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Abstract

Laser additive manufacturing offers significant advantages for fabricating and repairing
complex components. However, the complex solidification and remelting processes in
nickel-based superalloys for additive manufacturing can introduce defects such as voids
and cracks. Therefore, process parameters are crucial, as they significantly impact solidifica-
tion and remelting, thereby affecting defect formation. In this study, laser-directed energy
deposition was employed to evaluate the effects of our key process parameters on the for-
mation of voids and cracks in a novel superalloy. The findings reveal that laser power and
linear energy density significantly influence the void content and crack density. However,
the influence of other process parameters on defect formation is relatively minimal. The
optimal parameter space is characterized by a laser power range of 600~700 W, a linear
energy density range of 60~90 J/mm and a powder feeding rate of 0.7~0.8 rpm. More-
over, the precipitation of fine MC-type carbides near the dendrites and grain-boundary
misorientations within the range of 31~42° are associated with a higher propensity for
crack formation. These insights provide a valuable reference for controlling the process
parameters and understanding the cracking mechanisms in laser additive manufacturing
of superalloys.

Keywords: laser-directed energy deposition; Ni-based superalloy; process parameters;
defects; cracking mechanisms

1. Introduction

Ni-based superalloys are essential structural materials for the key thermal components
of turbine engines due to their exceptional properties at high temperatures, including high
strength and excellent resistance to creep, fatigue, corrosion and oxidation [1-3]. Critical
components such as turbine discs and blades typically have highly intricate geometries.
The machining of these components using traditional processes is not only complex but also
compromises the mechanical properties of the material due to the required welding. Laser
additive manufacturing (AM) technology, on the other hand, enables the direct printing
of alloy powders in complex structures, thereby demonstrating significant potential to
overcome these limitations [4]. The AM of complex superalloy components enables direct

Materials 2025, 18, 3102

https://doi.org/10.3390/mal8133102


https://doi.org/10.3390/ma18133102
https://doi.org/10.3390/ma18133102
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0009-0002-7385-8027
https://orcid.org/0000-0002-4404-8650
https://doi.org/10.3390/ma18133102
https://www.mdpi.com/article/10.3390/ma18133102?type=check_update&version=1

Materials 2025, 18, 3102

2of 16

formation, significantly reducing processing time and material waste [5,6]. The integrity
and mechanical properties of the superalloy components are also improved by eliminating
the welding process.

Various advanced Ni-based superalloys, such as CM247LC [7,8], Hastelloy X [9,10],
IN718 [11,12], IN625 [13,14], IN738 [15,16], IN738LC [17,18], IN939 [7,19], SRR99 [20],
Haynes282 [21], AD730 [22], ABD-900AM [7], ABD-850AM [7] and CMSX-4 [23], have been
successfully produced using AM techniques. However, due to the high crack susceptibility
of Ni-based superalloys, inappropriate employment of parameters during the AM process
can lead to numerous defects, including voids and microcracks [24-26]. These defects can
significantly compromise the mechanical properties and performance of the manufactured
components. Therefore, devising strategies to mitigate defects in the AM of Ni-based
superalloys remains a crucial aspect.

As with traditional processing methods of casting and welding, AM parts undergo
rapid and repeated heating and cooling cycles during the layer-by-layer deposition process
of laser-directed energy deposition (L-DED). This cyclical thermal exposure can lead to the
formation of unique microstructural characteristics and defects. Porosity and cracking are
two of the most common concerns in metal AM [27]. Porosity is a pore-like defect and can
be mainly categorized as gas pores, keyhole pores and lack-of-fusion pores [28,29]. Gas
pores are spherical and relatively small, primarily caused by gas trapped in raw metal
powders or protective gas entrapped during the fabrication process. Keyhole pores occur
due to excessive energy input during the melting process [30]. High beam energy causes
excessive penetration of metal powders, resulting in deep and narrow pores near the
bottom of the melt pool after solidification. Conversely, insufficient energy input leads
to lack-of-fusion pores [31,32]. In this case, the lower energy level fails to fully melt the
metal powders, leaving relatively large and irregularly shaped pores. In addition to pores,
well-aligned chains of rounded voids, referred to as micro-shrinkage, are also observed
along the direction of columnar grain growth in the AM parts, each typically having an
average diameter of less than 5 um. Chauvet et al. [32] proposed that these structures
originate from the coalescence of secondary arms of intragranular dendrites during the
final stage of solidification.

Cracking is a critical issue for AM parts, typically occurring during the solidification
or subsequent heating processes. The primary mechanisms of cracking can be catego-
rized as solidification cracking, liquation cracking, strain age cracking and ductility dip
cracking [7,33,34]. Among these, solidification cracking and liquation cracking involve the
appearance of liquid film, often due to strong thermal gradients during rapid solidification
and the formation of low-melting-temperature regions that can initiate cracks. In con-
trast, ductility-dip cracking and strain-age cracking occur in the solid state. Ductility-dip
cracking happens when the ductility of alloys significantly decreases within a specific
temperature range (typically 0.7 to 0.5 times the melting point of the alloy), leading to
intergranular cracking under thermal stress. Strain-age cracking, on the other hand, arises
from the combination of residual stresses and the precipitation of brittle phases during
post-aging heat treatment, which embrittle the alloy and make it susceptible to cracking.
Key factors contributing to cracking primarily include the temperature gradient (TG) [35],
high-angle grain boundaries (HAGBs) [33,36], interdendritic precipitation of carbides [37]
and low-melting-point (y +v’) eutectics [38]. Several process parameters in AM, such as
laser power, scanning speed, linear energy density, powder feeding rate and the width of
the clad track (including laser preheating and temperature variation), play a vital role in
determining the microstructure and physical/mechanical properties of the manufactured
parts [39-42]. These parameters are interdependent; specifically, the linear energy density,
which is crucial for material fusion and heat distribution, is determined by the ratio of
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laser power to scanning speed. Understanding and effectively controlling these interde-
pendencies is essential for optimizing the manufacturing process to minimize defects and
stress risers, thereby achieving the desired microstructure and mechanical properties in the
final components.

In the present work, we investigated the influence of process parameters on defect
formation in a novel Ni-based superalloy during L-DED. A series of 25 bulk samples
were prepared under varying conditions, and their microstructures were systematically
examined to identify optimal process parameters. Furthermore, the impact mechanisms of
these parameters on defect formation were thoroughly analyzed.

2. Materials and Methods
2.1. Characterization of Ni-Based Superalloy Powders

Ni-based superalloy powders with a nominal particle size distribution (PSD) ranging
from 45 to 105 um were produced by vacuum induction melting inert gas atomization
(VIGA). The main chemical compositions of the powders were measured and reported
in Table 1. The actual PSD and the sphericity were measured by means of a CAMSIZER
X2dynamic image analysis system (Retsch GmbH, Haan, Germany). The crystal structure
of Ni-based superalloy powders was obtained using a MiniFlex 600 X-ray diffractometer
(XRD) (Rigaku Holdings Corporation, Tokyo, Japan) with Cu-K« radiation operating at
40 kV and 40 mA.

Table 1. The main chemical compositions of the Ni-based superalloy powders (wt.%).

Element Ni

Cr Mo + W Nb Al+Ti Hf C+B+Zr Si

wt.% Bal.

25.75 13.00 7.94 0.93 7.1 0.19 0.098 0.048

2.2. L-DED Fabrication of Ni-Based Superalloy

The Ni-based superalloy samples were fabricated using a iLAM®511C L-DED system
(Nanjing Huirui Photoelectric Technology Co., Ltd., Nanjing, China) employing a 1070 nm
wavelength laser with a maximum power output of 1 kW. The Ni-based superalloy powder
streams were carried by high-purity argon through three gas lines to a coaxial powder
feeding nozzle, where they were sprayed out, then merged to form a focused powder stream
aligned with the center axis of the laser beam. In this study, the powder feeding system
continuously dispensed 8.06 g of Al superalloy powder per revolution, ensuring a precise
and consistent material flow throughout the cladding process. Eventually, the Ni-based
powders were fabricated into cubic specimens, each with dimensions of approximately
15 x 15 x 15 mm?, on a stainless-steel substrate. The entire manufacturing process was
conducted in an argon-filled glovebox with oxygen and water levels maintained below
10 ppm and 0.01 ppm, respectively. The L-DED process, along with the laser scanning
paths, is schematically illustrated in Figure 1a. An X/Y orthogonal scanning strategy was
employed between each successive layer to achieve more homogeneous melting, ensuring
consistent overlap and even distribution of the cladded superalloy. As shown in Figure 1a,
the cladding approach was implemented as Track 1 for the 1st, 5th, 9th and subsequent
deposited layers. Correspondingly, Tracks 2, 3 and 4 were assigned to the 2nd, 3rd and 4th
or additional cladding layers, respectively.
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Figure 1. (a) Schematic illustration of the L-DED system and scanning paths during laser cladding;
(b) photograph of a portion of the L-DED Ni-based superalloys.

As mentioned above, the laser power, scanning speed, powder feeding rate and
hatching space are the four key process parameters for metal AM. Therefore, these critical
variables were systematically employed in this investigation to evaluate their influence
on the microstructural evolution of additively manufactured Ni-based superalloys, with
corresponding experimental parameters detailed in Table 2. As a result, 25 samples were
fabricated and thoroughly analyzed to produce a detailed and comprehensive dataset of
results. To determine the energy delivered to the powders, one effective approach is the use

of linear energy density (LED). For all conditions, the LED values were calculated using
Equation (1) [14].

Ep(J/mm) = Laser power (W)/Scan speed (mm/s) 1)

Table 2. L-DED parameters for the Ni-based superalloy.

Condition Power (W) Scanning Speed Powder Feeding Hatching Space Linear Energy Density
No. (mm/min) Rate (rpm) (mm) (J/mm)
1 500 400 0.4 0.5 75
2 600 600 0.7 0.7 60
3 700

800 0.5 0.65 52.5
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Table 2. Cont.

Condition P Scanning Speed Powder Feeding Hatching Space Linear Energy Density
ower (W) .

No. (mm/min) Rate (rpm) (mm) (J/mm)
4 800 500 0.8 0.6 96
5 900 700 0.6 0.55 77.14
6 500 500 0.5 0.55 60
7 600 700 0.8 0.5 51.43
8 700 400 0.6 0.7 105
9 800 600 0.4 0.65 80
10 900 800 0.7 0.6 67.5
11 500 600 0.6 0.6 50
12 600 800 04 0.55 45
13 700 500 0.7 0.5 84
14 800 700 0.5 0.7 68.57
15 900 400 0.8 0.65 135
16 500 700 0.7 0.65 42.86
17 600 400 0.5 0.6 90
18 700 600 0.8 0.55 70
19 800 800 0.6 0.5 60
20 900 500 04 0.7 108

21 500 800 0.8 0.7 37.5
22 600 500 0.6 0.65 72
23 700 700 0.4 0.6 60
24 800 400 0.7 0.55 120
25 900 600 0.5 0.5 90

2.3. Characterization of Ni-Based Superalloy

The as-built Ni-based superalloys were sectioned parallel to the building direction (Z-
axis) using DK7732 wire electro-discharge machining (EDM) (Suzhou Bao Ma Numerical
Control Equipment Co., Ltd., Suzhou, China). The cut surfaces of the samples were
sequentially ground with SiC papers graded at 240, 400, 800, 1500 and 2000 grit, followed
by gentle polishing using 1 um and 0.3 pm Al;O3 solutions and concluded with vibratory
polishing using 0.05 um colloidal silica.

A M2700 M optical microscope (OM) (Leica Microsystems GmbH, Wetzlar, Germany)
was employed to capture around 60 images of the XZ plane at a 100 X magnification for
each sample, covering a large region of approximately 17 mm?. Image] (v1-53c) software
was utilized to seamlessly merge these images and perform a detailed analysis of the defect
distribution and statistical characteristics. A manual threshold was set to individually
count voids and cracks. Metrics including crack length/count density were employed
to provide a detailed quantification of crack density. The microstructures and phase
compositions of the samples were examined using a VEGA scanning electron microscope
(SEM) (TESCAN ORSAY HOLDING, Brno, Czech Republic) that enables secondary electron
(SE) and backscattered electron (BSE) imaging, as well as energy dispersive spectrometer
(EDS) and electron backscattered diffraction (EBSD) measurements.

3. Results and Discussion
3.1. Ni-Based Superalloy Powders

Figure 2a,b are secondary electron (SE) SEM images of the Ni-based superalloy pow-
ders, revealing a predominantly spherical particle morphology, with a few satellite at-
tachments visible on the particle surfaces. Figure 2¢ presents the PSD of the Ni-based
superalloy powders, demonstrating a typical Gaussian-type distribution. The measured
Dyp (10% of particles below this diameter), D5y (median particle size) and Dgg (90% of
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particles below this diameter) values are 55.3 um, 73.3 pm and 101.8 um, respectively.
These values align with the operational specifications of the employed L-DED apparatus.
The measured average particle sphericity value is 77.6%, which is slightly below the 80%
industry benchmark due to the presence of satellite particles. This deviation potentially
increases the risk of crack initiation during additive manufacturing processes, particularly
in powder bed fusion (PBF) systems, where flowability and packing density are critical.
As confirmed by the XRD patterns in Figure 2d, the powder exhibits a face-centered cubic
(FCC) y-Ni matrix.
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Figure 2. The measured characteristics of the Ni-based superalloy powders: (a) SE SEM image
showing the powder morphology; (b) high-magnification image of the white box in (a); (c) his-
togram of the PSD; (d) XRD patterns identified for FCC y-Ni according to Joint Committee on
Powder Diffraction Standards (JCPDS) card No. 47-1417. The abbreviation “a.u.” in (d) denotes
arbitrary units.

3.2. Quantitative Analysis of Defects in Alloy Microstructure

OM imaging was initially employed to detect the presence of voids and/or cracks in
the microstructure of the as-built Ni-based superalloy. Figure 3 displays the stitched OM
images taken from the longitudinal XZ plane of the 25 cubic samples that were deposited
using the corresponding parameters listed in Table 3. It is evident that voids and cracks are
the two primary defects observed in the as-built Ni-based superalloy. Overall, voids are the
predominant defects at relatively lower laser powers, while cracks become the main defect
at higher laser powers, particularly when the scanning speeds are reduced. A detailed
quantitative stereological analysis was conducted to accurately quantify both the void
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content and the crack density. The void content was determined by calculating the total
area of voids as a percentage of the overall area of the stitched OM image. Both the crack
count density and crack length density were adopted to facilitate a detailed analysis of crack
distribution across each bulk sample [43]. The crack count density and crack length density
were calculated using formulas of n/A and L/ A, respectively. Here, n and L represent the
total number of cracks and the total length of cracks (L = Lj + Ly + L3 + ... + L;) within the

statistical capture region, respectively, and A specifies the area of this region [39].
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Figure 3. OM images displaying the microstructures of the Ni-based superalloys deposited with

varying parameters.
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Table 3. Summary of the statistical results for voids and cracks in all 25 bulk samples.

Condition Void Content (%) Crack‘COunt D(;nsity Crack Length ]?ensity

No. (pieces/mm~) (mm/mm~)
1 1.18 0.60 0.07
2 1.14 0.12 0.01
3 0.80 0.65 0.09
4 0.20 1.13 0.17
5 0.22 1.96 0.28
6 0.75 0.00 0.00
7 0.77 0.00 0.00
8 0.38 1.49 0.34
9 0.56 0.60 0.50
10 0.27 0.77 0.15
11 1.15 0.83 0.10
12 1.14 1.25 0.25
13 0.20 0.60 0.13
14 0.26 0.42 0.04
15 0.41 1.01 0.22
16 1.23 0.77 0.14
17 0.38 0.12 0.00
18 0.59 0.36 0.04
19 0.32 0.54 0.08
20 0.19 2.08 0.55
21 0.65 0.48 0.05
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Table 3. Cont.
Condition Void Content (%) Crack ‘Count De;nsﬂy Crack Length ]Zz)ensﬂ:y
No. (pieces/mm®) (mm/mm?)
22 0.43 0.60 0.04
23 0.21 1.55 0.33
24 0.13 0.60 0.35
25 0.49 1.96 0.14

Viod content

600

The statistical data on void content and crack density for all 25 bulk samples are
comprehensively detailed and summarized in Table 3. Sample No. 16, fabricated using a
line energy density of 42.86 ] /mm and a laser power of 500 W, exhibits the highest void
content of 1.23% while maintaining relatively low crack count and length densities of
0.77 pieces/mm? and 0.134 mm/mm?, respectively. The lowest void content of 0.13% was
confirmed in sample No. 24, accompanied by a relatively high crack length density of
0.35 mm/mm?. Sample No. 20, produced with a linear energy density of 108 J/mm and a
laser power of 900 W, exhibits the highest crack count density of 2.08 pieces/mm? and a
crack length density of 0.55 mm/mm? while maintaining a very low void content of 0.19%.
No cracks were observed in sample Nos. 6 and 7, but they displayed relatively high void
contents of 0.75% and 0.77%, respectively.

Figure 4 illustrates a quantitative analysis of void content and crack density in
25 bulk samples, varying with distinct processing parameters utilized during fabrica-
tion. As evidenced in Figure 4a, void content appears to be relatively high at lower laser
powers, yet it exhibits a noticeable decrease with increasing laser power. The void content
increases slightly again at the highest power setting of 900 W. It can be seen in Figure 4b,c
that both crack count density and crack length density are maintained at comparatively
low levels within the approximate laser power range of 500 to 700 W. Laser power settings
that exceed approximately 700 W correlate with an increase in crack density.
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Figure 4. Comprehensive analysis of defect quantities across all 25 bulk samples: (a—c) void con-
tents, crack count density and crack length density at varying laser powers and scanning speeds;
(d—f) void contents, crack count density and crack length density at varying laser powers and linear
energy densities.
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The laser scanning speed also affects the formation of voids and cracks, but its impact
is generally less pronounced compared to that of laser power, as depicted in Figure 4a—c.
Consequently, LED, calculated as the ratio of laser power to scanning speed according
to Equation (1), was employed to evaluate the influence of the scanning speed on defect
formation. Figure 4d—f illustrate variations in void content, crack count density and crack
length density with respect to different laser powers and linear energy densities. It is
observed that lower linear energy densities and laser powers tend to produce higher void
contents, whereas higher linear energy densities and laser powers are associated with
increased crack count and length densities. This variation trend has been verified across
multiple alloy systems [44—46].

It is noteworthy that across the various laser power settings depicted in Figure 4ef,
there exists a distinct region where the crack length density significantly increases. This
increase is particularly evident within the region highlighted by the black box in Figure 4c.
All of these samples were produced using the lowest powder feeding rate of 0.4 rpm. The
comparatively low powder feeding rate leads to an insufficient supply of the liquid phase
for dendritic growth during the laser cladding process, which, in turn, results in a higher
likelihood of solidification cracking [47]. Furthermore, the lower powder feeding rate
leads to the formation of a thinner cladding layer, which concentrates a higher amount
of laser energy within the unit volume of the sample. This increased energy density can
induce thermal stress, thereby increasing the risk of solid-state cracking within the front
cladding layer. A similar observation was also reported by Segerstark et al. [48] during
their optimization of AM process parameters for IN718. To further validate these findings,
the powder feeding rate for sample Nos. 9 and 23 was increased from 0.4 rpm to 0.7 rpm,
with all the other process parameters remaining constant. As demonstrated in the defect
analysis of Figure 5, this adjustment to a higher powder feeding rate led to significant
decreases in both voids and cracking within the alloy samples.
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Figure 5. Defect analysis for the two samples conducted by increasing their powder feeding rate
from 0.4 rpm to 0.7 rpm: (a—c) sample No. 9; (d-f) sample No. 23.

An exhaustive examination of the voids across all 25 samples was conducted, with
the results presented in Figure 6. Figure 6a,b are representative SEM BSE images taken
from sample No. 20, illustrating rounded voids that are neatly aligned along the direction
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of columnar grain growth. Mirco-shrinkage voids measuring less than 5 um in diameter
were meticulously tallied in each sample, and the statistical outcomes are summarized
in Figure 6c. It is observed that the majority of micro-shrinkage voids account for more
than 80% of the total void population. Furthermore, in samples subjected to higher laser
power settings, this proportion can even exceed 90%. As described in previous studies [32],
these voids typically arise from dendritic secondary arms that bridge, preventing the
liquid from reaching the isolated channels and compensating for volume contraction
during solidification.

Percentage, %

20

0-
TBD 100 IJm 1234567 8 910111213141516171819202122232425
BT TS No.

Figure 6. (a,b) SEM BSE images showing well-aligned, rounded voids (micro-shrinkages) between
the dendrite trunks; (c) the percentage of voids with an average diameter of less than 5 um across all
25 samples.

The experimental findings demonstrate that laser power constitutes the predominant
determinant of defect formation in additively manufactured superalloys, with scanning
velocity exhibiting a secondary influence. Concomitantly, an insufficient powder feed rate
was identified as a contributory factor exacerbating defect generation. Based on these
correlations, an optimized processing window was established for the alloy: a laser power
range of 600~700 W, a linear energy density range of 60~90 J/mm, a relatively high powder
feeding rate of 0.7 rpm and a hatching space of 0.75 mm.

3.3. Cracking Mechanism of Ni-Based Superalloy

Through a thorough analysis, we established correlations between the process param-
eters involved in laser AM of Ni-based superalloy and the occurrence of defects, focusing
particularly on laser power, scanning speed and linear energy density. However, the
exact mechanisms through which these parameters influence cracking remain not com-
pletely clear; thus, further research into the microstructure and characteristics of the cracks
is essential.

Figure 7 presents SEM BSE images of samples that were fabricated with varying linear
energy densities: sample No. 12 with a low LED value of 45 J/mm, sample No. 9 with a
moderate LED value of 80 J/mm and sample No. 20 with a high LED value of 108 J/mm,



Materials 2025, 18, 3102

110f 16

all captured in the cross-sectional direction of the build. In sample Nos. 12 and 9, cracks
were predominantly observed in the inter-dendritic regions, associated with secondary
dendrite arms indicative of solidification cracking, as referenced in [36] and depicted in
Figure 7a,d. However, in sample No. 20, solid-state cracking was evident, characterized
by long, straight cracks with distinct sharp kinks [7], as shown in Figure 7ef. This can
be attributed to the fact that the increased linear energy density results in a higher heat
input within the heat-affected zone (HAZ) of the primary cladding layer, which, in turn,
intensifies thermal stress and promotes solid-state cracking [7].

Figure 7. SEM BSE images illustrating the morphology of the cracks in typical Ni-based superalloy
samples produced with different linear energy densities: (a,b) sample No. 12; (c,d) sample No. 9;
(e,f) sample No. 20.

The area of dendrite exposure in sample No. 9, where cracks were notably observed,
was specifically selected to facilitate the observation and analysis of solidification cracking,
as depicted in Figure 8a. It is noted that numerous secondary dendrites and fine particles
were present on the primary dendrite arms (Figure 8b,c). EDS line scans were subsequently
conducted across these particles to facilitate a more distinct observation of the elemental
distributions. Figure 8d shows the concentration profiles extracted from the location
highlighted by a white line in Figure 8c. The presence of enriched C, Ti, Mo and Nb
elements in the two brighter particles was confirmed, providing further evidence that these
particles are, indeed, MC carbides. During the final stages of solidification (fs = 0.9~0.99),
the existence of high-melting-point carbides dispersed among dendrites can impede the
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supply of liquid phase to the mushy zone. This consequently results in micro-shrinkages
and triggers the initiation of solidification cracking [49,50].
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Figure 8. SEM and EDS analysis of the cracks in sample No. 9: SEM images showing (a,b) the
microstructure of solidification cracking and (c) the location of an EDS line scan; (d) the extracted
concentration profiles from the white line in (c).

EBSD was utilized to investigate the relationship between the cracks and the misorien-
tation angles of grain boundaries (GBs). The analysis included four typical cracks found in
sample Nos. 16, 12, 18 and 20 that were produced with LED values of 42.85 ] /mm, 45 ] /mm,
70 J/mm and 108 J/mm, respectively. Figure 9 displays a series of inverse pole figure (IPF)
maps taken in the vicinity of cracks along the build direction. The insets within each map
illustrate the grain-boundary angles at the crack locations, as indicated by white arrows
in the corresponding EBSD GBs images. It is observed that cracks predominantly form at
GB angles within the range of 31~42°, consistent with the findings reported by Guo [36]
that cracks tend to form preferentially in a specific GB misorientation range of 25~45°. GB
angles that exhibit a propensity for crack formation are categorized as crack-susceptible
high-angle grain boundaries (S-HAGB:s).

A detailed EBSD analysis was performed on sample No. 16, and the resulting EBSD
band contrast (BC) maps are presented in Figure 10. It is noteworthy that SSHAGBs are
observed in both the cracked and uncracked regions. In the uncracked area, a considerable
number of very fine grains are detected. As demonstrated by Xu et al. [50], grain refinement
can effectively reduce cracking during AM processes. Enhanced crystal nucleation occurs at
HAGBs due to the lower energy density, which results in decreased heat input and slower
grain growth rates. This promotes the formation of fine grains at stress-induced HAGBs,
which can effectively alleviate cracking.
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Figure 9. EBSD IPF maps and GB misorientations of cracks in typical Ni-based superalloy samples
produced with different linear energy densities: (a,e) sample No. 16; (b,f) sample No. 12; (c,g) sample
No. 18; (d,h) sample No. 20. The white arrows in (a—d) indicate cracked grain boundaries.
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Figure 10. EBSD BC maps showing the GBs in sample No. 16: (a) cracked area; (b,c) uncracked areas.



Materials 2025, 18, 3102

14 of 16

References

4. Conclusions

The influence of critical process parameters on defect formation mechanisms during
additive manufacturing (AM) of a novel Ni-based superalloy was comprehensively ana-
lyzed. The established correlations between defect generation and processing conditions
enable the determination of an optimized parameter window to minimize microstructural
imperfections in AM-fabricated Ni-based superalloy components. Based on the findings of
the present study, the following conclusions can be drawn:

1.  Defect quantity maps for the Ni-based superalloy were created by using key AM
process parameters of laser power, scanning speed and linear energy density.

2. As the laser power increases, the void content in the Ni-based superalloy tends to
decrease, whereas the crack count and length densities exhibit an increase. An optimal
laser power range of 600~700 W was identified as yielding comparatively low levels
of both void contents and crack densities.

3. High crack densities were observed in samples produced using a low powder feeding
rate of 0.4 rpm. A relatively higher powder feeding rate is recommended to mitigate
voids and cracking within alloy samples.

4. The presence of fine MC carbides dispersed among the dendrites was found to cause
micro-shrinkages and trigger the initiation of solidification cracking.

5. Grain-boundary misorientations within the range of 31~42° (defined as S-HAGBs)
exhibit a high propensity for crack formation, suggesting that S-HAGBs are a critical
factor affecting cracking susceptibility.

Author Contributions: Conceptualization, W.-T.L.; formal analysis, W.-T.L.; investigation,
W.-TL., J-C.Z. and L.-L.Z.; methodology, W.-T.L., ]-J.R,, LJ. and L.-L.Z.; validation, W.-T.L.,
J-J.R., H.Z., X.Z. and L.-L.Z.; resources, L.J. and L.-L.Z.; data curation, W.-T.L., J.-].R. and L.-L.Z.;
writing—original draft preparation, W.-T.L.; writing—review and editing, W.-T.L., ].-].R., H.Z., X.Z.
and L.-L.Z,; supervision, L.J. and L.-L.Z.; project administration, L.-L.Z.; funding acquisition, L.J. and
L.-L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 52471147), the Shandong Provincial Natural Science Foundation (No. ZR2021QE102), the Taishan
Scholars Program of Shandong Province (Nos. tsqn202211115, tsqn202306162), the Science Founda-
tion Program for Distinguished Young Scholars (Overseas) of Shandong Province (2022HWYQ-084)
and the Talent Training Program for Shandong Province Higher Educational Youth Innovative
Teams (2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Reed, R.C. The Superalloys: Fundamentals and Applications; Cambridge University Press: Cambridge, UK, 2006. [CrossRef]
2. Reed, R.C; Tao, T.; Warnken, N. Alloys-By-Design: Application to nickel-based single crystal superalloys. Acta Mater. 2009,

57,5898-5913. [CrossRef]

3. Pollock, T.M. Alloy design for aircraft engines. Nat. Mater. 2016, 15, 809-815. [CrossRef] [PubMed]

4. Hamdi, H.; Abedi, H.R. Thermal stability of Ni-based superalloys fabricated through additive manufacturing: A review. |. Mater.
Res. Technol. 2024, 30, 4424-4476. [CrossRef]

5. Gasser, A.; Backes, G.; Kelbassa, I.; Weisheit, A.; Wissenbach, K. Laser Additive Manufacturing. Laser Tech. ]. 2010, 7, 58-63.

[CrossRef]


https://doi.org/10.1017/CBO9780511541285
https://doi.org/10.1016/j.actamat.2009.08.018
https://doi.org/10.1038/nmat4709
https://www.ncbi.nlm.nih.gov/pubmed/27443900
https://doi.org/10.1016/j.jmrt.2024.04.161
https://doi.org/10.1002/latj.201090029

Materials 2025, 18, 3102 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Amedei, A.; Meli, E.; Rindi, A.; Romani, B.; Pinelli, L.; Vanti, F.; Arnone, A.; Benvenuti, G.; Fabbrini, M.; Morganti, N. Innovative
Design, Structural Optimization and Additive Manufacturing of New-Generation Turbine Blades. In Proceedings of the ASME
Turbo Expo 2020: Turbomachinery Technical Conference and Exposition, Virtual, 21-25 September 2020; p. V02CT35A004.
[CrossRef]

Tang, Y.T.; Panwisawas, C.; Ghoussoub, ].N.; Gong, Y.; Clark, JW.G.; Németh, A.A.N.; McCartney, D.G.; Reed, R.C. Alloys-by-
design: Application to new superalloys for additive manufacturing. Acta Mater. 2021, 202, 417-436. [CrossRef]

Bassini, E.; Sivo, A.; Martelli, P.A.; Rajczak, E.; Marchese, G.; Calignano, F.; Biamino, S.; Ugues, D. Effects of the solution and first
aging treatment applied to as-built and post-HIP CM247 produced via laser powder bed fusion (LPBF). J. Alloys Compd. 2022,
905, 164213. [CrossRef]

Ivekovié, A.; Montero-Sistiaga, M.L.; Vleugels, ].; Kruth, J.-P.; Vanmeensel, K. Crack mitigation in Laser Powder Bed Fusion
processed Hastelloy X using a combined numerical-experimental approach. J. Alloys Compd. 2021, 864, 158803. [CrossRef]
Wang, C.; Yang, L.; Sheng, R.-X,; Guan, S.; Bi, Z.-N.; Zhang, H.; Huang, H.-L.; Jiang, L.; Zhu, L.-L.; Zhou, X. In-situ TiC particle-
reinforced Hastelloy X superalloy fabricated by laser additive manufacturing. ]J. Mater. Res. Technol. 2025, 36, 1511-1521.
[CrossRef]

Moradi, M.; Hasani, A.; Pourmand, Z.; Lawrence, J. Direct laser metal deposition additive manufacturing of Inconel 718
superalloy: Statistical modelling and optimization by design of experiments. Opt. Laser Technol. 2021, 144, 107380. [CrossRef]
Rezaei, A.; Kermanpur, A.; Rezaeian, A.; Badrossamay, M.; Foroozmehr, E.; Sadeghi, F.; Han, J.; Park, T.M. Contribution of
hot isostatic pressing on densification, microstructure evolution, and mechanical anisotropy of additively manufactured IN718
Ni-based superalloy. Mater. Sci. Eng. A 2021, 823, 141721. [CrossRef]

Leung, C.L.A.; Luczyniec, D.; Guo, E.; Marussi, S.; Atwood, R.C.; Meisnar, M.; Saunders, B.; Lee, P.D. Quantification of
Interdependent Dynamics during Laser Additive Manufacturing Using X-Ray Imaging Informed Multi-Physics and Multiphase
Simulation. Adv. Sci. 2022, 9, 2203546. [CrossRef] [PubMed]

Karmuhilan, M.; Kumanan, S. A Review on Additive Manufacturing Processes of Inconel 625. |. Mater. Eng. Perform. 2022,
31, 2583-2592. [CrossRef]

Haghdadi, N.; Whitelock, E.; Lim, B.; Chen, H.; Liao, X.; Babu, S.S.; Ringer, S.P.; Primig, S. Multimodal Y precipitation
in Inconel-738 Ni-based superalloy during electron-beam powder bed fusion additive manufacturing. J. Mater. Sci. 2020,
55, 13342-13350. [CrossRef]

Dang, X.; Li, Y.; Chen, K.; Ramamurty, U.; Luo, S.; Liang, X.; He, W. Avoiding cracks in additively manufactured non-weldable
directionally solidified Ni-based superalloys. Addit. Manuf. 2022, 59, 103095. [CrossRef]

Javidrad, H.; Aydin, H.; Karakas, B.; Alptekin, S.; Kahraman, A.S.; Koc, B. Process parameter optimization for laser powder
directed energy deposition of Inconel 738LC. Opt. Laser Technol. 2024, 176, 110940. [CrossRef]

Zhang, F; Zhou, L.; Xie, X.; Zhang, Z.; Chao, Q.; Fan, G. Crack inhibition and crystallographic texture control in an additively
manufactured IN738LC Ni-based superalloy. J. Mater. Res. Technol. 2024, 33, 652—666. [CrossRef]

Marchese, G.; Parizia, S.; Saboori, A.; Manfredi, D.; Lombardi, M.; Fino, P.; Ugues, D.; Biamino, S. The Influence of the Process Parameters
on the Densification and Microstructure Development of Laser Powder Bed Fused Inconel 939. Metals 2020, 10, 882. [CrossRef]

Ren, C.; Chen, K,; Liang, J.; Narayan, R.L.; Ramamurty, U.; Li, J. Microstructural evolution and its influence on the wear resistance
of a laser directed energy deposited Ni-based single crystal superalloy. J. Mater. Sci. Technol. 2025, 205, 127-138. [CrossRef]
Shaikh, A.S.; Schulz, F.; Minet-Lallemand, K.; Hryha, E. Microstructure and mechanical properties of Haynes 282 superalloy
produced by laser powder bed fusion. Mater. Today Commun. 2021, 26, 102038. [CrossRef]

Després, A.; Antonov, S.; Mayer, C.; Tassin, C.; Veron, M.; Blandin, J.-J.; Kontis, P.; Martin, G. On the role of boron, carbon
and zirconium on hot cracking and creep resistance of an additively manufactured polycrystalline superalloy. Materialia 2021,
19, 101193. [CrossRef]

Pistor, J.; Breuning, C.; Kérner, C. A Single Crystal Process Window for Electron Beam Powder Bed Fusion Additive Manufacturing
of a CMSX-4 Type Ni-Based Superalloy. Materials 2021, 14, 3785. [CrossRef] [PubMed]

Oliveira, J.P; Santos, T.G.; Miranda, R.M. Revisiting fundamental welding concepts to improve additive manufacturing: From
theory to practice. Prog. Mater. Sci. 2020, 107, 100590. [CrossRef]

Wang, Y.; Guo, W.; Xu, C.; Zhang, Y.; Ji, Q.; Feng, X.; Han, R.; Zhang, Y.; Wang, C.; Lu, B. Defects, microstructure, and properties
in laser powder bed fusion IN718: Power density effects and feature maps. J. Manuf. Process. 2025, 135, 240-252. [CrossRef]
Wang, K.; Du, D;; Liu, G.; Pu, Z.; Chang, B.; Ju, J. A study on the additive manufacturing of a high chromium Nickel-based
superalloy by extreme high-speed laser metal deposition. Opt. Laser Technol. 2021, 133, 106504. [CrossRef]

Svetlizky, D.; Das, M.; Zheng, B.; Vyatskikh, A.L.; Bose, S.; Bandyopadhyay, A.; Schoenung, ].M.; Lavernia, E.J.; Eliaz, N. Directed
energy deposition (DED) additive manufacturing: Physical characteristics, defects, challenges and applications. Mater. Today
2021, 49, 271-295. [CrossRef]

Panwisawas, C.; Gong, Y.; Tang, Y.T.; Reed, R.C.; Shinjo, J]. Additive manufacturability of superalloys: Process-induced porosity,
cooling rate and metal vapour. Addit. Manuf. 2021, 47, 102339. [CrossRef]


https://doi.org/10.1115/GT2020-14418
https://doi.org/10.1016/j.actamat.2020.09.023
https://doi.org/10.1016/j.jallcom.2022.164213
https://doi.org/10.1016/j.jallcom.2021.158803
https://doi.org/10.1016/j.jmrt.2025.03.161
https://doi.org/10.1016/j.optlastec.2021.107380
https://doi.org/10.1016/j.msea.2021.141721
https://doi.org/10.1002/advs.202203546
https://www.ncbi.nlm.nih.gov/pubmed/36316220
https://doi.org/10.1007/s11665-021-06427-3
https://doi.org/10.1007/s10853-020-04915-w
https://doi.org/10.1016/j.addma.2022.103095
https://doi.org/10.1016/j.optlastec.2024.110940
https://doi.org/10.1016/j.jmrt.2024.09.101
https://doi.org/10.3390/met10070882
https://doi.org/10.1016/j.jmst.2024.03.048
https://doi.org/10.1016/j.mtcomm.2021.102038
https://doi.org/10.1016/j.mtla.2021.101193
https://doi.org/10.3390/ma14143785
https://www.ncbi.nlm.nih.gov/pubmed/34300704
https://doi.org/10.1016/j.pmatsci.2019.100590
https://doi.org/10.1016/j.jmapro.2025.01.054
https://doi.org/10.1016/j.optlastec.2020.106504
https://doi.org/10.1016/j.mattod.2021.03.020
https://doi.org/10.1016/j.addma.2021.102339

Materials 2025, 18, 3102 16 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mostafaei, A.; Ghiaasiaan, R.; Ho, L.T.; Strayer, S.; Chang, K.-C.; Shamsaei, N.; Shao, S.; Paul, S.; Yeh, A.-C.; Tin, S.; et al. Additive
manufacturing of nickel-based superalloys: A state-of-the-art review on process-structure-defect-property relationship. Prog.
Mater. Sci. 2023, 136, 101108. [CrossRef]

King, W.E.; Barth, H.D.; Castillo, VM.; Gallegos, G.F,; Gibbs, ] W.; Hahn, D.E.; Kamath, C.; Rubenchik, A.M. Observation of keyhole-mode
laser melting in laser powder-bed fusion additive manufacturing. J. Mater. Process. Technol. 2014, 214, 2915-2925. [CrossRef]

Zhu, G.; Pan, W.; Wang, R.; Wang, D.; Shu, D.; Zhang, L.; Dong, A.; Sun, B. Microstructures and mechanical properties of GTD222
superalloy fabricated by selective laser melting. Mater. Sci. Eng. A 2021, 807, 140668. [CrossRef]

Chauvet, E.; Kontis, P; Jagle, E.A.; Gault, B.; Raabe, D.; Tassin, C.; Blandin, J.-J.; Dendievel, R.; Vayre, B.; Abed, S.; et al. Hot
cracking mechanism affecting a non-weldable Ni-based superalloy produced by selective electron Beam Melting. Acta Mater.
2018, 142, 82-94. [CrossRef]

Platl, J.; Bodner, S.; Hofer, C.; Landefeld, A.; Leitner, H.; Turk, C.; Nielsen, M.-A.; Demir, A.G.; Previtali, B.; Keckes, J.; et al.
Cracking mechanism in a laser powder bed fused cold-work tool steel: The role of residual stresses, microstructure and local
elemental concentrations. Acta Mater. 2022, 225, 117570. [CrossRef]

Caruso, M.; Frame, L. Ductility dip cracking mechanisms and characterization: A review. J. Mater. Sci. 2024, 59, 16789-16814.
[CrossRef]

Wu, B,; Liang, J.-J.; Yang, Y.-H.; Li, ].-G.; Zhou, Y.-Z. Phase constitution, microstructure and mechanical properties of a Ni-based
superalloy specially designed for additive manufacturing. China Foundry 2021, 18, 397—408. [CrossRef]

Zhou, Z.; Huang, L.; Shang, Y.; Li, Y,; Jiang, L.; Lei, Q. Causes analysis on cracks in nickel-based single crystal superalloy
fabricated by laser powder deposition additive manufacturing. Mater. Des. 2018, 160, 1238-1249. [CrossRef]

Guo, B,; Zhang, Y.; Yang, Z.; Cui, D.; He, F; Li, J.; Wang, Z.; Lin, X.; Wang, J. Cracking mechanism of Hastelloy X superalloy
during directed energy deposition additive manufacturing. Addit. Manuf. 2022, 55, 102792. [CrossRef]

Griffiths, S.; Ghasemi Tabasi, H.; Ivas, T.; Maeder, X.; De Luca, A.; Zweiacker, K.; Wrébel, R.; Jhabvala, J.; Logé, R.E.; Leinenbach,
C. Combining alloy and process modification for micro-crack mitigation in an additively manufactured Ni-base superalloy. Addit.
Manuf. 2020, 36, 101443. [CrossRef]

Eshkabilov, S.; Ara, I.; Azarmi, F. A comprehensive investigation on application of machine learning for optimization of process
parameters of laser powder bed fusion-processed 316L stainless steel. Int. J. Adv. Manuf. Technol. 2022, 123, 2733-2756. [CrossRef]
Zhou, Z.; Lei, Q.; Yan, Z.; Wang, Z.; Shang, Y.; Li, Y,; Qi, H.; Jiang, L.; Liu, Y.; Huang, L. Effects of process parameters on
microstructure and cracking susceptibility of a single crystal superalloy fabricated by directed energy deposition. Mater. Des.
2021, 198, 109296. [CrossRef]

Li, K.; Zhan, J.; Wang, Y.; Qin, Y.; Gong, N.; Zhang, D.Z.; Tan, S.; Murr, L.E.; Liu, Z. Application of data-driven methods for laser
powder bed fusion of Ni-based superalloys: A review. . Manuf. Process. 2025, 133, 285-321. [CrossRef]

Adegoke, O.; Andersson, J.; Brodin, H.; Pederson, R. Influence of Laser Powder Bed Fusion Process Parameters on Voids, Cracks,
and Microhardness of Nickel-Based Superalloy Alloy 247LC. Materials 2020, 13, 3770. [CrossRef]

Ghoussoub, ].N.; Tang, Y.T.; Panwisawas, C.; Németh, A.; Reed, R.C. On the Influence of Alloy Chemistry and Processing
Conditions on Additive Manufacturability of Ni-Based Superalloys. In Superalloys 2020; Springer: Cham, Switzerland, 2020; ISBN
978-3-030-51834-9. [CrossRef]

Yu, Y;; Yan, W,; Lin, F. Understanding the formation process of shrinkage pores with a 3D dendrite growth model: From casting
to additive manufacturing. Comput. Mech. 2022, 69, 133-149. [CrossRef]

Frieden Templeton, W.; Hinnebusch, S.; Strayer, S.T.; To, A.C.; Pistorius, P.C.; Narra, S.P. A mechanistic explanation of shrinkage
porosity in laser powder bed fusion additive manufacturing. Acta Mater. 2024, 266, 119632. [CrossRef]

Guo, C,; Li, G,; Li, S;; Hu, X;; Lu, H,; Li, X;; Xu, Z.; Chen, Y.; Li, Q.; Lu, J.; et al. Additive manufacturing of Ni-based superalloys:
Residual stress, mechanisms of crack formation and strategies for crack inhibition. Nano Mater. Sci. 2023, 5, 53-77. [CrossRef]
Liang, Y.-J.; Cheng, X; Li, ].; Wang, H.-M. Microstructural control during laser additive manufacturing of single-crystal nickel-base
superalloys: New processing—microstructure maps involving powder feeding. Mater. Des. 2017, 130, 197-207. [CrossRef]
Segerstark, A.; Andersson, J.; Svensson, L.-E.; Ojo, O. Effect of Process Parameters on the Crack Formation in Laser Metal Powder
Deposition of Alloy 718. Metall. Mater. Trans. A 2018, 49, 5042-5050. [CrossRef]

Cloots, M.; Uggowitzer, PJ.; Wegener, K. Investigations on the microstructure and crack formation of IN738LC samples processed
by selective laser melting using Gaussian and doughnut profiles. Mater. Des. 2016, 89, 770-784. [CrossRef]

Xu, J.; Ding, Y.; Gao, Y.; Wang, H.; Hu, Y.; Zhang, D. Grain refinement and crack inhibition of hard-to-weld Inconel 738 alloy by
altering the scanning strategy during selective laser melting. Mater. Des. 2021, 209, 109940. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.pmatsci.2023.101108
https://doi.org/10.1016/j.jmatprotec.2014.06.005
https://doi.org/10.1016/j.msea.2020.140668
https://doi.org/10.1016/j.actamat.2017.09.047
https://doi.org/10.1016/j.actamat.2021.117570
https://doi.org/10.1007/s10853-024-10112-w
https://doi.org/10.1007/s41230-021-9025-1
https://doi.org/10.1016/j.matdes.2018.10.042
https://doi.org/10.1016/j.addma.2022.102792
https://doi.org/10.1016/j.addma.2020.101443
https://doi.org/10.1007/s00170-022-10331-y
https://doi.org/10.1016/j.matdes.2020.109296
https://doi.org/10.1016/j.jmapro.2024.11.053
https://doi.org/10.3390/ma13173770
https://doi.org/10.1007/978-3-030-51834-9_15
https://doi.org/10.1007/s00466-021-02086-2
https://doi.org/10.1016/j.actamat.2023.119632
https://doi.org/10.1016/j.nanoms.2022.08.001
https://doi.org/10.1016/j.matdes.2017.05.066
https://doi.org/10.1007/s11661-018-4767-0
https://doi.org/10.1016/j.matdes.2015.10.027
https://doi.org/10.1016/j.matdes.2021.109940

	Introduction 
	Materials and Methods 
	Characterization of Ni-Based Superalloy Powders 
	L-DED Fabrication of Ni-Based Superalloy 
	Characterization of Ni-Based Superalloy 

	Results and Discussion 
	Ni-Based Superalloy Powders 
	Quantitative Analysis of Defects in Alloy Microstructure 
	Cracking Mechanism of Ni-Based Superalloy 

	Conclusions 
	References

