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Abstract

Article Info

In recent years, the Selective Laser Melting (SLM) process has become the focus of research due to
Research paper its wide range of benefits and easy fabrication advantageous in the mass production of nickel-based
superalloys. However, the mechanical properties of additively manufactured nickel-based
superalloys are insufficient for service conditions. Therefore, heat treatment studies are necessary to
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. achieve desired microstructures for better mechanical properties. In this concept, it is aimed to
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replace melt pool boundaries and to obtain more equiaxed fine grain boundaries via heat treatment
studies. This study deals with the effect of post-heat treatment studies on the microstructure and
mechanical properties of selectively laser-melted Inconel 939 (IN939) superalloy. As-built and heat-
treated (HIP&VHT) samples were characterized via optical and electron microscopy techniques.
Keywords Transition temperatures and phases were analyzed using XRD, DSC, and Thermo-Calc simulation
Additive Manufacturing techniques. Finally, the effect of the hot tensile test on y' formation and morphology in the

Hot Isostatic Pressing (HIP)

Hot Tensile Testing microstructure was investigated. Overall, the study tried to provide insight into whether the post-
Inconel 939 (IN939) processes are necessary for modifying microstructure and achieving optimal mechanical properties.
Selective Laser Melting (SLM) It was observed that both HIP and VHT had a beneficial impact on the elongation in comparison to
Vacuum Heat Treatment the as-built conditions. However, no noticeable differences were achieved in ultimate tensile and
yield stress.
1. Introduction While SLM has many advantages over conventional

methods, manufacturing nickel-based superalloys with this
technique can present certain challenges. Microstructural
heterogeneity results from methods used in building parts
inevitably lead to mechanical heterogeneity [10-12].
Consequently, post-processes like hot isostatic pressing
(HIP) and vacuum heat treatments (VHT) are necessary to
achieve the desired microstructure [2, 13].

IN939 is a superalloy primarily composed of nickel
and boasts an FCC crystal structure matrix. It is highly
resistant to corrosion and oxidation at temperatures as high
as 850°C, making it an ideal material for environments that
require such properties [14]. However, the mechanical
properties of the alloy can vary depending on its
- processing history, due to its precipitation-hardening
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Nickel-based superalloys are highly valued in the
aviation and energy industries for their exceptional
resistance to oxidation and ability to withstand high
temperatures. However, traditional manufacturing methods
have limitations that hinder efficiency, such as high costs
and lengthy production times [1-4]. To address these
issues, researchers have explored new manufacturing
processes such as selective laser melting (SLM) for nickel-
based superalloys, which offer expanded design
possibilities and reduced time and costs [5-9].

SLM is a 3D printing technique that utilizes a high
power-density laser to melt and fuse metallic powders.
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microstructure [9], [15], [16].

The tensile properties of alloys are important
mechanical performance indicators for the structural
design of key engine components. Therefore, the tensile
properties of Inconel 939 alloy, manufactured by different
production processes and heat treatments have been
studied in the literature [17-21]. Modifying the alloy
composition, aging temperature and time can lead to
improved tensile properties by altering the precipitation
amounts of phases. However, there is still a lack of
literature on how to effectively utilize post-processes to
transform particle boundary to grain boundary in additive
manufacturing and achieve comparable and desirable
mechanical properties [11, 16, 22, 23].

This study presents an examination of the effects of
post-heat treatments, namely HIP and VHT, on Inconel
939 superalloys produced through additive manufacturing,
and evaluates the formation of y and y’ morphology after
being exposed to hot tensile test conditions.

2. Materials and Methods

Gas-atomized Inconel 939 powder supplied by EOS
GmbH (Nickel Alloy IN939) was used for the SLM
process. Table 1 shows the nominal chemical composition
measured by the ICP-combustion method.

Table 1. Nominal chemical composition of the IN939
powder (in wt%).

Cr Co Al Ti Ta Ni
225 19.3 1.9 3.7 14

Nb w Zr B C balance
1.0 2.0 0.1 <0.01 0.15

The Mastersizer 2000 (Malvern Instruments Ltd, UK)
system was employed to measure the particle size
distribution of the powder following 1SO 13320-1
standard. To ensure accuracy, a small amount of each
IN939 powder sample, featuring a refractive index of
1.520, was mixed with deionized water with a refractive
index of 1.330. The powders were then subjected to
mechanical and ultrasonic stirring, circulation, and
degassing before measurement. The resulting average d50
and d90 were found to be 34.288 um and 60.877 pm,
respectively (see Figure 1).

The morphology of IN939 powder was investigated
using a HITACHI SU7000 scanning electron microscope
(SEM). The powder particles exhibited a diverse range of

used to fabricate cylindrical bar specimens from IN939
powder (Figure 3). Process parameter sets for IN939 alloy
supplied by EOS company were used to produce the
specimens [24]. To analyze the microstructure of the
specimens, optical and scanning electron microscopy
(SEM) techniques were utilized. The Olympus BX53M
inverted microscope was used for optical microscopy,
while electron microscopy was conducted on a HITACHI
SU7000 that was equipped with an Energy-Dispersive X-
ray Spectroscopy (EDX) detector.
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Figure 1. Particle size distribution of the IN939 powder.
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Figure 2. SEM images of IN939 superalloy powder.

Figure 4 displays micrographs that depict the as-built
state of SLM-processed samples. The arch-shaped molten
pool boundaries resulting from the layer-by-layer
processing are visible in Figure 4a. On further
examination, Figure 4b highlights the dendritic and
interdendritic structure, revealing the significant impact of
heat flux on the microstructure of SLM material during
layer-wise manufacturing. As a result, anisotropic

microstructural features are prominently displayed [25].
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Figure 4. Micrographs for the as-built condition: (a)
optical microscope and (b) scanning electron microscope.

The post-heat treatment parameters were determined
through a combination of Differential scanning calorimetry
(DSC) and Thermo-Calc simulation techniques. DSC
analysis was conducted using the Seteram Setsys Evolution
in an argon atmosphere with a flow rate of 20 mL.min™?,
recording the heat flux during heating and cooling of the
samples at a rate of 10°C min™* from room temperature to
1450°C. For modeling studies, the Thermo-Calc program
was used with the TCNI10 Nickel-based Superalloys
Database. The temperature-dependent properties of the
samples were matched with DSC and microstructure
analyses using the program [25].

To investigate the impact of heat treatment on the as-
built samples, two distinct methods were utilized. The first,
HT1, entailed high temperature and pressure solutionizing
using the Quintus QIH-21 hot isostatic press (HIP),
followed by a two-stage aging process. The second, HT2,
involved solutionizing without pressure and two-stage
aging in a TAV brand vacuum heat treatment furnace. The
Time-Temperature diagram for the heat treatments is given

in Figure 5.
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Figure 5. Time-Temperature diagram for the heat
treatments.

To determine the crystalline phases, Rigaku
SmartLab was used for X-ray diffraction (XRD) analysis
with CuKa radiation at a 9 kW anode X-ray source.

The cylindrical bar samples were machined into dog
bone shapes according to ASTM E8 and ASTM E21
standards. Hot tensile tests were conducted at 750°C using
a Zwick Z600 model universal testing machine with a
preload of 400N, at a speed of 0.00007 1/s up to the yield
point and 0.0014 1/s after the yield point.

3. Results and Discussion

Figure 6 shows the temperature-dependent phase
analysis of the alloy. According to the solidification
curves, the liquid phase is in complete equilibrium from
1400°C to 1356°C. The y phase begins to form at 1356°C,
starting the solidification. Between 1264°C to 1091°C, a y
matrix is formed, which is almost entirely dissolved,
except for small amounts of metal carbide (MC) phase.
The liquidus temperature is 1356°C, the solidus
temperature is 1264°C, and the solvus temperature is
1091°C.

In Figure 7a, it is observed that the as-built sample
shows a significant change in heat flow between ~1080°C
and ~1107°C, which can attributed to the dissolution of y’
into the y matrix. The carbide melting and dissolution were
shown as two separate peaks. This indicates that carbide
dissolution occurs around ~1320°C, while the matrix
melting continues up to ~1358°C. On the other hand, the
cooling provided a clearer temperature range for the
precipitation of the MC-type carbides, which was between
1326°C-1340°C (Figure 7b) [26].

1.0

Volume fraction of all phases (mol)

600 800 1000 1200 1400
ARN Temperature (°C)

Figure 6. Temperature-dependent phase analysis of IN939
via Thermo-Calc software.

The XRD profiles for the heat-treated and as-built
samples were compared in Figure 8. The XRD spectra for
all samples showed face-centered cubic (FCC) peaks
linked to the y and/or y’ phases. The diffraction peaks
indicated the diffraction of (111), (200), (202), (311), and
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(222) planes of the y solid solution and/or y’ precipitates.
No unforeseen phases were identified in any sample during
the analysis.
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Figure 7. DSC graphs for heating (a) and cooling (b)
runs.
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Figure 8. XRD analysis of as-built and heat-treated
samples.

SEM microstructures (Figure 9 and Figure 10)
revealed that the melt-pools that were present in the as-
built specimens were not observed in any of the samples
after heat treatments. It was observed that the
microstructure of each heat-treated sample was almost
completely uniform, with fine grains that maintained their
columnar structure and aligned in the building direction
due to the fast solidification process of melt-pool structure
during the joining process. Further analysis revealed the
formation of spherical gamma prime precipitates, as well
as the larger carbides that were Ti and Ta rich and present
at the grain boundaries and intergranular areas. It is worth
noting that no plate-like phases were observed in the
microstructures upon investigation [15].

Figure 11 displays the results of the hot tensile test
conducted on the as-built and heat-treated samples at

750°C. The results demonstrate that both HT1 and HT2
have led to a rise in % elongation in comparison to the as-
built state. Nonetheless, there were no significant
differences in UTS and yield stress between the two heat
treatment procedures.
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Figure 10. SEM images of HT2 (VHT) condition samples.

In Figure 12, it appears that there were changes in the
microstructure near the fractured surface. As illustrated in
Figure 12a, the cross-section of the fracture areas was
encapsulated in bakelite cylinders. During the hot tensile
test, the y’ precipitate in HT1 underwent directional
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coarsening or distortion, transforming from a spherical to a
plate-like shape, as illustrated in Figure 12b. In contrast to
HT1 condition, HT2 exhibited gamma prime coalescence,
which was distributed across the different areas of
microstructure.

Table 2 revealed an unexpected observation: despite
having different y' volume ratios (%) due to aging
conditions, both HT1 and HT2 samples fractured at similar
vy’ volume ratios during tensile testing. It is known that
increasing tensile temperature increases the y volume ratio
due to coarsening and decreases y’ volume ratio due to
raftening and anti-phase boundary. Therefore, it can be
deduced that dislocation mobility on the coarse y matrix
may be the underlying cause of this failure mechanism.
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Figure 11. Stress (MPa) — Strain (%) curves of SLM-
processed IN939 samples at 750°C.

Figure 12. Encapsulation of the cross-section of fracture
area (a). Microstructure of HT1 (b) and HT2 (c) samples
after hot tensile tests.

Table 2. y and y' ratios (%) after hot tensile tests.

Heat Treated After Hot Tensile
Sample Samples (%) Tests (%)
Y Y Y Y
HT1 (HIP) 55.2 44.8 68.4 31.6
HT2 (VHT) 45.1 54.9 67.9 32.1

4. Conclusion and Future Studies

This research aimed to investigate the effects of post-
heat treatments on the microstructure and hot tensile
properties of an additively manufactured IN939. It was
observed that y* in both HT1 and HT2 showed slight
morphology change, but no recrystallization was observed.

It is clear that the heat treatment had a positive impact
on elongation in hot tensile tests when compared to the as-
built condition. However, there was no significant
difference in ultimate tensile and yield stress values in
comparison to the two heat treatment procedures.

Another important observation was that even though
HT1 and HT2 conditions have different y’ volume ratios
(%), both heat-treated samples fractured at very similar y’
volume ratios (%) after tensile tests. This suggests a
possible failure mechanism due to dislocation mobility on
coarse y matrix rather than y’ rafting mechanism.

To gain a better understanding of the alloy's
performance under service conditions, future studies may
involve the utilization of newly modified recipes, advanced
microstructural characterization, and conducting additional
mechanical tests such as creep rupture tests.
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