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ARTICLE INFO ABSTRACT

Handling editor: L Murr The effect of solution annealing temperature on the microstructure, morphology, size, and volume fraction of y'

precipitates, and hardness of the material was investigated in this work. Samples were fabricated by Laser Based

Keywords: Powder Bed Fusion (LB-PBF) process and post processed with Hot isostatically Pressing (HIP). Next, different
NiCk,el superalloy solution annealing conditions were applied to assess their impact on y’ precipitation. The microstructure of the
:lei(ietii(; manufacturin samples was characterized by light optical microscopy (LOM), field emission scanning electron microscopy (FE-
Precipitation & SEM), and electron backscattered diffraction (EBSD). Defects were assessed by treating LOM images through
Microstructure ImageJ. The hardness was also measured by Brinell hardness. The results showed that HIP process densified the

samples and increased the relative density to more than 99.98%. Performing HIP and solution annealing at a sub-
solvus temperature resulted in irregular-shaped y' precipitates and grains remained elongated along the building
direction. By increasing the solutioning temperature above solvus treatment, organized and cubic precipitates
formed. Moreover, by increasing the solutioning temperature from 1230 to 1270 °C the grain size increased from
15 to 46 pm, and consequently, the hardness decreased by about 6%. The results also revealed that the y' volume
fraction was not greatly affected by the solutioning temperature and remained within the range of 20.4-22.3%
after aging. Finally, a thermal setpoint of 1260 °C resulted the most promising condition for solution annealing
PBF-LB René 80 superalloy to obtain cubic secondary y' precipitates, minimizing the presence of irregular y’ at
grain boundaries and providing a robust process against thermal oscillations within industrial furnaces.

1. Introduction while cubic y’ is associated to lattice misfits between 0.5 and 1% [10,
11].
For precipitation hardening superalloy like René 80, post-process

heat treatments play a crucial role to properly design the final micro-

René 80 is a precipitation hardening Nickel-based superalloy typi-
cally used in the aeronautical and energy production fields, where the

in-service conditions demand high thermo-mechanical properties and
resistance to corrosion [1,2]. In particular, the alloy is designed to stand
working temperature above 800 °C [3]. The thermo-mechanical prop-
erties are mainly given by the precipitation of the ordered L15 y' phase,
which has stoichiometry Nis(Al, Ti) [4]. The volume fraction, size and
shape of the y' particles determine the effectiveness of the reinforcement
[5-8]. For example, an increase in the volume fraction of the pre-
cipitates has proven positive effects on the thermo-mechanical proper-
ties of these superalloys [6,8]. Alongside the volume fraction, the
mechanical properties of the superalloys are affected by the shape of the
Y’ due to its correlation with the lattice misfit between the matrix y and y’
[9]; indeed, round particles are associated to lattice misfits up to 0.2%,

structure and its effectiveness in terms of thermo-mechanical properties.
These superalloys are subjected to a multiple step heat treatment con-
sisting of solution annealing and, usually, a double ageing step [10,12].
The solution annealing is performed above the ' solvus temperature to
dissolve the coarse and irregular primary y' formed during the invest-
ment casting, which represents the traditional manufacturing route for
this superalloy. First aging is then applied below the y' solvus to let the y'
nuclei grow up to dimensions of few hundreds of nanometers. Finally,
second aging is performed at a lower temperature to reach the hardness
peak of the alloy and stabilize the microstructure. In strategic sectors
like aeronautics, alternative additive manufacturing routes are nowa-
days explored. In so demanding sectors both for investment cast and
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Table 1

— Chemical composition (wt.%) of the René 80 powder used in the study.
Element Cr Co Mo Al Ti w Hf Ni
wt.% 14.0 9.0 4.0 3.0 4.7 4.0 0.8 bal.

additively manufactured parts, an additional Hot Isostatic Pressing
(HIP) step is usually applied before the heat treatment below the y'
solvus. The main goal of this latter production stage is to close possible
residual defects inherited from the manufacturing process and reach the
maximum densification [13]. This aspect becomes particularly impor-
tant when dealing with additive manufacturing technologies, like the
Laser Based Powder Bed Fusion (PBF-LB). The latter has gained impor-
tant attention from the scientific and industrial community to process
Nickel-based superalloys, mainly due to its flexibility and freedom of
design [14,15]. However, the high content of y' forming elements like Al
and Ti makes some of these superalloys difficult-to-weld and thus
challenging to process by PBF-LB due to the formation of a pronounced
fraction of residual defects [16-18]. The authors have previously
demonstrated the possibility to properly process René 80 with PBF-LB,
minimizing the residual defects through parameters optimization, but
residual densification flaws inherited from the PBF-LB are still present,
making the use of HIP practically mandatory [14]. Moreover, the rapid
heating-cooling cycles results into microstructural features which are
different form the typical ones obtained by investment casting. Actually,
PBF-LB microstructures show very thin and textured grains elongated
along the building directions, and the matrix remains oversaturated with
no detectable signs of y' precipitation [14,19,20]. For these reasons, the
deepening and optimization of post-processing of Nickel-based super-
alloys is currently deeply studied in the literature [19,21-23]. However,
despite its strategic importance, no works regarding the study of heat
treatments of PBF-LB René 80 can be found in the literature so far up to
the authors’ knowledge. The effect of the heat treatments on the
microstructure of René 80 has been studied only in the cast state [1,24,
25].

In the present work, the effects of HIP and heat treatments have been
studied on René 80 superalloy processed with PBF-LB using a previously
developed parameters’ set [14]. In particular, the study focuses on the
optimization of the solution annealing step, which is critical in deter-
mining the final size and shape of the y' particles [19]. Different solution
annealing temperatures (from 1230 °C to 1270 °C) have been applied to
PBF-LB René 80 specimens alongside subsequent first aging to measure
the resulting microstructure in terms of y' fraction, shape and size,
hardness and grain recovery and growth. The results showed that it is
possible to obtain cubic y’ precipitates and recovery and growth of the
initial thin and elongated grains after first aging, when the solution
annealing setpoint is imposed at 1260 °C. The sub-solvus HIP was also
applied to as-built samples, enabling to overcome the 99.98% of
densification. These results represent an important milestone in defining
the optimal heat-treatment recipes to process difficult-to-weld Nickel
based superalloy René 80 through PBF-LB process.
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2. Experimental procedure
2.1. Material and process

This study used René 80 gas-atomized powder (NI 183-4) supplied by
Praxair Co. The nominal chemical composition of the powder is given in
Table 1. The nominal range for the size of the powder particles was
16-45 pm with D10 = 17.9 pm, D50 = 28.9 pm, and D90 = 43.7 pm, as
determined by laser granulometry.

Powder morphology was characterized by scanning electron micro-
scopy (SEM); the results are shown in Fig. 1a and b.

Some cold splats and satellites can be seen attached to the particles.
However, as they are limited, the powder-spreadability is unaffected.
Additionally, it was observed that the particles have a cellular and
dendritic structure due to the atomization process’s high cooling rate.
The high cooling rates do not allow enough time for solute redistribution
within the solidifying droplets, leading to a non-equilibrium solidifica-
tion process. This results in microstructures such as dendrites or cellular
structures, which is affected by the temperature gradient (G) and the
solidification rate (R) [26,27].

Cubic samples of 20 x 20 x 20 mm® were fabricated by PBF-LB
process using a Printsharp 250 machine on a low-alloyed carbon steel
platform. Additionally, a sample with a height of 30 mm was produced
to perform defect analysis in the as-built condition. A bi-directional
scanning strategy was used in this work, where the scanning direction
was rotated by 67° for each successive layer. The process parameters
have been optimized elsewhere by the authors and replicated for this
work [14].

2.2. Post-processing heat treatment

Hot Isostatic Pressing (HIP) followed by different solution heat
treatments were applied, and the resulting microstructure was assessed
in depth. A further reduction of defects within the PBF-LB as-built
samples was achieved using a HIP furnace model QIH15L produced by
Quintus Technologies AB. The process was undertaken in a sub-solvus
regime using times, pressure and temperatures compatible with the
Nickel-based alloys families. Due to confidentiality reasons, actual
values cannot be disclosed. Solution annealing and first aging processes
were carried out in a TAV Minijet low-pressure furnace with an oper-
ating pressure of 10~> mbar. Nitrogen gas at 1.5 bar was used as
quenching media. The heating rate and the soaking time during the
solution annealing were kept constant at 10 °C/min and 2 h respectively.
The samples were cooled to 900 °C with a constant cooling rate within
the range from 50 to 70 °C/min and then heated to the aging temper-
ature. More specifically, this latter part of the treatment was performed
at 1095 °C for 4 h and followed by gas quenched with identical pa-
rameters as before down to room temperature. For the sake of easiness,
solutioned and aged samples are labelled Sol12XX depending on the
setpoint temperature of the treatment. All the experimental plans can be
summarized in Table 2.

Fig. 1. — SEM micrographs of powder particles at different magnifications: a) 300x and b) 2000X.
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Table 2
— Details of different heat treatments performed on the samples.

Sample code Heat treatment

HIPtrad HIP treatment performed at a sub-solvus temperature

Sol1230 HIP trad + solution annealing at 1230 °C/2h + aging at 1095/4h
Sol1245 HIP trad + solution annealing at 1245 °C/2h + aging at 1095/4h
Sol1260 HIP trad + solution annealing at 1260 °C/2h + aging at 1095/4h
Sol1270 HIP trad + solution annealing at 1270 °C/2h + aging at 1095/4h

2.3. Sample preparation

Concerning the microstructural characterization, the specimens were
cut along and perpendicularly to the building direction, i.e., along XZ
and XY planes. The specimens were then mounted in epoxy resin and
ground using SiC papers up to 1200 grit, then polished by 6, 3, and 1 pm
diamond suspensions. At the last polishing step, 0.04 pm colloidal silica
was used to obtain a mirror-like surface for the microstructural evalu-
ations. The specimens were electrolytically etched with 30% H3PO4
water solution, applying a voltage of 3.5V for ca. 5 s to reveal y
morphology and its gradual structural changes. Additionally, where the
quantification of the y’ phase was required, the specimens were etched
by Kalling’s No.2 solution.

Journal of Materials Research and Technology 33 (2024) 6591-6600

2.4. Defect analysis

Flaws’ population was analyzed in the "As built", "HIPtrad", and
"HIPtrad + Sol1260" conditions to assess the healing effect of the HIP. In
particular, a metallographic section parallel to the building direction
was cut, and 15 images of approximately 2.63 mm? each per surface
were acquired using a Leica DZ500 light optical microscope (LOM). The
acquired images were then processed using ImageJ software. An algo-
rithm developed by the authors was used for flaws segmentation, and
the flowchart is reported in Fig. 2.

In the as-built condition, flaws were also divided into three different
categories: (i) gas porosities, (ii) lack of fusion and (iii) cracks. The
authors discussed the nature of these flaws in René 80 alloy in a previous
work [28]. This segmentation rule was not considered for the samples
after HIP, because after the healing process, defects were too small and
geometrically similar one to each other and it was too difficult to
distinguish. More specifically, only small round pores could be observed
after HIP, making the abovementioned separation of little help.

2.5. Microstructural characterization

A Leica Z500 light-optical microscope (LOM) was used to assess the
grain size in both XZ and XY planes. The average grain size was

Fig. 2. Flowchart for the segmentation of densification flaws in ImageJ.

Fig. 3. Images taken at 100x under LOM a) in as-built condition and b) after HIP.
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Table 3
Defects measured in the as-built condition. The results were obtained by
analyzing 15 images at 50x under LOM in XZ section.

Gas porosities Lack of fusion Cracks density

As-built 0.018 £ 0.012 % 0.048 £ 0.036 % 0.044 + 0.005 mm/mm?

Table 4
Total defects fraction measured in the as-built sample and after HIP. The results
were obtained analyzing 15 images at 50x under LOM in XZ section.

As-built HIP

Total defects fraction 0.078 + 0.041 % 0.016 + 0.006/- %

measured using the intercept method [29]. A Zeiss Merlin field emission
scanning electron microscope (FE-SEM) equipped with a Gemini III
column and a Tescan S9000G focused ion beam scanning electron mi-
croscope (FIB-SEM) equipped with Oxford symmetry electron back-
scattered diffraction (EBSD) detector were used to study the material
microstructure focusing on y' size, fraction and distribution. ImageJ
software was used to assess the average fraction area and the average
size of y' particles by image analysis technique.

2.6. Hardness measurement

The hardness test was performed using an Emcotest M4U 025 Brinell
hardness tester and applying 62.5 kg force for 15 s with a tungsten
carbide indenter having a diameter of 2.5 mm. More specifically, three
indentations in each sample orientation (XZ and XY) were performed for
each sample to create a reliable statistical sampling.

3. Results and discussion
3.1. Defect assessment

The densification flaws from the PBF-LB process were analyzed
before and after HIP using LOM to assess the effect of post processing.
Fig. 3a shows the typical densification flaws inherited from the PBF-LB
process in the as-built sample: gas porosities, lack of fusion and cracks.
Conversely, Fig. 3b shows the XZ surface of the HIPed sample: just a few
and very small residual defects can be detected at 100x magnifications.

The quantification results for one as-built sample are reported in
Table 3. The results obtained for the as-built sample align with previous
authors’ findings [14]. Concerning the previous findings, the segmen-
tation algorithm was developed to divide gas porosities and lack of
fusion based on their morphology. The volume fraction of the former is
much lower than the fraction of lacks of fusion. Indeed, lacks of fusion
are typically larger than gas porosities and result in a higher fraction.

The HIPed sample was also analyzed to assess HIP’s capability to
recover the densification flaws. However, during the HIP step, the de-
fects collapse. The segmentation parameters are no longer suitable to

Journal of Materials Research and Technology 33 (2024) 6591-6600

distinguish among all the previously discussed defects, which now
uniformly appear as spherical pores. Consequently, after the HIP, the
flaws population could be analyzed only in terms of generic defects. To
provide a correct comparison, the total fraction for all types of defects
was calculated for the as-built and the HIP state, and the results are
reported in Table 4 for comparison. The densification of the PBF-LB
René 80 overcomes the 99.98 % after HIP, and this result testifies the
importance of HIP for difficult-to-process Nickel superalloys.

3.2. Microstructural evolution

Fig. 4 shows the microstructure of the as-built sample in the XY and
the XZ planes.

Melt pools are clearly visible in the section across the building di-
rection. It is characterized by varying sizes due to the rotation of the
printing direction at each layer. However, it can be observed that, within
each layer, the melt pools maintain similar dimensions, as can also be
seen in other Ni-based alloys shown by Marchese et al. [30]. The scan-
ning strategy’s effect on the grains’ orientations can be seen in Fig. 4a.
As illustrated, the passes have a misorientation angle of about 67°.
Additionally, the microstructure shows elongated grains along the
building direction and a columnar dendritic structure resulting from the
manufacturing process that involves a high cooling rate, which is in the
order of 10°-107 °C/s [31]. Therefore, this combination of high thermal
gradients and rapid cooling rates resulted in the columnar dendritic
structure, which is a typical feature of parts manufactured by PBF-LB.

It is known that a microstructure consisting of equiaxed grains and
uniformly distributed y' precipitates would have improved mechanical
properties even at high temperatures compared to those of an as-built
one. To achieve this transformation, a thermal post process is
required. As the y' precipitation process is based on the nucleation and
growth process, heat treatment can significantly affect the shape, vol-
ume fraction, structure, and size of the precipitates [32,33]. Generally,
in Ni-based superalloys, a microstructure consisting of ordered cuboidal
Y precipitates is favorable as discussed in the introduction. Therefore,
different heat treatments were applied to improve the microstructural
characteristics in terms of y' precipitation, aiming at maximizing their
volume fraction and achieving an ordered cuboidal structure. More
specifically, to separate the effects of HIP alone from the results of the
complete heat treatment, this initial step was assessed as a separate case
study.

Firstly, the as-built samples were HIPped, and after the required
soaking time, simple natural cooling was applied within the furnace. In
other words, samples were cooled within the HIP furnace only through
the heat exchange between the samples and the water-cooled walls of
the equipment, as happens typically in traditional HIP facilities. Fig. 5
depicts the general microstructure of the HIPed sample. Fig. 5a and b
shows the grains observed with LOM. It can be observed that, while the
meltpools are no longer visible, the microstructure is still characterized
by thin grains elongated in the building direction. Fig. 5¢ shows that fan-
like y’ particles form within the grains, while larger and highly

Fig. 4. — Micrographs of the sample in as-built condition along a) XY and b) XZ planes.
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Fig. 5. — Cross-sections of the HIPtrad sample in the a) XY and b,c) XZ plane.

Fig. 6. — Microstructure of the samples along the building direction and solution annealed at: a) 1230 °C, b) 1245 °C, ¢) 1260 °C, and d) 1270 °C.

irregularly shaped ones at the grain boundaries.

The sub-solvus HIP does not provide sufficient energy to trigger the
recrystallization process, and the grains remain thin and elongated.
Moreover, primary y' at the grain boundaries remains undissolved,
hindering the grain boundary growth during the treatment.

Quantitative analysis was also performed. The grain size resulted in
45.5 + 8.6 pm and 22 + 0.7 pm in the XZ and XY planes, respectively,
with a calculated aspect ratio of 2.0.

In HIPtrad condition, large particles of irregular-shaped y' in a size of
up to 1 pm and a fan-type y-y' structure can be seen in the microstructure
(Fig. 5¢), which is related to the slow cooling rate of the process [34].

6595

Supersaturation, relatively higher diffusivity between the matrix and
precipitates at low cooling rates, and low nucleation density are some
factors responsible for the irregular growth of the precipitates [35]. It
should be noted that since the sample is HIPed at a sub-solvus temper-
ature, the formation of ' derives from the solid-state diffusion of Al and
Ti from the over saturated matrix obtained at the printing stage. It is also
reported that the elongated y' blocks tend to form on the grain bound-
aries while the fan-type precipitates nucleate within the grains [24].
Generally speaking, the obtained y’ particles have different sizes and are
irregularly shaped, suggesting that HIP treatment could not be the sole
process to optimize the material microstructure. Analyzing the
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Table 5

- Equivalent size of the grains (um) in different conditions measured in the XZ and XY planes.
Condition Sol1230, XY So11230, XZ Sol1245, XY Sol1245, XZ Sol1260, XY Sol1260, XZ Sol1270, XY Sol1270, XZ
d (um) 15+ 4.6 45+ 0.4 29 +£18.3 44 + 3.2 46 +£9.8 58 +£1.8 59 + 3.1 75+75

Fig. 7. — FE-SEM micrographs revealing the morphology of the precipitates at different conditions: a) Sol1230, b) Sol1245, c) Sol1260, and d) Sol1270. Yellow

arrows indicate irregular primary y' particles at grain boundaries.

micrographs by ImageJ revealed that the volume fraction of y' is about
20-25%, which is comparable to those of solution-annealed samples.
However, by lowering the cooling rate, the area fraction of y' pre-
cipitates tends to slightly increase due to the suitable condition for
growth of y' provided by lower cooling rates [36].

After observing the result obtained with the HIP treatment, i.e.
insufficient microstructure rearrangement, different heat treatment
procedures were applied to optimize the solution annealing step. Sam-
ples were solution annealed at 4 different temperatures (1230, 1245,
1260, and 1270 °C) for 2 h. Fig. 6 illustrates the micrographs of the
cross-sections in the XZ plane.

The morphology of the grains is significantly affected by the solution
annealing temperature. Fig. 6a shows that after solution annealing at
1230 °C the grain structure is comparable to what observed after sub-
solvus HIP (Fig. 5b). A larger number of equiaxed grains is observed
when the solution annealing is raised at 1245 °C and above, suggesting
the triggering of recrystallization and grain growth. The quantitative
numerical data are provided in Table 5.

It should be noted that all examined conditions still show a certain
degree of retained anisotropy when the grain size is measured in the XZ
and XY planes, which suggests that René 80 processed with PBF-LB has a
very low tendency to recrystallize, even at such high temperatures.
Additionally, a limited grain coarsening along the building direction was
seen at lower test temperatures (Sol1230 and Sol1245).

The calculation of the aspect ratio of the grains in the XZ plane
revealed that the sample that is heat treated at 1230 °C has pronounced
elongated grains, exhibiting an aspect ratio of 3.0, confirming that
elongated grains remained in the microstructure. Thermal energy was
insufficient to promote both y’ dissolution and recrystallization.

Based on the results in Table 5, the grain size grows by raising the
solution annealing temperature, which can be justified considering the
higher thermal energy given to the system and the more intense

6596

dissolution of y' particles at the grain boundaries hence lowering their
pinning effect. Even at higher temperatures, such as 1245 °C, grain size
standard deviation is still considerably high. This result can be explained
by considering two main factors: the limited number of grains measured
with the intercept method, and secondly, PBF-LB materials can be
characterized by a complex mix of smaller and larger grains close to each
other, whose growth can be irregularly distributed during heat treat-
ments. In this situation, there would be some locations where the grains
are recrystallized and equiaxed and others where the microstructure still
consists of elongated grains along the building direction. Grains tended
to be more equiaxed, increasing the temperature, and by solutioning at
1245 °C and 1260 °C, the aspect ratio values decreased to 1.5 and 1.3,
respectively. After the assessment of the grain size and morphology, ¥
precipitates were studied at higher magnifications to investigate the
effect of solutioning temperature on the y' precipitation, and the mi-
crographs are presented in Fig. 7, where yellow arrows highlight
irregular primary y’ particles at grain boundaries.

As shown in Fig. 7a, for the Sol1230 sample, y' is mainly formed as
irregular-shaped precipitates, and a few cubic-shaped particles can be
observed. Grain boundaries are fully decorated by coarse and irregular
primary y' particles, as also observed in another Ni-based superalloy
[371. This is due to the increased diffusion rates of y-forming elements in
these regions. These particles grow into adjacent grains that have
different crystallographic orientations, coupled with the varying
mobility. By increasing the solution annealing temperature to 1245 °C, Y/
precipitates tended to form more uniformly in the microstructure and as
cubic particles as well (Fig. 7b). This suggests that the solvus tempera-
ture of the y' should be around this temperature. Nonetheless, y' with
different morphologies was observed in the microstructure at different
locations. Specifically, the phase was irregularly shaped close to grain
boundaries, where primary y' remains visible. After the heat treatment,
the primary and undissolved particles have smooth edges, while the
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Fig. 8. The change in the size of y' particles as a function of solubilizing tem-
perature estimated by three different methods.

secondary particles, which are dissolved and re-precipitated upon
cooling, are regularly cuboidal and formed within the grains. Therefore,
it can be concluded that the solution annealing temperature should be
located slightly higher than 1245 °C.

Solutioning at higher temperatures (i.e. from 1260 °C, Fig. 7c)
resulted in a homogeneous distribution of aligned and fully cubic y'
precipitates. As reported by Johnson and Voorhees [38], the elastic
interaction energy is the affecting parameter for the alignment of the
precipitates. The cubic shape of the particles is related to the lattice
misfit and, consequently, free energy. A coherent elastic stress can be
produced around the precipitates by having a lattice misfit. As a result,
the dominant part of the total free energy of the system would be the free
energy that is induced by the aforementioned stress, which provides the
favorable condition for precipitates to be cubic-shaped [39]. Addition-
ally, increasing the solution annealing temperature makes the grain
boundaries less detectable (due to progressive solutioning of primary
gamma prime) and the matrix channels wider. Some primary y’ particles
remain in the microstructure even after solution annealing at such
temperatures, but they are smaller and fewer than after solution
annealing at 1230 °C and 1245 °C. Nevertheless, it is worth mentioning
that numerous very small tertiary |y precipitates were also detected
within channels of y matrix in the microstructure of solution annealed
samples. These precipitates commonly form during cooling in the later
stages of the heat treatment [40]. Generally, these precipitates can be
seen after the second aging process. However, since the kinetic of y'
precipitation is very fast, nuclei of spherical particles can be formed even
during cooling from this early stage, leading to a bimodal distribution of
secondary and tertiary precipitates. However, the highest fraction of
these precipitates will be obtained only after the heat treatment
completion.

According to the above discussion 1260 °C would be seen as an
effective target temperature for solution annealing. The reason for
investigating temperatures as high as 1270 °C is principally linked to
industrial reasons since the furnace used during routine heat treatments
may suffer a certain degree of uncertainty, typically ranging into a
+10 °C interval. Consequently, it is worth characterizing the micro-
structure within this temperature variation range with respect to the
target temperature, to check whether any detrimental effects might
occur. Assuming that the microstructure when solution annealing at
1250 °C would be very similar to that revealed at 1245 °C, we have
explored only the upper boundary of the +£10 °C range around the set
temperature. Comparing the microstructures, it can be seen that solution
annealing at 1270 °C (Fig. 7d) did not result in incipient melting, which
can lead to cracks. As discussed below, the amount of solubilized Y’
remained almost unchanged compared to the samples heat treated at
temperatures close to the solvus temperature, i.e., 1260 °C. Moreover,
no thermally induced porosity (TIP) was observed (according to Fig. 6d).
However, by solutioning at a relatively high temperature (1270 °C),
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Fig. 9. y fraction as a function of the solution annealing temperature.

more irregular-shaped particles could be observed, which were also
reported for other Ni-based superalloys [41]. Therefore, based on the
results, it can be concluded that 1260 °C can be identified as an optimal
solution annealing temperature, considering the thermal variability of
the industrial furnaces. In this case, and considering the +10 °C toler-
ance, the results showed that both 1250 °C and 1270 °C do not generate
dramatic changes to the major optimized microstructural features of the
material. Solution annealing well above the solvus temperature was not
investigated within this work, since such treatments can result in
incipient melting, TIPs, irregular-shaped precipitates, and a coarse-grain
microstructure with deprived yield and ultimate tensile strengths due to
the dissolution of grain boundary precipitates [42].

The quantitative results in terms of y’ size are reported in Fig. 8.

The measured mean Feret diameter is 239 4= 114 nm, 294 4+ 133 nm,
265 + 109 nm and 343 + 166 nm after solution annealing at 1230 °C,
1245 °C, 1260 °C and 1270 °C, respectively. Considering the standard
deviations, the size of the y' particles is not significantly affected by the
solution annealing temperature, except for a slight coarsening after so-
lution annealing at 1270 °C. This coarsening of the particles is related to
the reduced interfacial energy and coherent strain energy of the matrix/
precipitate interface at high temperatures [36]. However, the mean
values of the measured diameters fall within the error bars’ limits for all
the solution annealing temperature. For this reason, it is unlikely that
significant effects on the thermo-mechanical properties of the René 80
could take place.

The volume fraction of y as a function of the solution annealing
temperature is reported in Fig. 9.

The measured volume fraction of y' was 20.4 + 0.5 %, 22.3 + 1.1 %,
21.4 + 4.2 %, 23.1 & 2.4 %. The results showed that the solubilization
temperature did not have a significant effect on the y' volume fraction,
also considering the standard deviations. Generally, it is expected to
have a lower volume fraction of precipitates for the solution-annealed
sample at higher temperatures. In the present case the volume fraction
was almost identical, with only a lower value at 1230 °C. It is worth
mentioning that higher volume fractions are expected to be achieved
after a subsequent second aging treatment, which is typical for these
precipitation-hardening alloys. To wrap up the above-mentioned results,
the solution annealing + first aging treatment does not significantly
affect y' particles’ size and volume fraction varying the solution
annealing temperature, while the latter has a strong influence on the
shape of precipitates. In other words, two different regions can be
defined based on the solutioning temperature. When the temperature is
lower than the critical temperature (in HIPtrad and Sol1230 samples),
the microstructure consists of irregular-shaped y' precipitates. However,
for temperatures higher than 1230 °C (in Sol1245, Sol1260, and
Sol1270 samples), regular-shaped y' is dominant in the microstructure.
The observations justify the importance in performing the solution
annealing at sufficiently high temperature, above the threshold point at
which the precipitates appear cuboidal in the first aged state; indeed, it
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Fig. 10. — Schematic design of the effect of HIP and solution annealing tem-
perature on the microstructure of the material.

is important to note that it is unlikely to obtain cubic y' structure without
applying the first aging process [19].

Fig. 10 schematically illustrates how different procedures (HIP and
solution annealing at different temperatures) may affect the grain
structure of the material and morphology of y' precipitates.

Microstructure was, then, further investigated using EBSD technique,
which is widely used to analyze the grain boundary misorientation
distribution and any changes in the grain structure. Therefore, the grain
recrystallization process was studied by EBSD technique. Samples with
different conditions (as-built, HIPtrad, and heat-treated) were charac-
terized and the crystal orientation maps are illustrated in Fig. 11.

It can be seen that in the as-built and HIPtrad conditions, the
microstructure exhibits elongated grains along the building direction.
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Additionally, the annealed sample at a sub-solvus temperature
(Sol1230) shows a microstructure remarkably similar to that observed
after HIPping. The grains are still preferentially aligned along the
building direction and with a high aspect ratio. This fact proves that
even if the material is re-heated, microstructural evolution is limited
unless the recrystallization threshold temperature is overcome. How-
ever, Sol1260 sample exhibits a microstructure containing equiaxed
grains. This means that by increasing the temperature to 1260 °C, the
required driving force for recrystallization is provided.

A further investigation regarding material microstructure was done
by calculating the kernel average misorientation (KAM). This value can
be used to measure the local grain misorientation, which can be related
to the dislocation density of the material [43]. More precisely, it rep-
resents the average misorientation between a defined point and its
neighbors. In general, in deformed grains or when the strain energy is
high within the grain, KAM is high as well. As recrystallized grains are
strain-free, KAM can be used to study the fraction of recrystallized grains
[44,45]. The KAM maps (Fig. 12) confirm that Sol1260 is a sample that
has undergone a complete recrystallization process and, therefore,
shows no internal strain.

High values of KAM imply orientation gradients in both as-built and
Sol1230 conditions, which is relatively correlated to geometrically
necessary dislocations (GND) [46].

3.3. Hardness evaluation

Hardness measurements were carried out for all conditions to better
understand how different heat treatments and the resulting micro-
structure can affect the material’s properties, and the results are given in
Fig. 13.

Starting from the highest hardness value of 385 + 5 in the as built
condition, a softening takes place after the different heat treatments. The

Fig. 11. — Crystal orientation maps obtained by EBSD from different samples: a) as-built, b) HIPtrad, c¢) Sol1230, and d) Sol1260.
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Fig. 12. — The kernel average misorientation (KAM) maps for a) as-built, b) Sol1230, and c) Sol1260 samples.

Fig. 13. — Brinell hardness values of the samples at different conditions.

as built hardness is markedly increased by the very fine microstructure
and by the large level of strain accompanying it (see KAM maps above).
HIP stage was already capable to release residual stresses and eliminate
part of the unstable as built microstructural features. In the solution-
annealed conditions, it is clear that the hardness decreases as the solu-
bilizing temperature increases. For the Sol1230 sample, the hardness
value is mainly attributed to the low grain size, which is about 15 pm.
Increasing the temperature, grains tend to grow, and consequently, the
hardness is reduced in accordance with the Hall-Petch equation. By
changing the temperatures of solutioning, the volume fraction of y' re-
mains almost constant, thus we can conclude that the effect of grain
enlargement on the macro-hardness is indeed the most significant factor
together with the progressive annihilation of the dislocation, which in
turn decreases the residuals stresses in the material.

The HIPtrad and Sol1230 samples showed relatively the same
hardness values. This fact can be related to the very close process tem-
perature. By being solution annealed at two sub-solvus temperatures
close to each other, they are expected to share almost similar hardness
values.

Finally, the slight hardness increase observed in Sol1270 can be
explained considering that, as the solution temperature gets higher, a
progressively higher amount of primary y' is consumed at the grain
boundaries and can precipitate again as secondary y’. This effect,
although very difficult to be measured with image analysis, is capable of
generating ordered array of reinforcing particles within the grains. This
condition will generate new possible interaction sites between the dis-
locations and y’ particles which results in the slightly higher hardness
values observed. Since the movement and the interaction of the dislo-
cations with the reinforcing particles is a process activated during the
indentation itself, this condition cannot be identified with the KAM
which remains low thanks to the strong recrystallization level achieved.
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4. Conclusion

This study investigated the effect of different solution annealing
temperatures on the microstructure of René 80 produced by PBF-LB
technique. The recrystallization process was studied by observing the
evolution of the size, of the shape, and of the fraction area of y’. Per-
forming the HIP at a sub-solvus temperature resulted in an unfavorable
microstructure consisting of irregular-shaped y' precipitates and elon-
gated grains along the thermal gradient. The grain size resulted in 45.5
+ 8.6 pm and 22 + 0.7 pm in the XZ and XY planes, respectively, with a
calculated aspect ratio of 2.0. This makes mandatory the application of a
subsequent heat treatment and its optimization. To this purpose, it was
observed that the grain size increased both in the XZ (from 15 pm to 59
pm) and XY (from 45 pm to 75 pm) planes by increasing the solution
annealing temperature. Additionally, the hardness values tend to
decrease by performing a post-processing treatment from 385 HB in as-
built condition to 338.5 HB in the sample solution annealed at 1260 °C
due to the grain coarsening. In particular, a significant reduction in the
aspect ratio can be achieved raising the thermal setpoint at 1245 °C and
at 1260 °C, where the calculated aspect ratio was reduced to 1.5 and 1.3,
respectively. Regarding the y' phase, the results showed that the volume
fraction and the size of y’ phase did not change significantly by changing
the solubilizing temperature from 1230 to 1260 °C. However, the
change in its morphology was remarkable. It was seen that solubilization
temperatures equal to or slightly higher than 1260 °C led to a uniform
cuboidal structure of the strengthening phase. Moreover, by increasing
the solutioning temperature, grains tended to be more equiaxed, con-
firming the activation of the recrystallization process. To assess the
robustness of the process against thermal oscillations of industrial
equipment (usually around +10 °C), solution annealing at 1270 °C was
also applied. This additional test suggested that even if an increase in the
furnace temperature occurs, neither the morphology, size and volume
fraction of the y’ nor the hardness change significantly, with no sign of
detrimental effects like TIPs or incipient melting. In conclusion, opti-
mizing post-processing heat treatment is critical for tailoring the
microstructure of PBF-LB-produced René 80 superalloy. A solution
annealing temperature around 1260 °C effectively achieves a desirable
microstructure characterized by equiaxed grains and uniform cuboidal y’
precipitates while maintaining acceptable mechanical properties.
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