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Abstract

This study investigated the effect of heat treatment variations on the microstructure and tensile properties
of laser powder bed fused Inconel 939 manufactured via laser powder bed fusion. Three different heat treatment
schedules, all of which comprise stress relief, hot isostatic pressing, solution annealing, and aging, were followed,
and resulting changes in microstructure were analyzed using scanning electron microscopy. Tensile tests were
conducted on specimens subjected to different heat treatments to evaluate the mechanical properties at room
temperature. Microstructural results showed that solution treatment at 1190 °C for 4 h led to better removal of
dendritic microstructure, while second-step aging at 850 °C resulted in monomodal distribution of precipitates.
However, the second-step aging temperatures from 750 to 800 °C resulted in bi-modal distribution. The optimal
heat treatment schedule, which yielded a superior combination of strength and ductility, involved solution
treatment at 1190 °C for 4 h and two-step aging at 1000 °C for 6 h and 800 °C for 4 h.
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Introduction

Inconel 939 (IN939) is a y' precipitate-strengthened nickel-base superalloy, which is widely used to
fabricate vanes and blades of industrial gas turbines [1-3]. The complex geometries in such applications make
conventional manufacturing (CM) techniques less suitable. Additive manufacturing (AM) is becoming popular
among manufacturing industries due to its ability to fabricate parts with intricate geometries in an cost effective
and expedited manner [4,5]. Despite offering several benefits, AM parts in the as-fabricated condition often
possess inhomogenous microstructure (i.e., elongated grains along the build direction and equiaxed grains in the
plane perpendicular to the build direction) and lack strengthening precipitates, which leads to sub-optimal
mechanical performance [4,6,7]. It has been observed that the primary strengthening phase of IN939, the y' phase,
does not readily form in the as-fabricated additively manufactured IN939 due to the suppression of diffusion-
driven precipitation reaction because of the fast-cooling rate during the manufacturing process [7,8]. The size and
morphology of y' phase plays a crucial role in determining the mechanical response of an alloy [9]. In order to
achieve desirable microstructure and precipitate size distribution, additively manufactured IN939 parts are usually
heat treated.

The treatment schedule proposed during the compositional development of IN939 includes solution
treatment (ST) at 1160°C for 4h and aging at 850°C for 16h [10-12]. However, due to dissimilarity in the
microstructure of parts manufactured via AM and CM techniques, the heat-treatment schedule designed for CM
parts may not be applicable for the AM parts. Studies on additively manufactured IN939 have reported the
formation of y' precipitates and Ti, Nb and Ta-rich MC carbides after the solution treatment [13—16]. The
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temperature variation and the sequence of the heat treatment steps may alter the volume fraction and distribution
of these ' phases and carbides [17,18], which in turn, may result in different mechanical properties. Hence, a heat
treatment schedule should be designed appropriately before applying additively manufactured IN939 in the
safety-critical applications mentioned earlier. This study aims to investigate the effect of various heat treatments
on the microstructure and tensile properties of laser powder bed fused (L-PBF) IN939.

Experimental Details

IN939 bars were fabricated in an EOS M290 system using the process parameters listed in Table 1. The
chemical composition of the powder used in this study is tabulated in Error! Reference source not found.. The
fabricated specimens were divided into several groups and subjected to various heat treatments. A combination
of different soaking times and temperatures were studied for various heat treatment steps and are designated as
HTI1, HT2, and HT3 in Table 3. The acronyms in Table 3: FC, WQ, and AC stand for furnace-cooled, water-
quenched, and air-cooled, respectively.

The microstructural features were analyzed on the radial plane (perpendicular to the build direction (BD))
of samples using a Zeiss Crossbeam 550 scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) and Electron backscatter diffraction (EBSD) detectors. For this, microstructural samples
were cut from the non-heat treated (NHT) and heat treated (HT) specimens using an abrasive cutter. The excised
samples were mounted, ground, and polished using sand papers with grit from 320 to 4000.

The bars were machined to final geometry for tensile testing according to ASTM ES standard, as shown
in Figure 1. Quasi-static tensile tests were conducted on these specimens using an MTS servo-hydraulic machine.
An extensometer was attached during the tensile tests untill a 0.05 mm/mm strain. After that, the extensometer
was removed from the specimen to prevent extensometer damage and the remaining test was continued under
displacement controlled mode until failure.

Table 1. Process parameters used to fabricate L-PBF IN939 bars.

Power 285 W
Layer Thickness 40 pm
Speed 960 mm/s
Hatch Spacing 0.11 mm

Table 2. Chemical composition of IN939 powder used in this study.
Elements | Ni Cr |[Co|Ti |W|Al|Ta|Nb| C |Zr| B Mo
Weight % | 48.24 1225119 (372 |19]14] 1 [0.15]0.1|0.01 | <0.01

Table 3. Details of heat treatment schedules investigated in this study.

Heat Stress Hot isostatic Solution Embryonic Primary Secondary
treatment relief pressing treatment aging aging aging
schedules (SR) (HIP) (ST)

900 °C 1160 °C for 4 | 950 °C for 0.5 950 °C for | 750 °C for 8

HTI for4 h h h

8h WQ h WQ
FC wQ FC
900°C | , 103 °C@ IT160°C for 4
uT? for 4 h 103 MPa for 4 h 950 °C for 0.5 | 950 °C for | 850 °C for 8
h h FC 8h WQ h WQ
FC FC WQ
900 °C 1190 °C for 4 1000 °C for | 800 °C for 4
HT3 for4 h h 6 h h
FC AC AC AC
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Figure 1. Tensile specimen geometry of L-PBF IN939 (All dimensions are in mm).

Results and Discussion

An inverse pole figure (IPF) map and a backscattered electron (BSE) image obtained from the radial plane
of NHT L-PBF IN939 are presented in Figure 2 (a) and (b), respectively. The average diameter of grains was 7.5
um with a standard deviation of 8.7 pm. The statistics of grains were obtained by post processing the results
EBSD scans with a step size of 0.4343 pm. The high-magnification BSE micrograph showed the presence of
dendritic microstructure in the NHT sample (see Figure 2 (b)). EDS analysis on the radial plane of the NHT
sample revealed significant segregation of Ti and Nb and minor segregation of Ta and W at the inter-dendritic
regions. In addition, there was a slight depletion of Ni and Co in those regions (see Figure 3). Additively
manufactured metallic parts often possess such dendritic microstructure and segregation of alloying elements due

Element Weight %
Ni 41.02
Cr 19.85
Co 16.65
Ti 347
Ta 2.38
w 1.95
Nb 0.79

1I 0 keV

Figure 3. Elemental maps obtained from the radial plane of NHT L-PBF IN939.



The BSE micrographs obtained from the radial planes of samples subjected to different solution treatments
are shown in Figure 4. These BSE micrographs show that Ti, Nb, and Ta- rich MC carbides were precipitated
after the solution treatment (see EDS analysis in Figure 5). These MC carbides can be found at the grain
boundaries and within the grains. It can also be observed that solution treatment at 1190 °C for 4 h resulted in
better removal of dendritic structures (see Figure 4 (b)) compared to one solution treated at 1160 °C for 4 h.

Figure 4. BSE micrographs obtained from radial planes of L-PBF IN939 subjected to solution treatments at a)
1160 °C for 4 h b) 1190 °C at 4 h. Red and blue arrowheads point to carbides at grain boundaries and within
grains, respectively.
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Figure 5. EDS of heat treated L-PBF IN939 exhibiting local enrichment of Nb, Ta, Ti, and W.

The IPF maps and BSE micrographs for all heat treatment schedules investigated in this study are shown
in Figure 6. The average grain sizes for all heat treatment schedules are shown at the bottom of their
corresponding IPF maps. In terms of different heat treatment schedules, the grain size followed the sequence:
HT1<HT2<HT3. A higher heat treatment temperature resulted in a slightly larger grain size. This can be ascribed
to the better dissolution of carbides along the grain boundaries at higher temperatures, thereby removing their
pinning effect [11].

The dendritic microstructure present after the solution treatment step further dissolved during the later
heat treatment stages. It is worth mentioning that HT1 and HT3 resulted in bimodal y' precipitates (see Figure
6 (c) and (1)). The sizes of primary and secondary precipitates are listed in Table 4. Also, it can be seen that lower
aging temperatures always resulted in bimodal precipitate size, even if same solution treatment is applied (HT1



and HT2). This is because, higher aging temperatures permit higher diffusion rate which promotes the growth of
the y" precipitates . Smaller precipitates also tend to be consumed by larger ones under the Ostwald’s ripening
mechanism. In contrast, at lower temperatures, while the nucleation of y' is encouraged due to undercooling, their
growth are relatively slow due to the more sluggish diffusion. These could be the reasons behind larger
precipitates observed in HT2 sample when compared with HT1 ones (see Figure 6 (c) and (f)). Moreover, HT3
specimens had the largest primary y' precipitates which also can be attributed to the higher solution treatment
(1190 °C) and primary aging temperatures (1000 °C).

Table 4. Comparison of y' precipitate sizes.

Precipitate sizes (nm)
HT1 | HT2 | HT3
Primary y’ 140 153 205

Secondaryy' | 35 N/A 20
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Figure 6. IPF maps and BSE micrographs obtained from radial planes of L-PBF IN939 subjected to different heat
treatment schedules. (Red arrowheads point to grain boundary carbides. Green arrowheads and yellow boxes
point to primary and secondary y’ precipitates respectively.)

The engineering stress-strain curves and the variation of the ultimate tensile strength (UTS), yield strength
(YS), and elongation at failure (EL) of HT L-PBF IN939 are presented in Figure 7. As seen in Figure 7 (b), the
YS of HT1 specimens was 12.9% greater than HT2 and 2.9% greater than HT3, whereas the elongation to failure
was 2% lower than HT2 and 12% lower than HT3. The strengths of HT1 and HT3 were higher than HT2 due to
the presence of secondary Y’ precipitates. These closely spaced secondary y' precipitates can significantly impede
dislocation movement and strengthen the alloy [9,20]. Among all three specimens, HT1 resulted in higher tensile
strength. This may be because of the smaller spacing between the primary y' precipitates in HT1 specimen
(see Figure 6 (c) and (0)).
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Figure 7. Tensile behavior of HT L-PBF IN939 (a) Engineering stress-strain curves (b) bar chart showing
variations in tensile properties such as UTS, YS and EL.

Conclusions

In this study, the effect of heat treatments was investigated on the microstructure and mechanical properties
of L-PBF IN939. The following conclusions can be drawn from the results obtained in this study.

e The non-heat treated microstructure showed presence of dendritic microstructure with significant segregation
of Ti and Nb and minor segregation of Ta and W. These segregated elements partially dissolved during the
solution treatment and re-precipitated as MC carbides.

e When comparing the heat treatment schedules with the same solution treatment temperature, bimodal
precipitate size is resulted at lower secondary aging temperature.

e The heat treatments that resulted in bimodal precipitate size distributions provided better mechanical strength
due to presence of secondary y' precipitates which strongly impede dislocation motion. The tensile strengths
followed the trend HT1>HT3>HT2 whereas the ductility followed HT3>HT2>HT1.

e HT3 offered a better combination of strength and ductility.
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