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ARTICLE INFO ABSTRACT

Keywords: The fabrication of gamma prime (y') strengthened nickel-based superalloys by additive manufacturing (AM)
Nickel-based superalloy techniques is of huge interest from the industrial and research community owing to their excellent high-
LPBF

temperature properties. The effect of post-AM-processing heat treatment on the microstructural characteristics
and microhardness response of a laser powder bed fused (LPBF) y' strengthened nickel-based superalloy,
MAD542, is systematically investigated. Post-processing heat treatment shows the significant importance of
tailoring the Yy’ morphology. With insufficient solutioning duration time, coarse y’ formed in the interdendritic
region heterogeneously, due to the lack of chemical composition homogenization. The cooling rate from the
super-solvus solutioning plays an important role in controlling the y’ size and morphology. Spherical y’ is formed
during the air cooling while irregularly shaped y’ formed during the furnace cooling. The following aging heat
treatment further tunes the y' morphology and y channel width. After two-step aging, cuboidal y’ is developed in
the air-cooled sample, while in contrast, bi-modally distributed y’ is developed in the furnace cooled sample with
fine spherical Y’ embedded in the wide y channel between coarse irregular shaped secondary y'. More than 90%
of the grains recrystallized during solutioning treatment at the super-solvus temperature for 30 min. The rapid
recrystallization kinetics are attributed to the formation of annealing twins which significantly reduced the
stored energy. Microhardness responses from different heat-treated conditions were examined.

Heat treatment
Gamma prime Y
Recrystallization

1. Introduction which then results in crack-free, as-fabricated material. For instance, by

modifying the minor elements as well as with the assistance of printing

In recent years, the rapid development of metallic additive
manufacturing (AM) techniques, e.g., laser powder bed fusion (LPBF),
offers great potential for fabricating complex components of nickel-
based superalloys for high-temperature applications. While a strong
research focus has so far been on ‘weldable’ superalloys such as solid-
solution strengthened superalloy Hastelloy X [4], and gamma double
prime (y") strengthened superalloys IN625 [5] and IN718 [6], (gamma
prime) y' strengthened superalloys are gaining increasing interest for
LPBF processing due to their exceptional properties and
high-temperature, high-performance applications. One of the biggest
challenges regarding the implementation of the LPBF process on the y/
strengthened superalloys is their high cracking susceptibility during
LPBF. One approach described in recent research is to develop new y’
strengthened superalloys by re-combining the chemical compositions,
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parameter optimization, the legacy y’ strengthened superalloys, such as
IN738LC [7,8] and CM247LC (Hf-free derivative) [9], were reported to
be fabricated in the crack-free or near crack-free conditions by LPBF
process. Recently, via various alloy design approaches, newly developed
superalloys, such as the MAD542 superalloy [10,11] with higher than
60 vol% vy’ fraction, ExpAM and ExpAM-mod superalloys [12] with 55
vol% v’ fraction, and ABD-850/900AM [13] with low-to-moderate
amounts of y’, were additively manufactured by LPBF in the crack-free
condition.

Both y' precipitation and the grain structure have a significant in-
fluence on the mechanical properties like strength, creep resistance, and
fatigue performance, at the elevated temperature [14,15]. Heat treat-
ment procedures for nickel-based superalloys are applied to achieve
chemical homogenization and to control the grain structure.
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Temperatures above the y’-solvus temperature generally serve to remove
severe elemental segregation and undesired phase configuration (e.g.,
y/y' eutectics in as-cast single crystal superalloys). However, these high
temperatures also promote grain growth due to y’ dissolution, effectively
removing Zener pinning of the grain boundaries, leading to coarse grain
structures [16]. Therefore, the specific grain size requirements dictate
heat treatment considerations at sub- and super-y’-solvus temperatures
[17,18]. Well-designed and controlled heating rates are especially
important during super-y’-solvus treatments to avoid localized incipient
melting [19]. The y’ characteristics determined by their precipitation
events are largely dependent on the cooling rates. Controlled cooling
combined with appropriate aging steps can achieve various y' size dis-
tributions such as unimodal, bimodal or even trimodal [20,21].

Material fabricated by means of LPBF experiences a complex thermal
history during the process itself based on powder melting, layer re-
melting, and intrinsic heat treatment with very fast heating and cool-
ing rates [22]. The resulting microstructure is complex and crystallo-
graphic textured grain structures are commonly reported for LPBF
nickel-based superalloy which are associated with the anisotropic me-
chanical behavior. In the as-built microstructure, a large number of
defects such as dislocation cellular walls and subgrain boundaries, are
remained [23,24]. As examined by Kuo et al. [25], the creep rupture life
of LPBF fabricated IN718 superalloys are much shorter than the cast and
wrought counterpart which is attributed to the subgrain boundaries
prohibit mobile dislocation and result in stress concentration at the
crack tips. Under these bases, to serve at the elevated temperature, the
well-recrystallized microstructure is of interest. However, sluggish
recrystallization response of LPBF nickel-based superalloys is reported.
For instance, reported by Kunze et al. [26], by hot isostatic pressed at
super-y’-solvus temperature for 4 h then following with a standard heat
treatment, the recrystallized grain could still not be promoted in an LPBF
IN738 superalloy. It indicates the recrystallization process which in-
volves grain boundary migration by sweeping the stored energy gradient
area is difficult.

Extensive work has been done for the conventionally processed y'
superalloys, however, what is not yet well understood is the micro-
structural evolution of y’ strengthened nickel-based superalloy by the
LPBF process. In this study, an LPBF processed y’ strengthened nickel-
based superalloy was subjected to post-processing heat treatment con-
ditions with different variants of solution treatment time, cooling
method from solution treatment temperature, aging temperature, and
aging duration time. The y' characteristics and grain structure with
special focus on the recrystallization behavior correspond to different
heat treatment conditions were systematically characterized and
discussed.

2. Experimental procedures
2.1. Materials and manufacturing

The material investigated in this study was a y’ strengthened nickel-
based superalloy MAD542 with its nominal chemical composition listed
in Table 1. The gas-atomized powder was supplied by Hoganas AB,
Sweden with a particle size between 15 and 45 pm. The powder was
consolidated in protective argon atmosphere using an EOS M100 LPBF
system equipped with an ytterbium fiber laser with a full capacity of
200 W and an estimated laser spot size of 40 pm. To achieve the high
metallurgical quality samples with minimum defects level, an optimized
processing parameter was used as documented in Ref. [11].

Results in Materials 12 (2021) 100232
2.2. Post-processing heat treatments

Coupon samples of 5 x 5 x 5 mm® were cut off from the as-built
samples and then subjected to multi-variant heat treatment experi-
ments. First, the thermal characteristics of the as-built MAD542 super-
alloy were determined using Differential Scanning Calorimetry (DSC)
analysis with the results shown in Fig. 1. The DSC measurements were
carried out on a NETZSCH STA449C thermo-microbalance system under
the argon atmosphere with the argon flow of 50 ml/min. The DSC
sample was firstly heated from room temperature to 600 °C with a
heating rate of 20 °C/min, then the sample was hold and stabilized at
600 °C for 60 min. After then, the sample was heated up from 600 to
1400 °C at a heating rate of 10 °C/min, and maintained at 1400 °C for
10 min. The sample was then cooled from 1400 to 600 °C using a cooling
rate of 10 °C/min. Two cycles were conducted for the same sample.
Fig. 1 shows the curve from the first heating and cooling cycle.

Solution heat treatment steps are commonly applied to promote
recrystallization of the microstructure. Based on the DSC finding, the
solution heat treatment temperature is set to above the y' solvus with
1230 °C. In order to investigate the influence of dwell time, solution
treatments were firstly carried out at 1230 °C for 10, 30, 60, and 120
min, followed by air-cooling. According to the results, a 2 h hold time at
1230 °C was determined for the solution heat treatment (detailed in
Figs. 5 and 8). After the solution treatment, two different cooling ap-
proaches were used: air cooling (AC) and furnace cooling (FC). By
attaching a K-type thermocouple to the sample surface, the cooling rates
for AC and FC were found to be approximately 300 °C/min and 5-15 °C/
min, respectively. Following the solution treatment, two different aging
treatments were carried out either separately or as consecutive steps.
The first aging temperature was set at 1080 °C, applied for 4 h, the
second aging temperature was set at 900 °C and applied for 24 h, both
followed by AC. The full list of heat treatment conditions and the de-
notations of samples are provided in Table 2. All the heat treatments
were performed in a laboratory chamber furnace with an internal
chamber dimension of 250 x 350 x 200 mm. The samples were put into
the furnace after the target temperature was stabilized for at least 2 h.
All the heat treatments were conducted in lab air.

2.3. Microstructural characterization and microhardness measurements

For microstructural characterization, metallographic samples were
prepared by grinding and polishing to colloidal silica finish with a
Struers OP-U suspension. Scanning electron microscopy (SEM) imaging
was carried on a Hitachi SU70 SEM system coupled with energy-
dispersive x-ray spectroscopy (EDS) and electron backscatter diffrac-
tion (EBSD). EBSD measurements were collected using the Oxford EBSD
system (NORDLYS detector) at an acceleration voltage of 20 kV on well-
polished samples. The cellular structure in the as-built condition was
characterized by a FEI Tecnai G2 scanning transmission electron mi-
croscopy (STEM) operating at 200 kV accelerating voltage. STEM sam-
ple was prepared using twin-jet electropolishing on a Struers apparatus.
The electropolishing was conducted at —25 °C in the 10% perchloric
acid and 90% ethanol electrolyte solution. To reveal the morphology of
Y’ precipitates, chemical etching and electro-etching methods were used.
For chemical etching, the polished samples were immersed in Marble’s
reagent for 5-15 s at the ambient temperature, which dissolves the y’
phase. For electro-etching, the well-polished samples were connected to
the anode with a voltage of 10 V while a nickel plate was used as the
cathode. The sample was immersed in the electrolyte of 10% phosphoric

Table 1

The chemical composition of the MAD542 nickel-based superalloy in this study.
Alloy Cr Co Mo w Al Ti Ta Nb C B Si Zr Ni
MAD542 (wt.%) 8.0 8.0 5.0 4.0 5.0 1.0 3.0 2.0 0.1 <0.001 <0.005 <0.002 Bal.
MADS542 (at.%) 9.0 8.0 3.1 1.3 10.9 1.2 1.0 1.3 0.5 <0.005 <0.01 <0.001 Bal.
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Fig. 1. DSC analysis on the as-built MAD542 superalloy determining the y' solvus (T,), solidus (Ts), carbide dissolution (Tcarbide), and liquidus temperature (Ty) for

the respective (a) heating, and (b) cooling curve.

Table 2
Heat treatment conditions used in this study.
Sample Temp. of Cooling from Temp. of Temp. of
solutioning (2 solutioning first aging second aging
h), °C temp. (4h),°C (24 h), °C
AB (as- - - - -
built)
AC 1230 AC - -
AC-agel 1230 AC 1080 -
AC- 1230 AC 1080 900
agel-
age2
AC-age2 1230 AC - 900
FC 1230 FC - -
FC-agel 1230 FC 1080 -
FC-agel- 1230 FC 1080 900
age2
FC-age2 1230 FC - 900

acid solution, and the electro-etching time lasted for approximately 5 s
for each sample, dissolving the y matrix while y’ precipitates remain.

Vickers microhardness tests were performed on the polished samples
using a Struers DuraScan G5 hardness test system. A 3 x 3 indentation
matrix was carried out for each sample with a 300-g load (HV0.3) which
resulted in indents with a diagonal length between 30 and 40 pm. The
interspacing between nearest indents was 400 pm, which was 10 times
larger than the size of each individual indent. To minimize the influence
of anisotropic mechanical properties of the LPBF sample, all the in-
dentations were carried on the planes normal to the LPBF building
direction.

Grain boundary |
Melt pool boundary

s

i

b+
gy
T

-
£
B

S;

)

3. Results and discussions
3.1. As-built microstructure

Fig. 2 shows the as-built microstructure of the LPBF MAD542 su-
peralloy. After chemical etching, the melt pool microstructure, as well as
the grain boundaries, are revealed. The width of the melt pools is
approximately 40-80 pm, which corresponds to the laser beam diam-
eter. In this study, the melt pool width is 2-4 times greater than the
powder layer thickness of 20 pm, which is the key to ensure the
connection and continuity between layers. From the contrast of the
etched sample, the grain boundaries can be observed, as indicated in
Fig. 2(a). Elongated grains with columnar morphology are shown in the
as-built microstructure. The direction of the longer length of these
columnar grains is consistent with the building direction. It should be
noted that the columnar grain boundary is not necessarily blocked by
the melt pool boundary, as clearly shown in Fig. 2(b). Governed by the
heat dissipation direction, the growth direction of the solidification
dendrite is generally parallel to the normal direction of the melt pool
boundary.

Microstructural features including cellular structures, elemental
distribution, and dislocations structures of the as-built MAD542 sample
are illustrated in Fig. 3. From the overview of Fig. 3(a), the cellular
structures are observed in a broad dimensional range, indicating it is the
unit of solidification structure. The general morphology of the cellular
structures is shown by SEM (backscattered electron) BSE imaging at
different magnifications (Fig. 3(a—c)). The intercellular spacing is less
than 500 nm (Fig. 3(c)). However, depending on the orientation of the
different grains, the morphology of the cellular structures varies (Fig. 3
(b)).

The cellular structure in as-built LPBF superalloys appears in two
ways: the solidification dendrite and the deformation cells as shown in

Solidification dendrite

Fig. 2. Optical micrograph of the as-built MAD542 superalloy in the chemical etched condition, (a) overall view of the columnar grains as well as the melt pool, (b)

enlarged view revealing the solidification dendrite.
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Fig. 3. (a—c) BSE SEM micrographs of the cellular structures in the as-built condition, (d-h) EDS chemical composition distribution map of the region (c), (i—j) BF-
STEM micrographs of cellular structure as well as the dislocations. The building direction (BD) is perpendicular to the screen plane.

Fig. 3(d-h) and 3(i-j), respectively. The chemical composition maps of
the EDS results, demonstrate/show that certain elements are enriched in
the cellular boundaries. As shown in Fig. 3(d-h), the elements segre-
gating to the cellular boundaries which were likely pushed from the
already solidified dendrite core to the interdendritic region during so-
lidification. This microsegregation behavior is consistent with that
observed in conventional casting [27-29] and directional solidification
[30,31]. The segregation of Nb, Mo, Ti, and Ta towards cellular
boundaries has also been reported for other AM superalloys [23,32-34].
Besides cells formed through microsegregation, deformation cells could
be observed via bright-field (BF) STEM micrographs (Fig. 3(i and j)). The
dimension scale of the cellular structure is identical for both the SEM
and STEM imaging. The STEM micrographs show the cellular bound-
aries as darker region. This region comprises a greater number of defects

which can be identified as a high density of dislocations at higher
magnification (Fig. 3()).

Due to the thermal dissipation heterogeneities during LPBF pro-
cessing, small misorientations between the cells/within the cellular
structure are developed. EBSD fine scanning of the as-built MAD542
superalloy with a scanning step size of 40 nm, equivalent to 1/10 of the
average size of cellular interspacing size is presented in Fig. 4. Fig. 4(a)
shows the band contrast (BC) map from EBSD measurement. The white
pixels indicate the unindexed areas that are mainly on the high angle
grain boundaries. Reflected by the Kikuchi pattern quality, the cellular
boundary regions are illustrated darker as the black arrows indicate. To
present the localized intragranular misorientations, the Kernel average
misorientation (KAM) coloring map is shown in Fig. 4(b). The high-
angle grain boundaries with a great than 10° misorientation angle

1 1 1 1 L 1 |
500 1000 1500 2000 2500 3000 3500 4000

Distance (nm)

Fig. 4. (a) EBSD BC map of the as-built MAD542 superalloy, (b) KAM coloring map from the EBSD scanning area of (a), the color bar is shown on the right-hand side,
(c) plot of KAM angle distribution profile as a function of distance along the point A to B marked in (b).
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in @ 1230 °C

Fig. 5. Secondary electron SEM imaging of the chemical etched samples revealing the y’ precipitates of (a) solutioning heat-treated at 1230 °C for 10 min, (b)
1230 °C for 60 min, and (c) 1230 °C for 120 min. All the specimens were air-cooled.

were excluded on calculating of KAM angle. The color scale in the range
of 0-1° was added to visualize the small misorientations. Those
boundaries with the misorientation angle between 1 and 10° were
colored in red, which is the maximum coloring value. And these
boundaries are considered as low-angle grain boundaries. In the as-
LPBF-processed superalloys, the grain boundaries for both high- and
low-angle ones, are overlapping with the cellular boundaries [10], since
most of these grain boundaries are solidification grain boundaries,
which formed at the last stage of the solidification process. Of special
interest here is the cellular boundaries with small misorientation angles
below 1°. As shown in Fig. 4(b), these cellular boundaries generally have
a relatively higher value of KAM angle compared with the cellular
interior regions. Based on the qualitative estimation from the color bar
(Fig. 4(b)), these cellular boundaries typically have the larger KAM
angles greater than 0.4°. The line profile measurement of the KAM
distribution as a function of distance was conducted from point A to B in
Fig. 4(b), and it is summarized and plotted in Fig. 4(c). The peak position
of KAM angles is consistent with the position of cellular boundaries. To
compensate for these misorientations, geometrically necessary disloca-
tions were developed in the cellular boundary regions. It has been re-
ported in the LPBF processed 316 L stainless steel [35,36], nickel-based
superalloy [23,37], as well as pure copper [38].

3.2. The variation of v/

Fig. 5 shows the SEM micrographs of chemically etched samples after
heat treatment at 1230 °C for different times: 10 min, 60 min and 120
min. For all three conditions, y' precipitates were observed which
formed during the cooling process from the super-y’-solvus temperature.
With shorter duration time at the solutioning temperature, coarser v/,
aligned with the interdendritic region, is observed (indicated by the
dash-lines). The interdendritic region is enriched with the y’ formers like
Al and Ti because of the segregation during solidification. This finding is
similar to the observation that coarser y’ exists at the interdendritic re-
gion in the cast superalloy [39].

The solution heat treatment of the nickel-based superalloys with high
content of refractory elements has been considered as a challenging step.
Due to the low diffusivities of these elements as well as the long diffusion
path from dendrite core to interdendritic region, these superalloys are
difficult to be heat treated into the chemical homogenization. On the
other hand, owing to the remaining y/y’ eutectic phase left behind in the
interdendritic region during the solidification process, the local solidus
temperature is lower than the solidus temperature of the alloy. If the
solutioning temperature is set imprudently, incipient melting will occur.
To this sense, the solutioning of these superalloys by conventional
processing requires a long time. Well-designed heating scenarios will be

needed to mitigate the risk of incipient melting and achieve chemical
homogenization for certain superalloys [19].

For additively manufactured superalloys, the fine dendrite arm
spacing undoubtedly benefits the reducing of solutioning time. In
additively manufactured nickel-based superalloys, compared with
conventionally cast or directionally solidified alloys, much finer primary
dendrite arm spacing (PDAS) is observed in the as-built condition.
Specifically, in a single crystal superalloy fabricated by directional so-
lidification, the PDAS varies from tens to hundreds of micrometers
depending on the combination of thermal gradient and growth rate [40].
However, in the LPBF superalloy, the primary dendrite arm spacing is
equivalent to the interspacing of the cellular structure, i.e. on
sub-micron level. As reported by Ramsperger et al. [41], the complete
chemical homogenization could be reached in 4 min at 1310 °C for the
electron beam melted CMSX-4 superalloy. In contrast, the typical sol-
utioning heat treatment requires multiple steps of heating from 1276 to
1324 °C with a total exposure time of 19 h excluding the heating time
during ramping [42], for the same superalloy produced by directional
solidification. Based on the observation in Fig. 5, for LPBF fabricated y’
strengthened nickel-based superalloy, although the solutioning treat-
ment duration time is supposed to be decreased, detailed y' character-
ization is necessary to confirm if the uniform y’ precipitates developed.

During cooling from a temperature above the y’ solvus temperature,
the y’ develops differently depending on the applied cooling rates. Fig. 6
shows the y' morphology and dimensional scale of the y' after different
heat treatment conditions. In the as-solutionized sample (1230-AC and
1230-FC for air cooling and furnace cooling, respectively), the size of y’
is directly associated with the cooling rates. In this study, the y’ pre-
cipitate size is defined as the equivalent diameter of the precipitate area
measured during image analysis. In the air-cooled sample (1230-AC),
near-spherical ' is observed with the size of 71 nm on average (std. 13
nm). However, in the furnace-cooled sample (1230-FC), coarse y’ was
developed with a mean size of 823 nm as well as a less even size dis-
tribution with a standard deviation of 470 nm. In the literature
regarding the effect of heat treatment on the y' precipitation, this phe-
nomenon was reported for a powder-metallurgy disc superalloy [43].

During the isothermal heat treatment, i.e. aging at a constant tem-
perature in this study, the coarsening of y’ in the supersaturated matrix
could be formulated by a time-dependent fashion according to the
classical Lifshitz and Slyozov [44] and Wagner [45] (LSW) theory. It
describes the difference of precipitate sizes (in volume dimension scale)
after and before aging is governed by the coarsening coefficient and
aging time. Based on theories, the size of y' apparently increased in the
air-cooling samples after aging. In contrast, no obvious y’ growth with
regard to the precipitate size is observed in the furnace-cooling samples
after aging. Instead, the morphology changes are observed. Slow cooling
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Fig. 6. SEM secondary electron imaging of the y' morphologies of different heat-treated samples.

rate, like furnace cooling in this study, leads to the extended growth of y’
during cooling, which drives the supersaturation largely reduced in the
matrix. After then, during isothermal aging steps, Ostwald ripening
occurs caused by decreasing the total surface area of y’ precipitates [46].
Consequently, it is evident that the y’ with a sharp corner in the
as-cooled sample turned into the y’ with round corners in the aged
samples.

The different y channel widths of the first-aged air-cooling and
furnace-cooling samples are one of the most distinct features. It then
controls the y' distribution after two-step aging. Another interesting
result is the different behavior with response to the two-step aging
processes, as the SEM micrographs shown in Fig. 6. In the air-cooling
samples, the cuboidal y* with round corners was developed at the first
aging at 1080 °C for 4 h. Meanwhile, the y channel width is 52 nm on
average. The coarser y' was developed after aging at 900 °C for 24 h
following the first aging (Fig. 7(a)). The diffusional growth of Y’ con-
tinues as evidence as to the y channel width decrease from 52 nm to 42
nm. In the contrast, large y channel width was observed in the first-aged
furnace cooling sample, in the dimension scale of several hundreds of
nanometers to several micrometers. After the two-step aging, another
population of fine y’ burst in between coarse y’ (Fig. 7(b)). This fine y' is
in a spherical shape with a fine size of 20-100 nm in diameter.

3.3. The variation of grain structure

One of the more important purposes of doing a super-solvus sol-
utioning heat treatment of LPBF superalloys is to achieve a recrystallized
grain structure. In this study, the recrystallization (RX) is measured by
EBSD characterization, where the RX grains are defined as the grains
which have a grain orientation spread (GOS) value less than 1°. To
visualize this, the RX grains are plotted in the RX map with RX grains
colored in blue. In the as-built condition, RX grains are barely found
which is consistent with the high dislocation density within the as-built
microstructure (Fig. 3). The evolution of recrystallized grains and twin

Fig. 7. SEM micrographs of electro-etched samples after solution heat treat-
ment (1230 °C/2 h) with different cooling rates followed by a two-step aged
treatment (1080 °C/4 h + 900 °C/24 h). (a) air cooling from solution treatment
and (b) furnace cooling from solution treatment.

boundaries as a functional form of hold time is shown in Fig. 8. A quick
recrystallization response could be identified for the LPBF MAD542
superalloy annealed at 1230 °C. After solutioning heat treatment for 30
min, more than 90% area fraction of RX grains were developed. Typi-
cally, the grain structure evolution undergoes three stages: recovery,
recrystallization, and grain growth. For nickel-based superalloys highly
doped with alloying elements, the recovery process hardly takes place
by the means of rearrangement and/or annihilation of dislocations [47,
48]. Additionally, low stacking fault energy is generally obtained by
nickel-based superalloys [49,50], which leads to the wide separation
between partial dislocations. Therefore, dislocation climb and cross-slip
are difficult to realize, which are the basic approaches for recovery.
Then, the recrystallization process is instead associated with the grain
boundary migration. In fact, sluggish RX behaviors of LPBF Yy
strengthened nickel-based superalloys have been reported [26,51-53].
For instance, Zener pinning effects from grain boundary precipitates
provides a significant pressure against the grain boundary migration in
the comparable scale of driving pressure derived from stored energy
[54].

As shown in the RX map in Fig. 8, the MAD542 superalloy shows a
good recrystallization response. First, it is owing to the solutioning heat
treatment at super-solvus temperature, which reduced the effect of
Zener pinning by the dissolution of grain boundary y’' precipitates.
However, it should be pointed out, that the RX happens with the assis-
tance of twin boundary (TB) formation, as summarized in the plot of TB
evolution as a function of holding time at 1230 °C. Accomplished with
greater than 90% of RX grains after 30 min, more than 55% (in length
percentage) of TBs are retained.

In Fig. 9, a pair of parent and twin grains are selected from the EBSD
results of a sample from solutioning treatment at 1230 °C for 2 h. The
building direction is horizontally parallel to the X-direction of the EBSD
scan (indicated in Fig. 9(b)). Fig. 9(a) shows the inverse pole figure (IPF)
coloring map of the parent and twin grains. The grain colored in red is
likely to be the parent grain due to the [001] direction which is primarily
aligned with the building direction (EBSD X-direction), while the twin is
colored in blue. The (111) pole figure of the upper hemisphere stereo-
graphic projection is shown in Fig. 9(b). The interface of the twin
boundary shown in Fig. 9(a) is in good agreement with the trace of the
shared (111) planes. In addition, the misorientation angle could be
calculated from the Euler angles from the mean grain orientation of
parent (223°, 172°, 221°) and twin (293°, 129°, 234°). In this case, the
minimum value of misorientation is determined to be 59.9989°. The
crystallographic orientation of the twin is more uniform as indicated by
the highly concentrated spots in the pole figure. In contrast, the parent
grain is more misoriented compared to the twin. The promoted twin
shows a highly recrystallized structure, with the GOS value of 0.1892°,
as well as the parent grain which shows a GOS value of 0.2916°. It in-
dicates that recrystallized grains are effectively introduced by the for-
mation of twin boundaries, as widely reported from the literature [55,
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Fig. 9. (a) IPF coloring map of the parent and twin grain of a 1230 °C solutioning treated MAD542 sample and (b) (111) pole figure of the corresponding grains.

56]. It is not surprising that the large fraction TB boundaries formed in
LPBF MAD542 superalloy since the low stacking fault energy leads to the
high susceptibility of the formation of annealing twins [57]. The
stacking fault energy heavily relies on the chemical composition and for
the MAD542 superalloy, the relatively higher concentration of Mo and
Nb (comparing with other cast heritage superalloys like IN738LC,
IN939, and CM247LC) is one of the most significant features in the
composition perspective. The Mo and Nb are the two most effective
stacking fault energy reducers among the common alloying elements in
the Re-free nickel-based superalloys [49]. The extensive formation of
TBs also mitigates the risk of internal post-processing cracking during
heat treatment and is discussed in Ref. [11].

The distribution profiles of the grain boundary misorientation angle

for different heat-treated MAD542 samples are illustrated in Fig. 10. It
should be noted that the number fraction in percentage is used for Y-axis
on a logarithmic scale. In the as-built sample, a large proportion of low
angle grain boundary, which has the misorientation typically in 2-10°,
is observed. These low-angle grain boundaries are correlated with the
misorientation angles introduced by the dislocation networks on the
cellular boundaries (Fig. 4). In the various heat treatment conditions,
the primary peak of misorientation angle could be found at 60°, which is
identified by the large proportion of annealing twin boundaries. By
comparing the heat-treated sample with the as-built sample, the low
angle grain boundaries were largely reduced, which is therefore
consistent with the high degree of recrystallization after solutioning
treatment (Figs. 8-9). For all the heat-treated samples, the distribution
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profiles of misorientation angles are generally consistent. It indicates the
grain boundary misorientation is less sensitive to the cooling rate from
solutioning treatment, aging temperature, aging time, but governed by
the solutioning step, which is 1230 °C for 2 h for all the samples.
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Fig. 11 summarizes the Vickers microhardness (HVO0.3) test results of
all heat treatment variants considered in this study. The error bars
indicate the standard deviation, while the HVO0.3 values for as-built
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plots of representative conditions.
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microstructures of as-built, AC, and FC samples are presented in terms of
grain boundary and twin boundary plots. According to the character-
izations shown in previous sections (Figs. 3 and 6), y' precipitates were
developed after heat treatment while barely any Y’ was observed in the
as-built sample. However, the hardness value (448 HV0.3 on average) of
the as-built sample is comparable to the y' containing samples. Despite
the absence of precipitation hardening of Y, the as-built sample is
therefore highly strengthened by the high-density dislocation walls
(Fig. 3). It has been considered as the unique benefit on the room-
temperature mechanical properties of LPBF processed metallic mate-
rials like 316 L stainless steels [36], and high entropy alloys [58]. The
hardness differences among the heat-treated samples, where no signif-
icant deviation of grain sizes is obtained, are principally affected by the
precipitation hardening effect of y'. Among the heat-treated samples, the
hardness shows a general dependence on the size of y'. The large values
of microhardness were observed in the samples from 1230-AC and
1230-AC with aging at 900 °C for 24 h, owing to the fine y’ sizes (Fig. 6).
In contrast, the samples consisting of coarse y' from furnace cooling
generally show lower values of hardness. The size of y’ largely affects the
precipitate and dislocation interaction, for example, dislocation
shearing of fine precipitates and Orowan looping of coarse precipitates
[59]. Moreover, the strengthening effects on the LPBF ¢’ strengthened
nickel-based superalloy in relation to the as-built microstructure are
discussed in detail in the previous publication [37].

4. Conclusions

In this study, the effects of post-processing heat treatment on the y’
characteristics, recrystallization, grain structure, and microhardness of a
laser powder bed fused y' strengthened nickel-based superalloy was
investigated. Owing to the inherent high cooling rate of the LPBF pro-
cess, the solidification dendrite structure is several orders finer than the
conventionally processed counterparts. It helps to reduce the duration
time of solutioning heat treatment. However, insufficient solutioning
time led to the heterogeneous size distribution of y’ in the grain interior.
In the interdendritic region, coarse y' existed with short solutioning
time. The y" morphology is sensitive to the cooling rates from the super-
solvus temperature. Fine spherical y' with 71 nm in diameter was formed
by air cooling, while coarse irregular shaped y’ with a size of 823 nm
formed by furnace cooling. After a two-step aging, unimodal cuboidal y’
were formed in the air-cooled sample while bimodal y’ developed in the
furnace cooled sample, which is associated with the diffusion-controlled
y' growth in the isothermal conditions. By promoting the extensive twin
boundaries, it allows the rapid recrystallization of LPBF y’ strengthened
nickel-based superalloy at the super-y’-solvus temperature. The grain
size and grain boundary microrotation is dominated by the solutioning
temperature and shows less dependency on the cooling method and the
isothermal aging steps. The microhardness of the heat-treated samples is
controlled by the precipitation strengthening mechanism.
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