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Abstract

In the present work, CM247 LC samples produced by laser-based powder bed fusion (PBF-LB) were heat treated inside a hot
isostatic pressing (HIP) furnace (HIP quench treatment) at 1260 °C for 3 h to combine the solution annealing with the elimi-
nation of defects of the additively manufactured parts. In particular, the effects of different applied pressures (50-170 MPa)
and cooling rates (from 162 to 2450 °C/min) on the final densification, grain coarsening, and y’ precipitation were studied.
The results were also compared to a sample heat treated in a low-pressure furnace and gas-quenched at 195 °C/min. The
study revealed that the applied pressure has a negligible effect on densification, grain coarsening, and the size and shape of
v’, which is always irregular after solution annealing, independently from the cooling rate. For this reason, first aging was
subsequently applied at 1080 °C for 4 h to HIP-quenched samples, revealing that this step of treatment is effectively respon-
sible for the final cubic shape of y’, even if a starting irregular morphology is considered. Finally, additional samples were
heat treated in an air furnace and air cooled to room temperature prior to the HIP quench; this procedure allowed assessing
the solutioning effectiveness of the HIP quench with coarse precipitates typical of conventional processing (e.g., investment
casting). Overall, this study underscores the efficacy of the HIP quench in enhancing microstructural attributes and mitigating
defects, providing valuable insights for enhancing the properties of challenging Ni-based alloys fabricated through additive
manufacturing techniques.

Keywords High-temperature alloys - Additive manufacturing - Microstructure - High pressure - Scanning electron
microscopy (SEM)

1 Introduction

Nickel-based superalloys such as CM247 LC are typically
used in the aeronautical and energy production sectors
because of their outstanding thermo-mechanical proper-
ties and resistance to oxidation [1]. Additive manufacturing
(AM) is gaining significant interest in producing complex
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near net shape (NNS) parts due to the added value of the
previous applications [2], and particular attention is being
given to Laser-Based Powder Bed Fusion (PBF-LB) [3-7].
However, PBF-LB processed materials cope with issues
intrinsically related to the process. More specifically, the
material shows densification flaws after the printing stage.
Generally, these defects can be divided into circular pores,
generated by entrapped gas from the print or the atomization
(gas porosities), larger voids caused by insufficient energy
input with irregular shape and typically oriented transversal
to the building direction (lack of fusion) and cracks, which
can form due to different mechanisms: ductility dip cracking,
liquation cracking, thermal cracking, or strain age cracking
[8]. The high cooling rate inherent in PBF-LB processes is
the root reason for obtaining a microstructure diverging sig-
nificantly from those expected in traditional manufacturing:
the y* precipitation and growth is significantly biased toward
nucleation, which leads to the formation of small reinforcing
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particles and negligible growth [3, 7]. The observation of
these small particles is only demonstrated via TEM investi-
gations as described in the work of Miller et al. [9]. At the
same time, the strong thermal gradients generated during
the manufacturing cause the formation of elongated grains
parallel to the building direction, characterized by strong
anisotropy.

For this reason, a tailored post-processing is required
to solve the two abovementioned issues. Specifically, Hot
Isostatic Pressing (HIP) can reduce the densification flaws
exploiting the simultaneous application of high pressures
and temperatures. The driving force for this solid-state dif-
fusion process is the reduction in surface energy of the flaws
[10]. Defects closure is obtained through a thermal diffu-
sional process and a plastic flow of the material, aided by
the application of an external pressure. After HIP, the alloy
post-process requires a solution annealing and several aging
steps. This process ensures that the shape, size, and frac-
tion of ¥’ are compliant with the required mechanical prop-
erties of CM247 LC. According to the literature, Nickel-
based superalloys can show, after heat treatment, spherical
or cubic y’ particles depending on the lattice misfit between
the FCC-y and L1,-y’ cubic cells. According to Nguyen
et al. [11], near-zero y—y’ lattice misfit leads to spherical
precipitates, which become cubic when the lattice misfit
reaches 0.5% up to 1%. Moreover, Van Sluytman et al. [12]
found that the concentration of solute elements can affect
such behavior, with Ta, W, and Cr promoting cubic-shaped
particles. Finally, the y’ shape can degenerate into irregular
and coarse fan-like structures due to process conditions or
thermal exposure [13, 14].

In addition to y’ precipitation, the solution annealing is
applied to fully recover the anisotropy and highly textured
thin grains inherited by the PBF-LB process [7, 15, 16].
During the subsequent cooling to room temperature, nuclei
of y* form and grow due to the coexistent and not exclusive
mechanisms of spinodal decomposition and chemical order-
ing [17]. Then first aging is applied below the ¥’ solvus to
promote its growth into the thermally stable cubic shape [7].
Finally, a second aging is usually applied to reach the hard-
ness peak of the alloy by promoting further precipitation of
very fine tertiary y’ [13].

Therefore, it becomes attractive to combine the healing
process of HIP and the heat treatment in a single optimized
cycle within the same furnace. Such an approach is nowa-
days accessible thanks to the development of HIP furnaces
equipped with high cooling rate units. This process, nor-
mally referred as to HIP quench, already proved to signifi-
cantly reduce the total post-process time on different materi-
als [18, 19]. Furthermore, the continuous application of the
pressure during the heat treatment prevents the generation
or the re-opening of pores during the soaking time at high
temperature. In fact, it has been proved that HT performed
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after HIP could lead to undesired porosities due to Kirken-
dall effect [20] or entrapped Argon expansion [21, 22]. A
contingency should be avoided since it has adverse effects
on the mechanical properties of Ni-based superalloys [23,
24]. Therefore, the possibility of merging HIP and HT for
AM alloys is highly important to counter the formation of
porosities during HT. Lopez-Galilea et al. [25] integrated
the HT of a PBF-LB CMSX-4 alloy in a HIP furnace regard-
ing AM Nickel superalloys. However, many cracks were
still retained after applying the supersolvus HIP treatment.
Similarly, a HIP-integrated HT was applied in Ref. [26] for
a CMSX-4 alloy processed with Selective Electron Beam
Melting (SEBM). Goel et al. [27] integrated HT in HIP for
an EBM IN718 alloy, demonstrating the positive effect of
this combination on both dissolution of undesired & phase
and densification of manufacture defects.

Albeit HIP quench is industrially appealing when time
savings are considered, it is still important to demonstrate
that performing the solution annealing under high pressures
on Ni-based superalloys still generates comparable results to
those obtainable after a low-pressure heat treatment. In fact,
at authors’ best knowledge, only little research was done
regarding this aspect, even if it has been proved that HIP
pressure can generate unexpected microstructure. For exam-
ple, differences on the austenite—pearlite transformation in
steels were observed due to the effect of the applied pres-
sure [28] or during the homogenization of a peritectic TiAl
intermetallic [29]. Regarding y’ reinforced Nickel superal-
loys, the spotlight was placed especially on the time savings
achievable with the integration of HIP and HT on cast single
crystal (SX) alloys. Mujica Roncery et al. [30] successfully
applied an integrated solution annealing and aging in HIP
on an SX ERBO/1 alloy, demonstrating that a finer y’ with
a slight increase in the volume fraction could be obtained
with respect to the conventionally treated alloy. Moreover,
the effect of the pressure and the cooling rate on the densi-
fication during HIP has been assessed, observing that low
pressures could limit the densification level below 100%. In
contrast, the cooling rates seem to have little or no effects
on the densification. Lopez-Galilea et al. [31] investigated
the possibility of applying a Super Solidus HIP (SSHIP)
on a cast CMSX-10 alloy to recover the microstructural
segregation from cast while reaching optimal densification
levels, taking advantage of the higher diffusivity in the liq-
uid phase (y—y’ eutectic) rather than in the solid. Neverthe-
less, at authors’ best knowledge, no research work regarding
additively manufactured Ni-based superalloys systematically
compared the microstructures achievable by modulating the
applied pressure and the cooling rate during the solution
annealing, especially for CM247 LC, which contains high
volume fraction of y’.

In particular, this paper focuses on the assessment of
the possible effects that pressure may introduce on flaws
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densification, the y’ solutioning and precipitation process,
along with the effect of the cooling rate on the microstructural
features, integrating HT in HIP on a PBF-LB CM247 LC alloy.
Specifically, as-built cubic samples underwent super-solvus
HIP quench (HIP-Q) at 1260 °C under different operational
conditions. Three different pressure levels (50-110-170 MPa)
were used to assess the influence of this parameter on the
densification flaws’ healing process during HIP-Q and the
resulting microstructure, for which a reference treatment in a
low-pressure furnace was also performed under the same tem-
perature and soaking time conditions. Moreover, two different
modules were used in the HIP facility to provide different cool-
ing rates. The first one allows for cooling rates up to 250 °C/
min to study industrial-like treatment conditions, while the
second can cool at several thousands of °C/min, to freeze the
microstructure obtained at the end of the solution annealing.
Furthermore, first aging after HIP-Q was also investigated to
assess its role in defining the final y’ shape.

2 Materials and methods
2.1 Samples production

A pre-alloyed gas-atomized CM247 LC Nickel superalloy
produced by Praxair Inc. and commercialized as NI-1230 was
used. The powder was sieved from the manufacturer in the
range of 1645 pm, and the nominal chemical composition is
reported in Table 1.

Nine 20 mm cubic samples were produced in a Print-
Sharp250 PBF-LB system by Prima Additive. A rubber
recoater and a 250 X 250 mm low-carbon steel platform heated
to 80 °C were used. The powder was processed with a stripes-
scan strategy implying a stripe rotation of 67° between each
layer. The process was conducted in a pure Ar atmosphere
(oxygen content <0.1%). The ranges for the main process
parameters are listed in Table 2.

2.2 Post-process and heat treatments

The as-built samples were removed from the building platform
by wire electro-discharge machining (WEDM). After manual
sandblasting, they underwent stress relief (SR) at 1080 °C for
2 h to eliminate the residual stresses from the printing stage.
Then samples could follow different heat treatments, which
are described as follows and schematically depicted in Fig. 1:

Table 2 Ranges for the main process parameters

Laser power [W] Scan speed [mm/s] Hatching distance [mm]

170-195 1000-1900 0.03-0.08

e One sample underwent solution annealing in a low-pres-
sure (1072 mbar) TAV Minijet furnace at 1260 °C for 3 h
and gas quenched at 1.5 bar (=195 °C/min).

¢ Five samples underwent HIP-Q in a Quintus QIH 15L with
three applied pressures (50—110-170 MPa). The Quintus
furnace can host two modules, which can provide different
cooling rates, called Uniform Rapid Cooling (URC) and
Uniform Rapid Quenching (URQ), respectively. Three of
the samples were cooled with the URC module (HIP-Q-A).
The achieved cooling rate, similar to that of the low-pres-
sure furnace, was 162 °C/min. Two samples were treated
with the URQ module (HIP-Q-B) achieving a cooling rate
of 2450 °C/min (only 110 and 170 MPa were applied).
After HIP-Q-A and HIP-Q-B at 110 MPa, the two samples
underwent first aging at 1080 °C for 4 h, according to the
recipe previously developed by the authors [7]. The rea-
son for applying the first aging only to samples processed
at 110 MPa is based on satisfactory densification results
obtained within this paper, as described in further detail
below.

e Three samples were heat treated in an air furnace at
1260 °C for 3 h and then cooled with an extremely low
cooling rate, promoting the precipitation of coarse y’ par-
ticles. This condition was investigated to assess the effect
of the solution annealing on a microstructure containing
v’ particles obtained in an equilibrium condition, similar
to an as-cast material. In other words, this condition was
mainly investigated to evidence any difference resulting
from the application of the HIP quench to an equilibrium
microstructure with respect to that of an as-built sample
consisting of an out-of-equilibrium and over-saturated solid
solution coming from the extreme cooling rates applied
during PBF-LB processes. More specifically, among the
slow-cooled samples, one was used for the microstructural
characterization, while the others were subjected to HIP-
Q-A at 50 and 170 MPa, respectively.

Figure 1 schematically represents the entire experimental
test plane to assist the reader.

In other words, the main point of the green heat treat-
ment (see Fig. 1) was to assess the solutioning capability

Table 1 Nominal chemical composition of the commercial NI-1230 alloy used for this study

Element Ni Cr Co w

Ta Mo Al Ti Hf Zr

Wt % Bal 8.0 9.3 9.7

3.6 0.5 5.2 0.8 1.7 0.01
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of the HIP quench, when a conventional microstructure
with coarser y’ is considered (e.g., from investment cast-
ing). The samples with coarse y’ were hipped only at two
pressure levels, i.e., the lower and the upper pressure lim-
its (50 and 170 MPa, respectively), while the intermediate
value was skipped to avoid material and energy wastage.

Figure 2 shows the obtained thermograms drawn
during the cooling phase after HIP and traditional gas-
quench. The cooling rate was recorded between the soak-
ing temperature (1260 °C) and 400 °C, a temperature
range where the cooling rate can be considered constant.
Specifically, the temperatures were recorded with a type
B thermocouple hosted in a hollow cylinder made of
CM247 LC and used as a dummy. Hence, the plots refer
to the tested material, not the surrounding gas. As can
be seen, the orange curve shows a dramatic temperature
drop achieved within the HIP equipped with the URQ
module, while the blue one refers to the URC module.
The grey curve shows the trend of the sample heat treated
in the low-pressure furnace. The fact that the HIP and
lower pressure furnace are intrinsically different pieces
of equipment, and the difficulty in fine-tuning the cooling
rate across the two, lead to the slight difference in cooling
rates between HIP with URC module and the low-pressure
gas quench. This condition is expected to slightly alter
the particles’ average size, as described in the following
paragraphs of this work.
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Fig.2 Cooling rates for different heat treatments: HIP with URQ
module in orange, HIP with URC in blue, and traditional gas quench
after low-pressure solution annealing in grey

2.3 Metallographic preparation

The microstructural characterization was performed along
the XZ plane (parallel to the building direction). The sam-
ples were cut, ground, and polished up to 1 pm: this proce-
dure led to the “as-polished” surfaces being used for den-
sification flaws assessment. A 0.04 pm silica suspension
was then used to improve the surface finishing of those
samples intended for microstructural characterization.
Chemical etching with Kalling #2 was applied to quan-
tify vy’ volume fraction, while electrolytic etching with a
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30%vol. aqueous solution of H;PO, at 3.5 V was used to
study the shape of the precipitates.

2.4 Densification flaws assessment

First, all the as-built samples were checked for process
densification flaws. The procedure involved acquiring
15 images with a Leica DV500 light optical microscope
(LOM) at 50x on as-polished samples. Then a simi-
lar procedure was also applied to HIP-Q-A specimens.
Since the only difference between HIP-Q-A and HIP-Q-B
is the adopted cooling rate, only the first group of sam-
ples were analyzed. The assessment of HIPped density
levels required a more refined observation technique: 30
images at 100x per sample were taken to be sensitive
to the extremely small size of flaws still visible. All the
micrographs were processed using an algorithm devel-
oped in the Imagel environment by the authors. Further-
more, the effectiveness of each HIP treatment in prevent-
ing the formation of any thermal induced porosity (TIPs)
was assessed performing two heat treatments at 1260 °C
for 2 and 4 h, indicated as HIP-Q +2 h and HIP-Q +4 h,
respectively.

2.5 Grain size measurement

The grain size and structure of the samples after low-pres-
sure solution annealing and HIP-Q-A were assessed with
the LOM at 50x after chemical etching with Kalling n°2.
Each sample grain size was measured using the linear inter-
cept method described in the ASTM E-112 standard. The
direction parallel to the building direction is identified as
“Z”, while the orthogonal one as “X”. The grain size was
measured separately along Z and X directions, allowing for
aspect ratio calculation.

2.6 y’ assessment

The assessment of ¥’ precipitates’ size in samples after HIP-
Q-A was studied with a Zeiss EVO15 SEM. The y’ size
was assessed averaging the results from five images taken
at 10.000x acquired with a backscattered electrons detec-
tor. The image analysis was performed running a dedicated
script developed by the authors in the ImagelJ environment.
HIP-Q-B samples, due to finer y’ population, required, sec-
ondary electron images at 20.000X%, acquired with a Zeiss
Merlin field-emission scanning electron microscope (FE-
SEM). In this case, segmentation was obtained using a spe-
cific module contained in the ImageJ environment called
“Trainable Weka Segmentation” (TWS) [32].

3 Results and discussion

3.1 The effect of the applied pressure on flaw
volume fraction

Figure 3 shows the results obtained from the flaws assess-
ment. The as-built sample defect level shows a large stand-
ard deviation. For this reason, the resulting data cloud is
depicted as a grey area in the plot of Fig. 3. On the other
hand, the green, red, and blue bars depict the densification
flaws’ fraction after HIP-Q, HIP-Q +2 h, and HIP-Q+4 h
treatments, respectively.

All three applied pressures during HIP-Q treatment
were effective in closing the defects population, which
decreased from the average value of 0.215+0.120% in
as-built condition to 0.053 +0.002%, 0.057 +0.001%, and
0.057 +0.008% after soaking at 1260 °C for 3 h applying
50, 110, and 170 MPa, respectively. This result highlights
the possibility of effectively closing the densification flaws
during the integrated treatment with 50 MPa of pressure,
even if Lopez-Galilea et al. found a significant presence of
retained cracks in PBF CMSX-4 alloy [25]. This result can
be explained considering that the process parameters used
during the manufacturing process limited the formation of
cracks, and in general, the only defects present here were not
connected to the surface and, thus, restorable during the HIP.
As previously mentioned, applying a further solution anneal-
ing at 1260 °C did not cause severe thermal induced porosity
(TIP) formation. Specifically, when 50 MPa are used, the
defect level increases to 0.073 +0.016% and 0.056 +£0.025%
after being soaked for 2 and 4 h, respectively. Similar results
were found in the other two conditions as depicted in the

N\ As BUILT

B HiP-Q
0.40 I HIP-Q+2h

I HIP-Q+4h

— 0.354

C

§e]

2

O

©

&

(2]

s

&

=

©

I

o

'_

50 MPa

110 MPa 170 MPa

Fig.3 Flaws fraction measured for the samples after HIP-Q-A with
different applied pressures (green bars). Red and blue bars represent
the solution annealing samples after the additional HT at 1260 °C for
2 h and 4 h, respectively. These values are compared to the variability
band measured on all the as-built samples (grey rectangle)
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above bar chart. Considering the standard deviations, it can
be concluded that all three pressures applied during HIP-Q
effectively closed densification defects generating a stable
structure against TIPs. The already good result observed in
HIP-Q samples treated at 50 MPa can be explained consid-
ering two main points: first, the as-built samples already
have a low fraction of defects, mainly located away from
the surface. Second, applying a super-solvus HIP-Q treat-
ment at 1260 °C guarantees optimal solid-state diffusion
and a consistent plastic flow of the material, leading to
an effective closure of the internal flaws [10]. Ultimately,
the results demonstrate that no significative TIP formation
could be observed even after 4 h of exposure, which is a
consistent time to observe TIPs formation in Nickel super-
alloys [22]. However, the sample after HIP-Q at 50 MPa
showed a slightly higher variation between the HIP-Q and
the HIP-Q + 2 h conditions with respect to other studied
cases. For this reason, a conservative approach was kept,
and 110 MPa was chosen as the optimal pressure for the
investigation of the first aging.

3.2 y'assessment after low-pressure solution
annealing and HIP-Q-A (URC module)

First, electrolytic etching was used to reveal y’ morphology
after its precipitation. To complete this task, the HIP-Q-A
microstructure was compared with that of a sample solu-
tion annealing at the same temperature but in a low-pressure
furnace (Fig. 4), this was considered helpful to evaluate if
the pressure could have any influence during particles dis-
solution and precipitation.

Figure 4 shows the obtained microstructure after soaking
and quenching the material without any further heat treat-
ment. The left and right side of Fig. 4 shows y’ particles at
low and higher magnification, respectively. More specifi-
cally, the right column of the picture focuses on the grain
boundary morphology. Noteworthy, after low-pressure solu-
tion annealing and HIP-Q-A, y’ precipitates with a fan-like
shape during the cooling process. Namely, at this stage, the
typical regular and ordered cuboidal y’ structure of Nickel-
based superalloys was not achieved. The qualitative general
overview shows no significant morphological differences
using different pressures during HIP-Q-A (Fig. 4c, e, g) and
v’ is always irregular. Besides, y’ particles after low-pres-
sure solution annealing (Fig. 4a, b) are slightly finer but still
irregular. This size reduction shall be attributed to the faster
cooling in the low-pressure furnace and not to the absence of
applied pressure. This result proves that CM247 LC behaves
differently with respect to other Ni-based systems, such as
Astroloy, where previous studies demonstrated that cubic y’
particles could be obtained immediately after the solution
annealing [33]. At the same time, this result is consistent
with those obtained by Safari et al., who obtained slightly
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irregular particles after solution annealing in a René 80 alloy
obtained via traditional casting [13].

The alloys described in this paragraph (Astroloy and Rene
80) have slightly lower y’ fraction and different chemistry;
despite this, they share with CM247 a cubic y’ pattern,
indicating that all these alloys have a very similar lattice
mismatch between the reinforcing particles and the matrix.

Figure 4b, d, f, h focuses on the material grain bounda-
ries. Coarse and highly irregular y’ can be observed at the
grain boundaries after low-pressure solution annealing and
HIP-Q-A for all the applied pressures (yellow arrows in
Fig. 4). The formation of highly irregular y’ at grain bounda-
ries occurs during the cooling due to a process of growth and
coarsening, which has been observed and described in a pre-
vious study on the continuous cooling of a Nickel superalloy
by Qiu et al. [34]. Also in this case, the applied pressure does
not significantly affect the morphology of these particles.
Mainly secondary y’ particles can be observed within the
grains. At the same time, a small amount of ternary y’ was
found in the matrix channels, and its small volume fraction
can be addressed considering that low-temperature aging
treatments were not performed yet. The bimodal precipita-
tion behavior in Nickel superalloy is linked to the occurrence
of multiple nucleation bursts. Namely, first nucleation occurs
at the beginning of the cooling, leading to coarser particles.
In contrast, a second one occurs at lower temperatures to
form the abovementioned small rounded nuclei [35, 36]. The
first particles nucleate earlier, having a longer time to coarse,
while the latter ones have a much shorter time to grow, thus
limiting their average size. At the same time, the competi-
tive growth of y’ eases the coarsening of secondary particles
rather than the nucleation of fresh nuclei. As a result, the
smallest particles appear surrounded by larger ones as shown
in the red dashed box of Fig. 4f.

Figure 5 shows the results obtained after image analy-
sis with ImageJ. Considering the error bars, the precipi-
tates’ size is not significantly affected by the applied pres-
sure, and the mean Feret diameter is 471 +205, 567 + 238,
and 527 +231 nm after HIP-Q-A applying 50, 110, and
170 MPa, respectively. Besides, a trend in the mean values
could not be observed.

According to this analysis, the applied pressure during
HIP-Q-A has limited or no influence on the final shape
and size of y’, which precipitates and grows with a fan-like
shape.

Next, the HIP-Q-A was applied to the samples previ-
ously air-treated at 1260 °C for 2 h (green heat treatment
in Fig. 1) and furnace-cooled (FC) to obtain coarse-equilib-
rium y—y’ structure similar to that of a cast alloy. This test
aims to verify if similar microstructures can be achieved by
performing the HIP-Q-A on a material with an extremely
coarse y’ obtained after the slow air cooling. This test was
implemented to observe any difference with respect to the
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Low-pressure SA

HIP-Q-A
50 MPa

HIP-Q-A
110 MPa

HIP-Q-A
170 MPa

Irregular'y’ at
grain boundary.

Fig.4 Synoptic of y’ morphology for different solution annealing
conditions. On the left, lower magnification images taken at 10.000x
after a low-pressure solution annealing and HIP-Q-A with applied
pressure of b 50 MPa, b 110 MPa, and ¢ 170 MPa. On the right,

application of HIP-Q-A over an out-of-equilibrium micro-
structure as the one obtained through PBF-LB manufactur-
ing. Considering the previous results and the almost negli-
gible effect of the pressure on y’ formation, only two levels
of pressure (50 and 170 MPa) were considered for this test.

higher magnification images with focus on the grain boundaries taken
at 20.000x after b low-pressure solution annealing and HIP-Q-A with
applied pressure of d 50 MPa, f 110 MPa, and h 170 MPa

The starting microstructure of the samples obtained after
the (FC) was characterized by a very irregular and coarse
vy’ population with a Feret diameter above 1 pm as shown
in Fig. 6a. Besides, Fig. 6b, ¢ show the microstructure
after HIP-Q-A applying 50 and 170 MPa, respectively. The
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Fig.5 Effect of the different applied pressures on the y’ size after
HIP-Q-A

HIP-Q-A successfully solubilized all the previous coars-
ened y’ particles and promoted further precipitation of new
smaller particles. This effect could be seen indistinctly at
both pressure levels, underlining that the applied pressure

does not significantly affect the solution process. Notewor-
thy, y’ particles were not cuboidal nor regular meaning that
v’ shape after solutioning is also independent of the starting
metallurgical condition, i.e., an over-saturated solid solution
or a matrix with already formed precipitates.

3.3 y'assessment after HIP-Q-B (URQ module)

From a thermal perspective, HIP-Q-B is identical to HIP-
Q-A, but an order of magnitude faster cooling rate was
achieved at the end of this HIP cycle. This feature was con-
sidered a key factor for better understanding the precipitation
process within CM247 LC. The fast-cooling rate achieved
(=2450 °C/min) could freeze the nuclei of y> immediately
after their formation during the cooling, reducing their
growth. Since cooling rate within URQ module is sensitive
to the applied pressure, and a drastically slower rate was
evidenced at 50 MPa, only 110 and 170 MPa were adopted
during this stage of the study. The samples after HIP-Q-B
were observed using the FE-SEM to resolve the extremely
small y’ particles. Noteworthy, the applied cooling rate, even
if extremely fast, could not suppress the precipitation of the

Fig.6 y’ morphological observation for as-built samples subjected to a heat treatment at 1260 °C for 3 h in air and further HIP-Q-A with applied
pressures of b 50 MPa and ¢ 170 MPa. Magnification: 10.000x for lower magnification images and 25.000x for inserts
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reinforcing particles, a condition which is only achievable
during BPF-LB solidification. A synoptic table is reported
in Fig. 7. The v’ is more regular within the grains compared
to the samples after HIP-Q-A (Fig. 7). Indeed, the URQ
module used for the HIP-Q-B does not allow the particles
to grow excessively and coarsen due to the diffusion time
reduction [35]. However, their shape is still not regular and
coarse particles (up to 1 pm) formed at the grain boundaries,
as depicted by the yellow arrows in Fig. 7.

The results of the segmentation obtained using TWS
tool in Image] are reported in Fig. 8. Considering the error
bars, the results are almost identical, independently from the
applied pressure during HIP-Q-B. The y’ size was 160+ 72
and 147 +67 nm applying 110 and 170 MPa, respectively.
Similarly to HIP-Q-A case, it is possible to conclude that
dissolution and precipitation of y’ are little or no altered by
the external pressure of the HIP.

The particles depicted in Fig. 7 demanded resolution
through field-emission scanning electron microscopy
(FESEM), using almost twice the magnification required
for previous micrographs. As can be observed, while y’
precipitation was successfully achieved, the particle size
was considerably reduced. The coarse particles found at

Fig.7 General overview of the y’ after HIP-Q-B with applied pres-
sure of a 110 Mpa and b 170 MPa

110 MPa

170 MPa

Fig.8 Effect of the different applied pressures on the y’ size after
HIP-Q-B at 110 and 170 MPa

grain boundaries are presumed to be undissolved y’, due
to incomplete dissolution during the solution annealing
stage. It is noteworthy to reiterate that, although the cool-
ing rate in this process is rapid ca. 2450°C/min, it does not
reach the levels attained during the solidification phase of
a Laser Powder Bed Fusion (LPBF) process. Neverthe-
less, this cooling rate allows for the formation of y* par-
ticles, resulting in a very fine and homogeneous particle
distribution.

When cooling with the URQ module, the nucleation
of vy’ is favored compared to its growth. More specifi-
cally, less time is given to the diffusion processes, and the
coarsening of the particles is limited [35]. Indeed, a higher
fraction of very fine particles (a few tens of nm) could be
observed in all the samples after HIP-Q-B (green arrows in
Fig. 9) with respect to the HIP-Q-A case where the second-
ary y’ population was mostly mono-modal.

HIP-Q-B allowed to stop the growth of y’ immedi-
ately after its formation during cooling from the solution
annealing temperature. As a result, after this test, it can
be affirmed that applied pressure does not also affect the
nucleation step of y’. If the application of pressure had per-
turbed the precipitation of y’, shifting its onset to longer
times, the size or volume fraction of the particles would
be different from case to case. The fact that the particles’
size and fraction are similar in all the cases indicates that
nucleation occurs at the same moment. In other words, a
hypothetical y’ precipitation curve drawn on a continu-
ous cooling transformation diagram would not be offset
by the application of pressure during the HIP, thus giving
rise to similar precipitation conditions during the cooling
step. Finally, even freezing the microstructure at the end
of HIP-Q-B did not lead to regular cubic precipitates, as
observed in other systems [33].

@ Springer



Progress in Additive Manufacturing

small

rounded'yes \'

=

-r )

Fig.9 Presence of very fine ¥’ (tens of nm) precipitated in the chan-
nels between the larger precipitates observed after HIP-Q-B with
applied pressure of a 110 MPa and b 170 MPa. Magnification:
300.000x

3.4 Grain size assessment

The samples after low-pressure solution annealing and HIP-
Q-A were used to assess the grain size. Also in this case, the
grain growth process is independent of the cooling rate, so
HIP-Q-B samples were not considered. Figure 10a—d shows
a synoptic table reporting the grain structure after solution
annealing in the low-pressure furnace compared with HIP-Q
samples at different pressures.

The grains are similar among the different treatment
conditions. Some defects can be detected in the sample
after low-pressure solution annealing (Fig. 10a) since no
external pressure was applied during the solution anneal-
ing. Figure 10 shows that grains still have a certain degree
of anisotropy along the building direction. On the other
hand, Fig. 10e, f) depicts the effect of the applied pressure
during solution annealing at 1260 °C on the grain size and
aspect ratio of the alloy, respectively. The building direction
is identified with the “Z”, while “X” represents a generic
direction parallel to the deposited layer plane. The applied
pressures during HIP-Q-A did not alter the grain size with

@ Springer

respect to the low-pressure solution annealing, consider-
ing the standard deviations. The grain size measured in Z
direction is 114 +25 pm after low-pressure solution anneal-
ing, and it is 116+ 14, 124+ 17, and 128 +21 um after
HIP-Q at 50, 110, and 170 MPa, respectively. Similarly, the
X direction shows a grain size of 69 +9 um for the low-
pressure solution annealing sample and 73+ 17, 73 + 11,
and 76 + 11 pm after solution annealing performed with an
applied pressure of 50, 110, and 170 MPa, respectively. As
a consequence, the aspect ratio of the grains calculated as
Z-dir/X-dir is constant among the different conditions, and
it results in 1.7 +0.2 for the low-pressure solution annealing
sample and 1.6+0.3, 1.7+0.3, and 1.7 +0.2 after HIP-Q at
50, 110, and 170 MPa, respectively. This result confirms that
grain growth is a thermally activated process independent
of external pressure [37]. These results comply with those
presented above, where the dissolution of y’ was assessed
after solution annealing at 1260 °C. At this temperature, y’
is completely dissolved, independently of the applied pres-
sure during HIP-Q. For this reason, the pinning effect of y’
particles is removed, and y grains are free to coarse accord-
ing to solid-state diffusion rules.

3.5 The effect of the first aging on the y’ shape

The previous sections dealt with solution annealed samples
and, more precisely, the results presented in Figs. 4 and 7
confirm that the y’ precipitates with irregular shape after
solution annealing, independently from the applied pressure
during the heat treatment or the cooling rate. For this reason,
the two samples after HIP-Q-A and HIP-Q-B at 110 MPa
underwent a first aging step at 1080 °C for 4 h, according to
the recipe previously developed by the authors [7]. The first
aging was performed to assess its role in the morphology of
the y’ particles. The results are summarized in Fig. 11a, b,
which show the microstructural evolution of samples HIP-
Q-A and HIP-Q-B, respectively. The images clearly show
vy’ with a cubic shape, which is eventually achieved after
this stage. The solid-state diffusion activated during the
first aging step profoundly transformed the particles from
irregular to cuboidal. The only noticeable difference is the
final size of the particles, which are smaller in Fig. 11b, as
a direct consequence of the finer microstructure, obtained
after HIP-Q-B, as shown in Fig. 7b.

Based on the results of the present work, the evolution of
the y’ after HIP-Q can be summarized in Fig. 12.

When cooling from the solution annealing temperature,
a first nucleation burst occurs at higher temperatures, and
the precipitates keep growing during the continuous cool-
ing with different shapes depending on their nucleation site.
Independently of the cooling rate, the diffusion of elements
forming y’ appears particularly chaotic at this stage. The
particles are forced to grow under a not clearly determined
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Fig. 10 Grains morphology at 50X after a low-pressure solution annealing and after HIP-Q-B with an applied pressure of b 50 MPa, ¢ 110 MPa,
and d 170 MPa. Below, the quantification results for e the grain size and f the aspect ratio are reported

compositional gradient which makes the interface between
the matrix and the particles rounded. The diffusion rate is
a function of the radius of the interface between y and y’.
For this reason, some areas of y’ can grow faster than others
depending on the local radius of the particle-matrix inter-
face. This caused the formation of particles with an irregu-
larly shaped profile and is schematized in the left panel of

Fig. 12a for grey and orange particles. This phenomenon
is not happening at the grain boundary where diffusion is
always faster, and particles (the light blue in the schematic)
generally become coarser and irregular in Nickel-based
superalloys. The precipitation behavior is similar from a
pure morphological perspective during all the heat treat-
ments. The only factor which can be altered with the heat
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Fig. 11 Morphological assessment of the y’ particles after first aging
at 110 MPa after a HIP-Q-A and b HIP-Q-B. Magnification: 10.000x
for the main image and 30.000x for the inserts

treatments is the size of the particles which is strictly a func-
tion of the adopted cooling rate. Finally, when the material
undergoes the first aging step, the particles grow in a more
controlled manner (Fig. 12b). The diffusion of y* at 1080 °C
is different. In this case, the diffusion of elements changes
and allows the formation of an almost flat y—y’ interface,
which is stably maintained during the first aging process,
transforming irregular y’ particles into cuboidal ones. This
main achievement demonstrates that first aging is crucial to
reaching the optimal y’ shape in Nickel-based superalloys.

4 Conclusion

The effect of the applied pressure on the microstructure after
super-solvus HIP quench at 1260 °C for 3 h was investigated
in this study on a PBF-LB CM247 LC superalloy. More spe-
cifically, three pressures were studied: 50-110-170 MPa. A
low-pressure solution annealing was also added as reference.
The main outcomes are as follows:

— The tested pressures were effective in healing the PBF-
LB densification flaw during HIP-Q and no significant
thermal induced porosity (TIP) formation was measured
after a following heat treatment at 1260 °C for 2 and 4 h.

— Irregular and mostly fan-like y’ was obtained after both
low-pressure solution annealing and HIP-Q. In the lat-
ter case, neither the applied pressure nor the cooling
rate (URC vs URQ) had significant effect on the y’
morphology. The applied pressure also had no effect on
the v’ size. Indeed, it resulted in 471 + 205, 567 + 238,
and 527 +231 nm applying 50, 110, and 170 MPa,

... Elements irregularly
partitioning into y’
" due to solid-state diffusion

Step I

Irregular shaped y’ is stable
and grows compatibly with
the cooling rate applied

CM 247 LC after
FA is completed

- Irregular y’ due to solid
state diffusion transforms
.. into regular cuboidal particles

Step I
Cuboidal y’ can grow during
b) FA up to its optimal size

Fig. 12 a Precipitation of y’ from the solution annealing temperature and b its evolution through following first aging
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respectively, after HIP-Q-A. Similarly, for HIP-Q-B, it
resulted in 160+ 72 and 147 + 67 nm applying 110 and
170 MPa, respectively.

— The HIP-Q-B led to a high fraction of very fine y’ in
the inter-particles channels due to the extremely short
time at disposal for their growth.

— As expected, the applied pressure had no visible effect
on the grain coarsening because the applied tempera-
ture is effective in solutioning the y’ and y grains are
free to grow according to solid-state diffusion laws.
Indeed, the grain size along the building direction was
found between 114 +25 and 128 +21 pm and between
69 +9 and 76 + 11 pm across the building direction.
The aspect ratio of the grains was constant between
1.6+0.3 and 1.7 +0.3.

— After applying first aging at 1080 °C for 4 h, the opti-
mal cubic-shaped y’ particles can be obtained. The size
of the cubes is affected by the size of the original y’
particles precipitated during the cooling after solution
annealing. The diffusion processes taking place in the
sub-solvus regime of the first aging allows to reach flat
y—y  interface.

The current work proved that super-solvus HIP quench
can be effectively applied to difficult-to-process PBF-LB
Nickel-based superalloys like CM247 LC to heal the den-
sification flaws and obtain a microstructure comparable to
the traditional low-pressure solution annealing treatments.
The consolidation and solution annealing steps can be
integrated and this result can have a significant industrial
importance to contain the gas and electric energy con-
sumptions during HIP, reducing the total cycle time with
significant and positive environmental effects, besides the
productivity benefit.
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