analysis showed a huge number of
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nanoprecipitates equally spread within the 3D printed structure pro-

(@) [[P-HT-Z30 um | moting the mechanical properties at the higher working temperature. If
: A the PBF technology was involved in the impeller production, the de-
livery time of test prototypes to customers would be significantly
. |Wt (%)|Err. (%) P H i
reduced. Similarly, the development and the production capacity of the
i]45.7| 8.4 foundry would be released. The novelty of this study lies primarily in the
43108 possibility of using the AM technology in the production of a turbine
engine axial impeller, which has not been published anywhere before.
2o 4:6 The 3D printed components do not often comply with surface quality
18.6]3.4 requirements and the surface must be machined. The machinability of
28105 3D printed material would be our next research.
4. Conclusion
In this study, the comparison of the 3D printed and cast material
" Twe ool o) Inconel 939 intended for the production of the impeller of a turbine
engine was performed in terms of mechanical properties (yield strength,
i 148.3]8.9 ultimate tensile strength, creep resistance) and structure. The following
45108 conclusions were reached after many analyses and tests.
232143
e The mechanical properties, especially the ultimate tensile strength
18234 and ductility increased after the HIP. Generally, HIP led to the
28105 improvement of the mechanical properties and structure changes.
e The results of the creep resistance of the 3D printed material showed

a significantly higher creep resistance of the material with the layer

Fig. 12. TEM lamella including a map of the distribution of individual elements thic.kness of 60 pm and post-processed by the HIP, but in th.e com-
for the 3D printed sample P-HT (layer thickness 30 pm) (a) and the 3D printed parison to the casted samples they featured a lower creep resistance
sample P-HIP (layer thickness 60 pm). (break time and elongation) due to the lower average grain size.
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e The 3D printed material showed a high degree of homogeneity
compared to the casted material, with only occasional occurrence of
gas shrinkages within the structure. The Ti and Ta carbides were
monitored via EDX analysis, which exhibited an equal distribution
within the subgrains.

The EBSD analysis revealed that the 3D printed material featured a
lower average grain size with almost 100 % high angle grain
boundaries corresponding with the full recrystallization during the
HIP, which entailed a lower creep resistance than the casted
material.

The TEM analysis of the lamella prepared from the 3D printed ma-
terial with the layer thickness of 30 pm showed the existence of
significant chromium particles within the structure, while after HIP
they were not observed any longer, and the shape of the precipitates
changed from the needle-like shape to more spheroidal one.

Based on the conclusions, it can be clearly stated that the Inconel 939
printed material, thanks to its satisfactory output from tensile tests,
meets the requirements for its use, especially in heat-exposed applica-
tions. Hence Inconel 939 can be used as an effective substitution of the
cast material variant in the aforementioned applications such as turbine
engine axial impellers.
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