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ARTICLE INFO ABSTRACT

Keywords: Powder Bed Fusion — Laser Beam (PBF-LB) of high y’ strengthened Ni-base superalloys, such as CM247LC, is of
Solidification cracking great interest for high temperature applications in gas turbines. However, PBF-LB of CM247LC is challenging due
CM247LC

to the high cracking susceptibility during PBF-LB processing (solidification cracking) and heat treatment (strain
age cracking, mostly caused by residual stresses). This study focuses on understanding the impact of process
parameters on microstructure, residual stresses and solidification cracking. Laser power (P), speed (v) and hatch
spacing (h) were varied while the layer thickness (t) was fixed. The melt pool size and shape were found to be key
factors in minimizing solidification cracking. Narrower and shallower melt pools, achieved using a low line
energy density (LED = P/v < 0.1 J/mm), gave low crack densities (0.7 mm/mm?). A tight hatch spacing (h =
0.03 mm) resulted in reduced lack of fusion porosity. Electron backscatter diffraction investigations revealed that
parameters giving finer microstructure with (100) crystallographic texture had low crack densities provided they
were processed with a low LED. Atom probe tomography elucidated early stages of spinodal decomposition in the
as-built condition, where Cr and Al cluster separately. The extent of spinodal decomposition was found to be
affected by the LED and the hatch spacing. Samples with low LED and small hatch spacing showed higher degrees
of spinodal decomposition. X-ray diffraction residual stress investigations revealed that the residual stress is
proportional to the volumetric energy density (VED = P/(v. h. t)). Although low residual stresses can be achieved
by using low VED, there is a high risk of lack of fusion. Hence, other parameters such as modified scan strategy,
build plate pre-heating and pulsed laser mode, must be further explored to minimize the residual stresses to
reduce the strain age cracking susceptibility.

Powder bed fusion — laser beam
Non-weldable superalloy
Ni-base superalloy

1. Introduction to the possibility of having complex internal cooling channels for blades
that bring a number of advantages, e.g. (i) increase the lifetime of the

Powder Bed fusion - Laser Beam (PBF-LB) is an additive blade, (ii) require less cooling air or (iii) allow higher temperatures to be

manufacturing (AM) process, where a laser beam is used to melt powder
particles layer-by-layer until the desired component is built. It is a
complex process with parameters such as laser power, laser speed, hatch
spacing, layer thickness and many more [1,2]. Despite PBF-LB being a
complex process, it has garnered attention from a variety of industries
due to its design freedom. One such industry is the gas turbine industry,
where Ni-base superalloys are of high interest [3-5]. This interest is due
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achieved, which can increase the engine efficiency [6]. Nonetheless, the
adoption of PBF-LB to manufacture non-weldable Ni-base superalloys
such as CM247LC is problematic due to its high cracking susceptibility.
From the welding literature, it is known that there are different types of
cracking such as solidification cracking, liquation cracking, ductility dip
cracking and strain age cracking. Solidification and liquation cracking
could be defined as ‘hot cracking’ that refers to the cracking mechanism
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occurring during solidification or in heat affected zones. On the other
hand, ductility dip cracking and strain age cracking could be referred to
as ‘solid-state cracking’ that occurs after solidification [7,8]. Both ‘hot
cracking’ and ‘solid-state cracking’ are responsible for the increased
cracking susceptibility of high y’ Ni-base superalloys such as CM247LC.
However, there is a mixed opinion in literature as to which type of
cracking leads to the high cracking susceptibility of CM247LC during the
PBF-LB process. Certain studies [9-11] have shown only hot cracking to
occur, whereas other studies [12,13] have claimed that solid-state
cracking also occurs in CM247LC. This could be a matter of debate
because solid-state cracking, such as strain age cracking, occurs when
there is precipitation of y* (along with the high residual stresses from the
PBF-LB process). However, there is a lower risk of y’ precipitation during
the PBF-LB process due to the high cooling rates. On the other hand,
some studies [14,15] have convincingly shown that strain age cracking
can occur after heat treatment of samples manufactured by PBF-LB. This
is of high importance, since it is necessary to heat treat CM247LC to
obtain the appropriate grain size and y’ precipitates.

Ni-base superalloys contain Ni as matrix element with ten or more
alloying elements. The solidification interval is large due to the high
number of alloying elements, which can make certain alloys such as
CM247LC prone to solidification cracking. Solidification cracking has
previously been observed in samples manufactured by PBF-LB of several
alloys; IN939 [12,13], IN738LC [16-18], CM247LC [10-13,19,20] and
IN713 [21,22]. These alloys have moderate to high y’ volume fraction
(30 to 70 %) and can be classified as heritage alloys, i.e. they were
developed for traditional manufacturing techniques such as casting.
Certain studies [18] focusing on heritage alloys have attributed solidi-
fication cracking to grain boundary segregation of minor alloying ele-
ments such as B, Zr and Hf. Removing these elements can significantly
reduce the occurrence of solidification cracking during the PBF-LB
process, possibly thanks to a reduced solidification interval [10]. How-
ever, these elements are crucial for properties such as creep, which is
important for high temperature applications [23-26]. Apart from the
above-mentioned standard heritage alloys, there have also been at-
tempts to design and study novel Ni-base alloys [8,12,21,27-29]. Such
novel alloys would require rigorous testing before they could replace the
existing standard heritage alloys that were manufactured through con-
ventional manufacturing techniques. Nearly crack-free CM247LC has
been manufactured by systematically modifying the laser parameters
(power, speed and hatch) [11,30]. But crack-free samples by Gerst-
grasser et al. [31] was achieved using defocused laser which possibly
cannot be done in all PBF-LB machines. It is to be noted from the liter-
ature on CM247LC manufactured by PBF-LB that less emphasis has been
placed on understanding the impact of process parameters on micro-
structure, grain morphology/texture and cracking.

The approach taken in this study involving the CM247LC alloy was to
understand the impact of the PBF-LB process parameters on micro-
structure, grain morphology/texture and cracking. There have been
some studies on the PBF-LB processability of CM247LC [11,15,20,30]
but none of them have particularly focused on linking process parame-
ters, melt pool, cracking, residual stress and microstructure. These as-
pects are considered hereafter. The study aimed at correlating the
quantified defects (crack density and porosity) with melt pool mea-
surements for samples printed with varying parameters (power, speed,
and hatch). Selected samples were investigated for microstructure, grain
morphology, residual stresses, and element clustering. One of the main
findings is that the cracking is minimal for specimens processed with a
low line energy density (LED = Power/Speed). Another crucial finding is
that the as-built CM247LC exhibits signs of early stages of spinodal
decomposition, as Cr and Al and other elements partition. Also, the
extent of the spinodal decomposition is found to be affected by the
process parameters, possibly because of the complex thermal history and
extensive remelting for the selected PBF-LB parameters.
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2. Methodology
2.1. Material

Gas atomized CM247LC powder with a particle size range of 15 to 45
um was provided by Hoganas AB (Hoganas, Sweden) as feedstock ma-
terial. The powder used for printing was in the virgin state. The chemical
composition of the CM247LC powder and PBF-LB part is provided in
Table 1. C and O were measured using combustion and fusion analysis,
respectively. The remaining elements were measured using ICP-OES
analysis.

2.2. PBF-LB process

The parts were printed using an EOS M290 (Electro Optical Systems
GmbH, Krailling, Germany) machine. This machine has a Yb-fiber laser
with a maximum power of 400 W and a laser spot size of about 80 pm. A
DOE (design of experiment) was performed on cubes of 10 x 10 x 10
mm? with varying laser power, laser speed, and hatch spacing, while the
layer thickness was fixed at 30 pm. The DOE consisted of a custom DOE
to scan across a wide processing window. The set-up of the DOE is shown
in Table 2. The DOE was performed for only the infill parameters and no
contour parameters were performed for any samples throughout this
study. In the DOE, volumetric energy densities (Eq. (1)) within the range
of 50 to 130 J/mm? were considered for printing. For all the printing
parameters, a stripe scan strategy with a stripe width of 5 mm and a
stripe overlap of 0.12 mm were used with a scan rotation of 67°. Build
plate preheating of 80 °C was used.

P
VED = —— @
v.h.t
where P is laser power, v is laser speed, h is hatch spacing and t is layer
thickness.

2.3. Normalized processing diagram

The normalized processing diagram was employed to enable direct
comparison of this study with other studies in literature [19,20,32]. The
normalization for the PBF process was developed by Thomas et al. [33]
and was based on an earlier work by Ion et al. [34] for laser materials
processing. Numerous studies have used parameters such as energy
density (line, surface or volumetric) to compare process parameters.
Such parameters can differ based on AM machine manufacturer due to
differences in laser beam radius and preheating temperature. The latter
are not considered within the standard energy density (using power,
speed, hatch, and layer thickness). Using a normalized processing dia-
gram to plot parameters aids in identifying different processing regimes
such as lack of fusion, keyhole, and solidification cracking window.

The normalized processing diagram uses dimensionless quantities. A
brief derivation of the equations used to normalize is shown here, but
the reader is referred to Thomas et al. [33] for a detailed explanation.
The hatch spacing h is normalized with the beam radius rp to yield a
dimensionless hatch spacing:

h =h/rg 2)
The normalized heat input per unit volume is:
E = PNt 3)

In Eq. (3), P* refers to the dimensionless beam power, v* refers to the
dimensionless beam velocity and t* is the dimensionless layer thick-
ness. The respective equation for these dimensionless quantities can be
found in Thomas et al. [30], which when substituted to Eq. (3) yield the
dimensionless volumetric energy density:

E = PVt = [AP/(uiry)][1/0.67pC, (T, — To)] @
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Table 1
Chemical composition of the CM247LC powder and PBF-LB part (at.% and wt.%) used in this study.
Cr Co Mo C w Hf Ta Ti Al Zr B Si (0] Ni
Powder at.% 9.20 9.43 0.31 0.30 3.15 0.44 1.06 1.00 12.40 0.006 0.06 0.17 0.04 Bal.
wt.% 8 9.3 0.5 0.06 9.7 1.3 3.2 0.8 5.6 0.009 0.01 0.08 0.01 Bal.
PBF-LB part at.% 9.29 9.21 0.34 0.30 3.08 0.45 1.02 1.00 12.16 0.01 0.10 0.23 0.02 Bal.
wt.% 8.1 9.1 0.54 0.06 9.5 1.34 3.1 0.8 5.5 0.011 0.019 0.11 0.005 Bal.
Table 2

DOE parameters used in this study of CM247LC along with some parameters from the literature.

AM machine Scan Strategy Bed Temperature Power Speed Hatch Layer thickness Beam radius
To P v h t T8
K w m/s m (10°%) m (1079 m (1079
This study EOS M290 Stripe 353 100 - 300 1-3 30-90 30 50
Carter et al. [19,32] Concept Laser M2 Chessboard 298 100 - 200 04-2 30-380 20 75
Adegoke et al. [20] EOS M290 Stripe 353 170 - 220 2.8-3.2 20- 40 20 50

where A is the surface absorptivity or coupling coefficient, rp is the beam
radius, p is the density, C, is the specific heat capacity, Ty, is the melting
temperature and Ty is the initial temperature (powder bed temperature).
The normalized processing diagram for CM247LC was plotted using the
parameters shown in Table 2 along thermophysical parameters obtained
from Mukai et al. [35] and Avala et al. [36] summarized in Table Al in
Appendix A.

2.4. Microstructural characterization

The cross-section along the build direction was used for micro-
structural investigations. The sample was mounted in conductive
bakelite resin and ground using SiC papers (#320, #500, #800 and
#1200) using a Struers Tegrapol. This was followed by polishing using a
diamond suspension of 3 um on a taffeta woven wool surface (MD-Mol
by Struers) and finally 1 pm polishing was employed. Light Optical
Microscopy (LOM) measurements were made using Zeiss Axiovision 7.
The defect analysis consisted of acquiring images at a magnification of
100X as shown in [19] and then using ImageJ software for defect
quantification. The crack density analysis was performed by manually
measuring the total crack length (in mm) and dividing it by the analyzed
area (in mmz) to yield crack density (in mm/mm?). The relative density
was acquired by measuring the porosity by applying a threshold on
binarized images that was then subtracted from 100 %. Before high
resolution Scanning Electron Microscopy (SEM) analysis using Leo
Gemini 1550 SEM, the surface underwent a final step of polishing using
0.05 um colloidal silica (Struers OPS) to remove any deformation caused
by previous grinding/polishing. Electron Backscatter Diffraction (EBSD)
analysis was performed using Leo Gemini 1550 SEM equipped with
Nordlys II detector (Oxford Instruments, Abingdon, Oxfordshire, En-
gland). EBSD analysis was performed using an accelerating voltage of 20
kV and an aperture size of 120 um. A step size of 2 ym was used for
overall texture analysis at a magnification of 200X. The EBSD data were
plotted using the open source MTEX toolbar (version 5.9.0) in MATLAB.
To reveal the solidification structure and microstructural features, the
samples were swab etched using Kalling’s 2 (Water Kallings, 5 g CuCly +
100 ml 37 % HCI + 100 ml ethanol). The melt pool width and depth
measurements were performed using ImageJ on etched LOM micro-
graphs of the topmost layer. Three measurements for each melt pool
(width and depth) were carried out, and the average value was calcu-
lated (and reported throughout the remainder of the study).

2.5. Atom probe tomography (APT) measurements

The atom probe measurements were performed using a local elec-
trode atom probe LEAP 6000 XR from CAMECA (Madison, Wisconsin,

US). The instrument was used in laser pulse mode at 50 K specimen
temperature, 0.5-1.0% evaporation rate, and 30-35 pJ laser energy.
Auto pulse frequency control was implemented and set to guarantee a
minimum mass spectrum range of 180 Da. APT specimens were fabri-
cated by electropolishing of rods (section: 0.3 x 0.3 mm?, length: 10 mm
extracted from a 10 mm cube) in a layer of 10 % perchloric acid dis-
solved in methanol on top of an inert fluorinated solution (Galden®
PFPE). Once a neck was formed, a second electropolishing step was
performed in 2 % perchloric acid dissolved in 2-butoxyethanol to
separate the two ends of the neck and form sharp needles. Any
remaining surface oxide was removed by voltage pulsing (5 pulses, 5
milliseconds long) in 2 % perchloric acid in butoxyethanol. The voltage
was 20 V in all steps.

2.6. Residual stress measurements

Residual stresses in the selected PBF-LB samples were evaluated
using the X-ray diffraction (XRD) method on cuboids (10 x 10 x 15
mm?®). Like any other diffraction-based methods for residual stress
measurements, the crystal lattice is used as an internal strain gauge.
Changes in the interplanar spacing due to residual stresses are measured
and the corresponding residual stresses are then determined using the
appropriate diffraction elastic constants.

A Seifert X-ray diffractometer equipped with a Cr X-ray tube and a
linear position sensitive detector was used in the current work. In-plane
residual stress components parallel as well as perpendicular to the
building direction were measured on a surface facing the gas inlet and at
a position of 5 mm from the top surface. A collimator of 2 mm in
diameter was used on the incident beam side. Diffraction peaks of y—220
lattice planes were measured in 21 sample directions evenly spread
between sinz(\y:i60°) and sin® (y=0°). A pseudo-Voigt function was
fitted to the obtained diffraction peaks to determine the interplanar
spacings, from which residual stresses were calculated via the widely
used “siny” technique [37] with the X-ray elastic constant 1/s, = 4.905
TPa~! [38]. With the Cr-K, radiation, the diffraction peaks appeared at
about 129.2° in 26.

Surface residual stresses were measured on the as-built samples
without any surface preparation. To obtain residual stress values in
subsurface layers, some material was removed layer-wise by electrolytic
polishing. Residual stress relaxation due to the layer removal procedure
was not considered because of the (small) size of the etched area.

2.7. X-ray computed tomography (XCT) measurements

X-ray Computed Tomography (XCT) was used to evaluate the volume
and spatial distribution of cracks in 3D. The samples printed for XCT
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were cylinders of 3 mm diameter and 10 mm length to facilitate the use
of smaller voxel size. The XCT measurements were performed using a v|
tome|x L 300 CT scanner from General Electric. With an acquisition time
of 3 s for each projection, 2500 projections were acquired during each
scan. A tube voltage of 160 kV, a current of 60 pA with a voxel size of 3
pm were used. The segmentation of cracks was performed in the Drag-
onfly software (Object Research Systems, Inc, Montreal, Quebec, Can-
ada) [39] using a deep learning algorithm. To provide the training data
for the neural network different classes were annotated as the corre-
sponding phases: material, cracks, pores, and background. They were
manually labeled on a few 2D cross-sections for each data set and then a
U-Net model was trained on the segmented slices. The training of the
U-Net model was divided in so-called epochs with a loss function, rep-
resenting the progress of the training after each epoch. With the prog-
ress, the coefficient of the loss function decreases as a function of the
epoch number until it stabilizes, and no more changes were visible. After
this point, the model was considered trained and was applied to all slices
in the dataset. 3D data visualization was performed by using the Avi-
zoFire 9.4 software.

3. Results
3.1. PBF-LB processing and microstructure

The PBF-LB processing of CM247LC was challenging due to its high
susceptibility to cracking during printing. This can be observed from the
examination of the as-polished micrographs shown in Fig. 1 and Table 3,
which shows the crack density values. In Fig. 1, it is observed that less
cracking is obtained for samples with LED of 0.1 J/mm regardless of the
hatch spacing (Fig. 1(a)-(c)). However, it is seen that there is a risk of
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Table 3
Crack density values (in mm/mm?2) for samples (shown in Fig. 1) with different
LED and hatch spacing. ‘- refers to samples that were not manufactured.

Hatch spacing (mm) 0.03 0.06 0.09
LED (J/mm)

0.1 2.19 1.74 1.28
0.2 - 2.16 3.23
0.3 - - 4.91

insufficient melting leading to lack of fusion at a standard hatch spacing
of 0.09 mm at a LED of 0.1 J/mm. In micrographs Fig. 1(c), (e), (f), it is
seen that there is an increase in cracking as LED increases from 0.1 to 0.3
J/mm for a fixed hatch spacing of 0.09 mm. So, the key to defect-free
processing of CM247LC by PBF-LB is processing at low LED to mini-
mize cracking and at the same time high enough VED to assure absence
of lack-of fusion defects. Hence, the results show that PBF-LB processing
with low LED (~0.1 J/mm) allows to minimize cracking and utilization
of a low hatch spacing (~0.03 to 0.06 mm) allows to minimize lack of
fusion. This can be explained from the simple volumetric energy density
(Eq. (1)). So, when we have a low line energy density (LED = P/v), we
need to have lower hatch spacing to have sufficiently high VED to have
sufficient melting to avoid lack of fusion.

The as-built microstructure of CM247LC for a selected process
parameter is shown in Fig. 2. This sample was processed with P =200 W,
v = 3000 mm/s and h = 0.03 mm. Such parameters correspond to a VED
=74 J/mm° and LED = 0.07 J/mm. An overview micrograph containing
a crack and a lack of fusion void is shown in Fig. 2(a). The inserts (b) and
(c) highlight the regions shown in Fig. 2(b) and Fig. 2(c). The crack
surface is rough i.e. presence of dendrites indicating that the cracks

Hatch spacing, h (mm)
0.06

Line Energy Density, LED (J/mm)
0.3

Build direction (Z)

|
""3”;;\ {( )
. S i
?{ g @x\r"‘\' i )

Fig. 1. Selected micrographs showing the presence of cracks, pores, and lack of fusion for different LED and hatch spacing. Red arrows in (a), (b), (d) and (f) indicate
cracks. Lack of fusion is indicated in (c). A pore is indicated in (e). The empty regions indicate samples that were not feasible to manufacture.
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Lack of fusion yoi
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Weight percent (%)

100 150 200 250 300 350
Distance (nm)

50

Fig. 2. (a) SEM micrograph showing a crack and a lack of fusion void, (b) and (c) are magnified images of the locations indicated in (a), (d) SEM micrograph
showing cracks and an oxide inclusion with EDS, (e) SEM micrograph showing the presence of oxide inclusions with EDS and carbides, (f) EDS line scan of the

carbide particle marked in Figure 2(e).

observed in CM247LC are most probably solidification cracks (Fig. 2
(b)). However, there is a possibility of solid-state cracking (strain age
cracking) occurring in CM247LC due to the high y’ content, but this will
be further described and discussed in Section 3.5 and in Section 4. Fig. 2
(c) shows a lack of fusion void with an irregular shape. The presence of
oxides rich in Hf, Ta and Al were also found in a crack vicinity (Fig. 2(d))

and in the bulk (Fig. 2(e)). Also, fine bright particles can be noticed in
Fig. 2(b), (c) and (e). An EDS line scan was performed on one such
bright particle marked in Fig 2(e). The scan shows that the particles are
MC-type carbides rich in Hf and Ta.

The processing parameters in this study were compared with Carter
etal. [19] and Adegoke et al. [20] on the normalized processing diagram

10 = N
g1 s~ e O This study
L1~ Fo= 10 0= ¥¢ Carter et al. [19]
5 | S S S /A Adegoke et al. [20]
4 4 \\ \\ \\
3 RN Processing window’ ~ _ N
2 s
= NN
~ ~
a N
~ “ ~
i 197 <G M P N
= g1 SToTnen] .
S 7 AN
6 ~
5 1 A
41 N N Solidification cracking N
3 i \\ \\ \\ \\ \\
o ] N .~ N N N
Ey=1 E,=2 E,=4 E,=8 ~
0.1 T T — . T ——
1 2 3 4 5678910 2 3 4 56789100

Hm

P(v* t)=[A P/

Fig. 3. Normalized processing diagram of CM247LC with data from this study and

2vitrg)] [1/p Cy(T T

with parameter data extracted from Carter et al. [19] and Adegoke et al. [20].
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in Fig. 3. The y-axis is the inverse of the normalized hatch spacing h*
(which means that a high 1/h* value corresponds to a small hatch
spacing) calculated using Eq. (2) and the x-axis is the normalized heat
input per unit volume (E*) calculated using Eq. (4). The normalized
diagram allows a direct comparison between the results from this study
and the literature. The isopleths Ej, represent the normalized equivalent
energy where higher values of Ej represents a higher heat input and
lower Ej might lead to insufficient melting and lack of fusion voids. The
different processing regimes were identified from the porosity and crack
density calculations along with input from the literature. It is to be noted
that samples cannot be printed crack-free. Therefore, the processing
window refers to samples that can be obtained with low crack density
that can be considered nearly crack-free. From Fig. 3, it is seen that for
E§ < 3 the parameters yielded more lack of fusion, as indicated by a red
circle. The parameter space 3 < E; < 32 and 1/h* < I resulted in large
amounts of solidification cracking. The processing window is quite
narrow and is found to be at 6 < E§ < 10 and 1/h* > 1. This shows that
CM247LC is sensitive to cracking and that hatch spacing h < rg should be
employed. Also, a second region of solidification cracking and keyhole
formation was identified at approximately E; > 8 and 1/h* > 1. This is
probably due to excessive re-melting occurring at low hatch spacing and
high heat input. Although the normalized diagram gives a good under-
standing of the different processing regimes, it is crucial to examine the
melt pool dimensions and overlap which can elucidate more about the
relation between processing parameters and solidification cracking.

The entire parameter set is used to show the relationship between
LED, melt pool dimensions/overlap and crack density, see Fig. 4. The
horizontal and vertical overlap (in %) are calculated by Eq. (5) and (6),
respectively.

—_—
Q
~—

_ (b)

Materialia 34 (2024) 102059

hatch spacing

Hori =(1-— 1
orizontal overlap (%) ( Melr pool wids h) x 100 (5)
layer thickness
tical 1 =|1l-— 100
Vertical overlap (%) ( Melr pool depih ) X (6)

It is observed that the melt pool depth has a linear relationship with
LED (Fig. 4(a)). The R? coefficient for the linear fit was found to be 0.83.
The combination of low h and LED leads to shallow melt pools, as
observed from Fig. 4(a). Such melt pools are found to have low crack
density (as indicated by the color bar). The linear fit of the melt pool
width vs. LED yielded a poor correlation, with an R? coefficient of 0.61
(Fig. 4(b)). However, a similar trend to melt pool depth is also observed
with melt pool width where low h and LED is found to give low crack
density. The relation between horizontal and vertical overlap of the melt
pool with crack density is shown in Fig. 4(c). It is seen that a hatch of
0.03 mm gives a new processing regime with large horizontal overlap
and small vertical overlap and low crack density. To sum up, shallow
melt pools with strong overlap are the key to processing CM247LC. This
regime is achieved through a low LED and a small hatch spacing.

3.2. Grain morphology and texture

EBSD maps were acquired for samples with different LED and hatch
spacing (Fig. 5). The chosen samples and the figure layout are the same
as for the optical micrographs shown in Fig. 1 with respect to hatch
spacing and LED. The EBSD maps are plotted with inverse pole figure
representation along the build direction (Z). The (100) pole figures and
the intensity for the respective EBSD maps are also plotted. In the pole
figure, the build direction is in the center of the pole figure. In addition

300 400 5
£ ELr4 Ss00] . E
3 -7 £ < e £
2200+ £ kS = E
a e £ 3 2 A il 3 3
3 o 2 8 200+ e z
: . i stz = R 4 ¥
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m 009 m 009
0 . . . : 0 0 . . . :
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Fig. 4. Scatter plot of crack density as a function of (a) Melt pool depth and LED (line energy density), (b) Melt pool width and LED, (c) vertical and horizontal

overlap of melt pool.

Horizontal overlap (%)
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Hatch spacing, h (mm)
0.03 0.06 0.09

0.1

Build direction (Z)

0.2

Line Energy Density, LED (J/mm)

0.3

Fig. 5. EBSD orientation in inverse pole figure representation and the corresponding (100) pole figure for different parameters along with schematics of the melt
pool geometries.

to this, the schematic of the melt pool and the melt pool dimensions mm) is seen to have the smallest and the shallowest melt pools with
obtained from Fig. C1 in Appendix C are also added for the respective strong horizontal overlap (Fig. 5(a)). This parameter condition is also
EBSD maps. found to give columnar grains with the strongest (100) texture (texture

The sample with the lowest LED (0.1 J/mm) and hatch spacing (0.03 intensity of 8), but as the hatch spacing increases to 0.06 mm and 0.09
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mm it is found that there is a weaker texture and a more refined
microstructure with smaller grains. For LED of 0.2 J/mm and hatch
spacing of 0.03 mm, the VED was approximately 222 J/mm?. Such a
high energy input leads to swelling in the part leading to recoater
crashes and hence deliberately was not built for characterization.
However, a specimen with hatch spacing of 0.06 mm could be built and
showed larger melt pool width and depth (Fig. 5(d)) than sample with
LED of 0.1 J/mm (Fig. 5(b)). The large melt pool dimension led to
columnar grains and a strong (100) texture with a pole intensity of 24.
By increasing the hatch distance to h = 0.09 mm, a weaker texture with a
pole intensity of 12 was obtained. Finally, with LED = 0.3 J/mm and h =
0.09 mm, there is presence of larger grains with weaker texture than the
specimens with LED = 0.2 J/mm.

3.3. Residual stress

Four samples processed with different parameters (energy densities
(LED and VED, see Table 4) were chosen for residual stress analysis. The
optical micrographs (Fig. 6) and the area fraction from image analysis in
Table 4 show that they have different defect quantities, as different LEDs
led to different melt pool geometries. The melt pool sketches and di-
mensions were obtained from obtained from Fig. C2 in Appendix C.
These four samples for residual stress analysis and for X-ray computed
tomography in Section 3.4 were chosen as exemplarily representing the
effect of different VED on residual stress. Additionally, these samples did
not have high defect fraction. Such feature makes them suitable candi-
dates for HIP. It is seen from Fig. 6 that P2 has shallower and narrower
melt pools than P1; this led to a higher crack density in P1 (2.90 mm/
mm2). However, it is seen that P3 (LED of 0.10 J/mm) has higher crack
density than P2 (LED of 0.07 J/mm), as shown in Table 4, although the
two samples have similar melt pool geometries (Fig. 6). This shows that
even though it is beneficial to have shallow and narrow melt pools, it is
also crucial to have sufficiently low LED.

The residual stress depth profiles that were measured for the four
samples mentioned above are shown in Fig. 6. The profiles were ob-
tained until a depth of ~200 um. This is because low tensile residual
stresses are usually detected closer to the surface due to surface
roughness (attached powder particles) and finer grains closer to the
surface [40]. It can also be clearly observed from Fig. 6 that maximum
residual stress values are obtained at a distance of 100 um from the
surface. This justifies the reason for stress profiling until a depth of 200
um and is also sufficient for comparison of the samples. Furthermore,
only the residual stress component along the build direction is reported
as the stress values are much higher than in the transverse direction.

In general, the residual stress increases with increasing distance from
the surface regardless of the parameters. It can also be seen that P1 and
P2, processed with the same VED (74 J/mmg), have similar residual
stress values at distances greater than 50 um. P3, processed with a VED
of 111 J/mm?® had similar residual stress as P1 and P2 up to a distance of
100 um. At greater distance from the surface, the residual stress sharply
increases, reaching approximately 1200 MPa. P4, processed with a VED
of 53 J/mm> had relatively low residual stress values. The residual
stress for P4 increases with the increasing distance from the surface and
reaches a plateau of about 800 MPa at a depth of approximately 125 pm.
These values are consistent with the literature [41].

Table 4

Materialia 34 (2024) 102059

In general, the maximum residual stress values are dependent on the
VED. Higher VED leads to higher residual stress values while lower VED
leads to lower residual stress values. Samples with the same VED but
different laser process parameters had similar residual stress values. It
can also be observed that the residual stress values reported here for
CM247LC (900 to 1200 MPa) is greater than reported stress values of
IN718 manufactured by PBF-LB [40]. Due to the differences in the alloy
and processing condition, one must be wary when comparing different
alloy systems. Further clarifications of the high residual stresses for
CM247LC can be found in Section 4.3.

3.4. X-ray computed tomography (XCT)

The crack distribution obtained by XCT for specimens P1, P2, P3 and
P4 are presented in Fig. 7 along with the melt pool geometries and crack
volume percentage. All the samples presented an interconnected
network of cracks in 3D but with different crack densities. Although the
2D and 3D crack density estimation methods are somewhat different, the
values of area crack density (see Table 4) qualitatively correspond to the
volumetric values.

From Table 4 and Fig. 7, we can see that the VED solely does not
explain the cracking behavior. However, there is a clear indication that
LED and the normalized energy input E* can be correlated with the crack
density/volume. This is because it is possible to have different param-
eters but the same VED (for example, P1 and P4 in Table 4) but different
cracking behaviors. This is because the cracking is dependent on melt
pool geometry which in turn is dictated by LED and/or E* (LED and E*
are proportional). This behavior is observed clearly in Fig. 7 where low
LED and E* (parameter set P3) leads to low crack density/volume. And
the severity of cracking increases at higher LED and E*. In such a case,
cracks become deep and have plate-like morphology in Fig. 7(g). On the
other hand, we observe that in Fig. 7(f), we have shallower cracks for P2
(LED of 0.07 and E* of 1.74). Another observation from the XCT data
(Fig. 7) is that cracking does not extend to the surface in P2 unlike P1, P3
and P4. Since cracks open to the surface cannot be healed during HIP, it
becomes crucial to choose low LED and E*.

3.5. Atom probe tomography (APT)

APT was performed to reveal the impact of processing parameters on
possibility and extent of y’ precipitation in the as-built state and hence
risk of strain age cracking. Three samples with similar VED but
increasing line energy density and hatch spacing were selected for APT.
The chosen samples had increasing crack density which can also be
observed in Fig. 1(a), (d), (f). Fig. 8 shows atom maps and the corre-
sponding radial distribution function (RDF) plots. It also contains the
schematic of the melt pool geometries. The RDFs were calculated in a
box of 30 x 30 x 30 nm? with Cr atoms as centers up to a radius of 20 nm
and a step size of 0.2 nm. RDFs for the entire run were also calculated
and showed the same trends and features. RDF is a powerful statistical
tool that can show early stages of phase separation or clustering, and
spinodal decomposition, which is suspected to be occurring in the as-
built material of CM247LC [42,43].

From the APT results (in Fig. 8), no y’ precipitation was detected in
any of the samples. However, spinodal decomposition was observed in

Process parameters used for residual stress and X-ray computed tomography measurements.

Power Speed Hatch LED VED E* Area fraction from Image analysis Volume fraction from XCT
P v h Crack density Porosity Crack Porosity
w mm/s mm J/mm J/mm’® - mm/mm?® % % %

P1 100 500 0.09 0.20 74 5.22 2.90 0.38 6.03 -

P2 200 3000 0.03 0.07 74 1.74 0.74 0.28 1.53 0.01

P3 300 3000 0.03 0.10 111 2.61 2.25 0.13 4.42 -

P4 200 1750 0.09 0.11 53 2.98 1.28 0.92 2.96 0.31
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Fig. 6. Melt pool geometry and optical micrographs of samples built with parameters (a) P1 (74 J/mm?3): P =100 W, v = 500 mm/s, h = 0.09 mm, (b) P2 (74 J/
mm3): P =200 W, v = 3000 mm/s, h = 0.03 mm, (¢) P3 (111 J/mm?): P = 300 W, v = 3000 mm/s, h = 0.03 mm, (d) P4 (53 J/mm>): P = 200 W, v = 1750 mm/s, h =
0.09 mm, (e) Depth profile of residual stress (along the BD), obtained using XRD and electrolytic polishing, for process parameters P1, P2, P3 and P4. BD =

building direction.

as-built CM247LC. Two types of regions, namely Cr-rich regions (indi-
cated by iso-surfaces of 9.5 at.% Cr displayed in magenta) and Al-rich
regions (indicated by Al points plotted in cyan) which are enriched by
Cr and Al atoms, respectively (shown in Fig. 8), were observed. The
shape of the two types of regions (Cr and Al-rich) are also affected by the
processing conditions. The anisotropic elongated features for the sample
processed with LED = 0.1 J/mm (Fig. 8(a)) and Fig. B1 (a), (d), (g) (in
Appendix B) along the build direction were observed. The regions are
more isotropic for samples processed with LED of 0.2 J/mm (Fig. 8(b))
and LED of 0.3 J/mm (Fig. 8(c)). Visually the Cr and Al-rich regions
appear to be relatively finer in Fig. 8(b) and Fig. B1 (b), (e), (h) for LED
of 0.2 J/mm than Fig. 8(c) and Fig. B1 (¢), (f), (i) for LED of 0.3 J/mm. It
is clear from the RDFs (Fig. 8) that all the samples undergo spinodal
decomposition, however, the extent of decomposition is found to be
influenced by the processing parameters. It was noticed that samples
processed with LED of 0.2 J/mm and 0.3 J/mm are less decomposed
than the sample processed with LED of 0.1 J/mm. The maximum Cr
concentration at the center of the Cr-rich regions displayed by the RDF
of these two samples is lower than the maximum Cr concentration
calculated for the LED 0.1 J/mm sample. Moving to larger distances, the
Cr concentration falls below the bulk average, then it increases again
and reaches a local maximum. These local maxima can be used to esti-
mate the wavelength of the spinodal decomposition: higher values
correspond to higher degrees of decomposition [42]. It can be observed
that the first maximum occurs at different distances in different samples,
indicating that the spinodal decomposition wavelength is affected by the
processing parameters. The maximum for the sample with LED of 0.1
J/mm occurs at a distance of 12.8 nm while for LED of 0.2 J/mm and 0.3
J/mm the maximum occurs at shorter distances of 8.4 nm and 9.4 nm,

respectively. This means that there is a higher probability of finding a
Cr-rich region (from Cr-atoms as centre) at shorter distances for samples
processed with high LED (0.2 and 0.3 J/mm). To sum up, the process
parameters influence the melt pools, which in turn were found to affect
the spinodal decomposition. Also, there is no presence of precipitates
but elemental segregation indicating most probably the y’ precipitation
would occur through spinodal decomposition instead of classical
nucleation. In addition, it is quite clear that the increasing crack density
with high energy input (LED) is not due to strain age cracking but solely
due to solidification cracking.

Proxigrams generated with respect to Cr (9.5 at.%) iso-concentration
surfaces are shown in Fig. 9. The proxigrams were generated from the
whole run unlike the RDFs, which were performed on 30 nm cubes. A
general trend observed from the proxigrams is that y’ forming elements
such as Al, Ta and Ti tend to cluster together in the Al-rich regions and
elements such as Cr, Co, and Mo cluster together in the Cr-rich regions.
Also, there are other elements such as W, Si and B that do not show
preferential segregation. Hf and C were found to cluster in the Al-rich
regions but in a different manner. The concentrations of Hf and C
were found to be higher for the sample processed with LED of 0.1 J/mm
(Fig. 9(g)) than the samples with LED of 0.2 J/mm (Fig. 9(h)) and 0.3 J/
mm (Fig. 9(i)). It is possible that this can be caused by the different
process parameters and the stronger laser overlap (remelting). However,
this would require further investigation and perhaps site-specific lift
outs and multiple samples to come to a definite conclusion. On this
regards it is important to point out that the melt pool size ranges in the
hundreds of microns, while the APT reconstructions are in the hundreds
of nanometers. Any local inhomogeneity in chemical composition and
elemental distribution over the scale of the melt pool size, could
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Crack vol% = 1.53

Crack vol% = 6.03

Crack vol% = 4.42 Crack vol% = 2.96

Fig. 7. X-ray computed tomography (CT) for different process parameters. (a),(e) P1 (74 J/mm>): P = 100 W, v = 500 mm/s, h = 0.09 mm, (b), (f) P2 (74 J/mm°): P
=200 W, v = 3000 mm/s, h = 0.03 mm, (c), (g) P3 (111 J/mm?): P = 300 W, v = 3000 mm/s, h = 0.03 mm, (d), (h) P4 (53 J/mm?3): P = 200 W, v=1750 mm/s, h =

0.09 mm.

potentially affect the APT results. To confirm that there were no in-
homogeneities in the chemical composition SEM-EDS analysis was
performed on a magnification of 500X over the entire area and the re-
sults are tabulated in Table 5. It was observed that there were no in-
homogeneities and the composition obtained from EDS for the samples
with different LED (0.1, 0.2 and 0.3 J/mm) were similar to the compo-
sition of the feedstock. The only exception was Hf which was lower than
in the powder feedstock, but the composition of the bulk was similar,
and we can assume there are no inhomogeneities on this scale. Hence,
any differences observed in APT are likely due to inhomogeneities at the
melt pool size.

4. Discussion

This study explored the PBF-LB processability of CM247LC. The ef-
fect of laser process parameters (power, speed, and hatch) on solidifi-
cation cracking, melt pool geometry, microstructure and residual stress
have been presented above. The results indicate that there is a correla-
tion between the laser process parameters, melt pool geometry, grain
morphology and texture, which ultimately affects the solidification
cracking. Additionally, the study also demonstrated that segregation at
the atomic level can possibly be influenced by the melt pool shape,
which has not been described in the literature before.

10

4.1. Impact of process parameters on melt pool, microstructure and
solidification cracking

The effect of laser process parameters such as power, speed, and
hatch, did not have a significant effect on solidification cracking.
However, it was seen that the combination of the process parameters
like LED, which is the ratio of power and speed (P/v), had a major in-
fluence on the solidification cracking (measured as crack density). It was
observed that samples with low LED (< 0.1 J/mm) had low crack density
compared to samples with high LED (> 0.2 J/mm). The reason for this
behavior is the extent of the mushy zone and the solidification structure.
From the hot cracking criterion (RDG model) developed by Rappaz,
Drezet and Gremeau [44], it is known that a large mushy zone is likely to
cause solidification cracking. In order to investigate the effect of LED on
the mushy zone, the Additive Manufacturing Module from Thermo-Calc
2024a was employed. The TCNI12 database was used for the Scheil
solidification calculations. A steady-state calculation was used with a
calibrated Gaussian heat source. The calibrated heat source had an ab-
sorptivity of 70 % and a beam diameter of ~80 um. The keyhole model
with a Rayleigh length of 2.5 mm was used. The top boundary condition
had a radiation emissivity of 0.8 and a convective heat transfer coeffi-
cient of 20 W/m?2. Evaporation was also considered in the simulations.

Fig. 10a shows a simulation performed for a parameter set with
equivalent LED of 0.3 J/mm. Isosurfaces are used to represent the soli-
dus (Tsoliqus) and the liquidus (Tiquiqus) temperatures. The Triguidus iso-
surface appearing in red color is the region that is above the liquidus
temperature, i.e. the melt pool. The Ts,iqys isosurface appearing in blue
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Fig. 8. APT of a cube of 30 nm with normalized radial distribution function (RDF) along with the melt pool geometries for the parameters used to build the sample.
(a) LED (P/v) = 0.1 J/mm & h = 0.03 mm, (b) LED (P/v) = 0.2 J/mm & h = 0.06 mm, (c¢) LED (P/v) = 0.3 J/mm & h = 0.09 mm. The corresponding E* values for (a),
(b) and (c) are 2.61, 5.22 and 8.70. Al atoms are indicated by points and Cr is indicated by iso-concentration surface of 9.5 at.%.

color is the region that has temperatures between Tsojigus and Triguidus and
is referred to as the mushy zone. The lengths of the mushy zone (Lyushy)
were then measured for different LED (0.1, 0.2 and 0.3 J/mm) and are
shown in Fig. 10b along with the crack density. It is seen that for LED of
0.1 and 0.2 J/mm, the crack densities are similar (~2.19 and 2.16 mm/
mm?, respectively). For an LED of 0.2 J/mm, there is a higher crack
density and the largest mushy zone length. The reason for the similar
crack densities for LED of 0.1 and 0.2 J/mm despite the larger mushy
zone for 0.2 J/mm can be attributed to the solidification structure. For
both 0.1 and 0.2 J/mm, the solidified cellular structure is nearly parallel
to the build direction (Fig. 10¢,d). It can also be observed from Fig. 5a,
d that they have columnar and highly textured microstructure. This
shows that both the solidification structure and grain morphology can
play a crucial role in minimizing solidification cracking. This can be
explained by applying the concept of ‘attractive’ and ‘repulsive’ grain
boundaries by Rappaz [45]. Based on this model, there is a possibility
that high angle grain boundaries (HAGBs) are more prone to segregation
and liquid film formation at lower temperatures. This difference would
be the reason for higher crack susceptibility of HAGBs [18,45,46]. This
can be observed in Fig. 10e, where a crack was formed when the so-
lidifying cellular structures had higher misorientation and possibly a
HAGB. Hence, it is suggested that although it is important to have a low
LED (in order to have a smaller mushy zone), it is even more important
to control the grain morphology and the texture if one wants to mini-
mize solidification cracking in materials like CM247LC.

It was also demonstrated that the volumetric energy VED = P/(v.h.t),
where P = laser power, v = speed, h = hatch spacing and t = layer
thickness), had no clear relation with solidification cracking. However,
it was observed that for samples processed with low LED (~0.1 J/mm), it
was crucial to have a small hatch spacing to have sufficiently high VED.
The physical meaning behind the results mentioned above can be
described by using the melt pool as a building block as shown in Fig. 11.
First of all, it is important to have the right building block, i.e. a melt
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pool shape with low crack density. It was observed from Fig. 4 (a, b) that
shallower and narrower melt pools obtained when processing with low
LED have low crack density, as which has also been reported in welding
literature [47]. So, after choosing the right building block (LED = 0.1
J/mm as shown in Fig. 11), one has to to choose the arrangement of the
building blocks. Here it is important to choose the horizontal distance
between the melt pools, i.e. hatch spacing. Since the melt pools are
shallow and narrow, using typical hatch spacings (h;) would not be
optimal, as it will lead to lack of fusion defects. Therefore, using small
hatch spacing h; eliminates the risk of lack of fusion (shown in Fig. 11).

Grange et al. [17] demonstrated that controlling the melt pool size
and having a strong overlap ratio, i.e. a small hatch spacing, minimized
solidification cracking in IN738LC. It was also concluded that the
remelting occurring for a high overlap ratio caused crack healing. In this
study on CM247LC it was found that the crack density decreased when
hatch spacing was increased from 0.03 to 0.09 mm for samples pro-
cessed with the lowest LED (Table 3). For samples with increased LED,
however, the crack density increased, when the hatch spacing was
increased (from 0.06 to 0.09 mm). This abnormal behavior can be
explained by observing the grain morphology of these samples (see
Fig. 5). Itis observed that there is a transition from long columnar to fine
equiaxed grains with increasing hatch spacing for low LED (Fig. 5(a—c)).
It is also observed from the pole figures that the texture becomes weaker
(see Fig. 5(a—c)). This change in grain morphology and texture with
increasing hatch spacing for a fixed LED is most probably the reason for
the lower crack density. On the other hand, for increased LED and an
intermediate hatch spacing we have a strong texture (Fig. 5d). Also, it is
known that solidification cracking occurs in high angle grain boundaries
(HAGBS), typically greater than 10 to 15° [46]. This type of HAGB:s is
less frequent for the sample in Fig. 5d than Fig. Se, which explains why a
lower crack density is observed for this sample in Fig. 1d than Fig. le.
Similar observations have also been reported in the literature. In
particular, Kumar et al. [11] reported that CM247LC samples processed
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Fig. 9. Proxigrams obtained across 9.5 at.% Cr iso-concentration surface along with melt pool geometries. (a), (d), (g) processed with LED (P/v) = 0.1 J/mm & h =
0.03 mm. (b), (e), (h) processed with LED (P/v) = 0.2 J/mm & h = 0.06 mm. (c), (f), (i) processed with LED (P/v) = 0.3 J/mm & h = 0.09 mm.

Table 5

Composition of CM247LC powder feedstock and bulk samples (measured using EDS). (a) processed with LED (P/v) = 0.1 J/mm & h = 0.03 mm. (b) processed with LED
(P/v) = 0.2 J/mm & h = 0.06 mm. (c) processed with LED (P/v) = 0.3 J/mm & h = 0.09 mm.

wt.%

Cr Co Mo C w Hf Ta Ti Al Zr B Si Ni
Powder 8 9.3 0.5 0.06 9.7 1.3 3.2 0.8 5.6 0.009 0.01 0.08 Bal.
(a) 8.26 9.44 0.68 - 9.91 0.56 3.69 0.73 5.62 0.18 - - Bal
(b) 8.27 9.47 0.60 - 10.52 0.46 4.08 0.73 5.41 0.00 - Bal
(@] 8.25 9.28 0.48 - 10.76 0.57 3.66 0.78 5.26 0.09 - - Bal

with LED of 0.44 J/mm had a higher fraction of HAGBs as opposed to
samples with LED of 0.27 J/mm.

4.2. Role of volumetric energy density (VED) on residual stresses

Residual stresses are stresses present in the part when there is no
external loading applied. For PBF-LB, the differential shrinkage/
expansion due to repeated melting and solidification along with phase
transformations can lead to formation of stress between different phases
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or different positions in a part. On the other hand, the thermal tensile
stress formed within a melt pool acting on the liquid film during the last
stages of solidification leads to solidification cracking. One can consider
that the residual stress measured in this study using XRD are on the
macro/meso scale and permanent in nature, while the thermal stresses
leading to solidification cracking are at the micro scale and transient. It
can be argued that a component with increased solidification cracking
could have residual stress relaxation. But in this study, it was found that
the residual stress scales with the VED. Two samples with different
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Fig. 11. Schematic showing the impact of melt pool geometry and arrangement on defect type and content as well as the proposed methodology for the selection of
the right building block based on LED and their arrangement for defect-free processing of non-weldable alloys such as CM247LC.
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process parameters but with the same VED had similar residual stress
values. This signifies that VED had a more important effect than indi-
vidual laser process parameters on residual stress buildup despite having
different crack densities. It can also be noted (see Fig. 6 and Table 4) that
the residual stress seems not to be influenced by the LED or the melt pool
geometry. A possible explanation for the strong effect of VED on residual
stress is the thermal gradient within the part. It is likely that a higher
VED can lead to larger thermal gradients, and, in turn, higher residual
stresses. Another future study to be considered is to process with the
same VED (same process parameters) but with different crack densities
to study the impact of the extent of solidification cracking on residual
stresses. This is because it is challenging to deconvolute the extent of
stress relaxation occurring due to solidification cracking. A possible way
of achieving this is by modifying the alloy composition to increase so-
lidification cracking. This could reveal the relation between solidifica-
tion cracking and residual stresses in a controlled experiment.

The reported residual stress values at larger depths (Fig. 6) are equal
to or greater than the room temperature yield strength of as-built
CM247LC (~800 to 900 MPa) [48]. From the von Mises yielding crite-
rion for multiaxial loading, it can be inferred that a triaxial tensile stress
state likely existed, allowing a stress greater than the yield strength for
uniaxial loading to be retained in the building direction. Although the
stress component normal to the face could not be assessed using the
sin?y method, a tensile stress of between 100 and 200 MPa was indeed
found in the transverse direction. Further, it can be noted that the sin?y
method was derived based on the assumption of isotropic elastic
behavior in the probed volume. Such an assumption probably would not
be the case for the current samples. Obvious diffraction peak intensity
oscillations with y angles were observed from at depths larger than 100
um especially for P1 to P3, revealing the presence of texture. Thus,
measurement errors might have risen due to anisotropic elasticity
related to the texture and contributed to the high residual stress values.
Nevertheless, it is known that residual stresses must be balanced, and the
tensile surface residual stresses are balanced by compressive residual
stresses in the bulk [40]. Also, the chosen diffraction elastic constants
(DECs) influence the resulting stress values [49]. They can be different
for conventionally manufactured materials compared to PBF-LB. Due to
the lack of information in the literature about DEC for PBF-LB CM247LC,
the value for cast CM247LC was used. This choice does not affect the
comparison between the samples, and comparative values must be
borne in mind, rather than absolute values.

An additional finding was that low residual stress values were ob-
tained for samples processed with low VED. This can be due to the lower
energy input to the material leading to small thermal gradients and in
turn low residual stresses. Another hypothesis is that the presence of lack
of fusion defects aids residual stress relaxation. Although it is crucial to
lower the residual stresses, processing CM247LC with low VED would
lead to more lack of fusion defects (see Fig. 6d), which can be difficult to
close during post-processing steps such as HIP. On the other hand,
samples processed with a high VED can have cracks with plate-like
morphology open to the surface that cannot be closed by HIP. So, it is
recommended to have moderate VED, in order to minimize the crack
density and amount of lack of fusion defects, which can be healed by
HIP. Other strategies such as preheating, modified scan strategies or
tailored post heat treatments should be explored for minimizing the
residual stress further to reduce the strain age cracking risk [50-52].

4.3. Spinodal decomposition and absence of y’ precipitation

Segregation at the nanoscale, studied by APT, was found to be related
to the melt pool size (Figs. 8 and 9). The spinodal decomposition of
mainly Cr and Al was found in the as-built microstructure, and such
clustering was also shown for high y’ Ni-base superalloys through APT in
the literature [43,53]. However, similarly to the results reported in this
work, none of the studies showed presence of y’ precipitates in the
as-built condition. This is an indication that the high cooling rates (~10°
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to 107 K/s) in PBF-LB probably suppresses the formation of y° [1,54,55].
However, it is suspected that spinodal decomposition could play a role in
the early stages of y’ nucleation [56]. Studying the y’ precipitation ki-
netics was beyond the scope of this study, but findings by Collins et al.
[56] showed that similar fluctuations in concentration were observed in
the APT of the Ni-base superalloy (RR1000) gas atomized powder
(cooling rate of 10* to 10° K/s [55,57]). In no case the spinodal
decomposition is reported to have developed to the late stages where
different phases can be found.

Certain studies, however, have indicated the presence of y’ pre-
cipitates in as-built condition [23,58,59]. Després and co-workers [23]
found y’ precipitates located along the grain boundaries using APT in a
superalloy with Al and Ti content of about 2.3 wt% and 3.1 wt.%,
respectively. Similarly Divya et al. [58] found that y’ precipitates with a
binomial distribution were found in the cell boundaries in as-built
CM247LC using transmission electron microscopy (TEM). Both studies
have found precipitates at boundaries (cellular/grain), where there can
be differences in segregation due to the complex thermal history of the
PBF-LB process. This could have ultimately led to precipitation of y* at
the boundaries. On the other hand, Miller and co-workers [59] found
that IN713LC (similar Al and Ti content as CM247LC) also had y’ pre-
cipitates in as-built condition using TEM. However, the presence of y’
was not evident from APT reconstructions. Furthermore, a recent finding
from Schulz et al. [53] was that there were no y’ precipitates found in
as-built condition using either TEM or APT for IN738LC. Supposedly,
there can be differences in the processing conditions employed that can
lead to differences in y’ precipitation in as-built condition. Also, the
alloying elements can possibly have some effect. For example, IN713LC
does not contain high quantities of refractory elements, unlike CM247LC
(W+Hf+Ta > 14 wt.%). Refractory elements are slowly diffusing ele-
ments that affect the y’ precipitation kinetics. To sum up, one can say
that the presence of y’ precipitates can be heavily dependent on the alloy
chemistry, processing conditions, site of investigation and the charac-
terization technique. For the parameters employed within this study and
for CM247LC, no y’ formation was observed using APT in the bulk and it
is safe to assume that strain age cracking has not been observed in the
as-built state.

The separation of the elements towards Cr-rich or Al-rich regions
observed in Fig. 9 can be attributed to the partitioning coefficients (k) of
each element. The partitioning coefficient is defined as the ratio of the
atomic fraction of the element in the y* and y phase, respectively. Ele-
ments like Cr, Co, Mo and W with k < 1 tend to partition together and
these are the elements which tend to be enriched in the y phase. On the
other hand, elements like Al, Ti, Hf and Ta with k > 1 tend to be enriched
in the y’ phase. This reaffirms the previously established point that there
will be further elemental partitioning during heat treatment, and spi-
nodal decomposition will promote the concentration of y’-formers in the
Al-rich regions. This can in turn promote y’ precipitation. Another
observation was that there were differences in the Cr and Al segregation
from the RDF in Fig. 8 where the extent of spinodal decomposition was
affected by the deposition parameters. The sample with LED of 0.1 J/mm
had longer spinodal wavelength than the samples with LED of 0.2 J/mm
and 0.3 J/mm. This means that the sample with LED of 0.1 J/mm had
decomposed to a greater extent, possibly due to the higher degree of
remelting linked to the tight hatch spacing that characterizes this sam-
ple. There is no concrete evidence that would allow to correlate spinodal
decomposition and solidification cracking in Ni-base superalloys.
However, spinodal decomposition in heat-treated high Cr content steels
is known to play a role in increasing hardness and decreasing ductility.
Verifying this link for Ni-base superalloys would require more extensive
APT work coupled with mechanical testing and could be a topic for
future research.

5. Conclusions

This study investigated the relationship between PBF-LB process
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parameters, defect formation, melt pool geometry, grain morphology,
residual stresses, and segregation for the non-weldable Ni-base super-
alloy CM247LC. The following are the main conclusions that can be
drawn from the study:

e The cracking observed in as-built CM247LC was most probably due
to solidification cracking. The absence of y’ precipitates from APT
confirms that the cracking is not due to strain age cracking.
Processing with low LED leads to shallow and narrow melt pools with
less solidification cracking. This also means that the hatch spacing
shall be small to avoid lack of fusion, i.e. a sufficiently high VED is
needed.

The solidification cracking was also found to be affected by grain
morphology and texture. Samples with small grains were found to
have less solidification cracking. Another observation was that
minimizing the fraction of HAGBs could also minimize solidification
cracking.

It is not possible to completely eliminate cracking in CM247LC.
Further optimizations such as modified scanning strategies, tailoring
the composition or increased pre-heating would have to be explored.
The residual stresses were affected primarily by the VED. Residual
stresses were proportional to the VED used to process the material.
Also, samples processed with the same VED, but with different pro-
cess parameters, had similar residual stresses. It is of interest to
minimize the residual stress to minimize the risk of strain age
cracking during post-process heat treatment. However, there needs
to be a compromise as there is risk of lack of fusion at lower VED.
APT indicated that there were no precipitates in the as-built condi-
tion, but elemental segregation indicating early stages of spinodal
decomposition. The sample processed with low LED (0.1 J/mm) was
found to be decomposed more than samples processed with higher
LED (0.2 and 0.3 J/mm). This is attributed to the increased remelt-
ing/reheating and the complex thermal history.
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