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ARTICLE INFO ABSTRACT

Keywords: IN738LC alloy has broad application potential in modern aerospace and energy industries due to its excellent
Nanoparticles high-temperature durability, excellent corrosion and fatigue resistance, however, its application has been greatly
IN738LC

limited due to its high crack sensitivity. To address this challenge, this research proposes a method of incor-
porating TiC nanoparticles to mitigate cracks and enhance the strength of the nickel-based materials. The crack-
free TiC-IN738LC materials were successfully fabricated using laser-powder bed fusion. The relationship between
the processing parameters and processed quality was studied. The fracture morphology and mechanical prop-
erties of samples were analyzed and the strengthening mechanisms of nano-TiC particles were clarified. The
results showed that volume energy density (VED) = 111.1J/mm? is the optimal processing parameter with the
laser energy 225W, scanning speed 750 mm/s, and 0.09 mm hatch distance. The effects of processing parameters
were discussed in depth. Compared with the virgin IN738LC, the microhardness of TiC-IN738LC is improved by
20 %-40 %, and the tensile strength of TiC-IN738LC is enhanced by 5%-30 %, respectively, which indicates the
significant strengthening effect of nano-TiC on IN738LC. The synergistic effect of fine grain strengthening, load-
bearing strengthening and Orowan strengthening mechanisms was accounted for the performance enhancement.
The research results provide an experimental reference for selecting the processing parameters of TiC-IN738LC.

Laser-powder bed fusion
Mechanical properties
Strengthening mechanism

1. Introduction aerospace, biomedical sensors, deep-sea explorations, and energy in-
dustries, owing to their multi-functional properties. Currently, the pro-
duction of high-quality composite materials using L-PBF is an area of

active research.

Additive manufacturing (AM) is a transformative manufacturing
technology that rapidly developed in the past 30 years. Laser-powder

bed fusion (L-PBF) has a high cooling rate (about 10*10° °C/s), and
via layer-by-layer deposition and laser-induced non-equilibrium cooling
and solidification process, a finer microstructure will be generated
[1-4]. Studies have shown that L-PBF is an effective method for fabri-
cating geometrically complex metal components that offer high me-
chanical performance [1-3,5-7]. Given its promising capabilities, L-PBF
has been widely used in numerous applications, including aviation,
aerospace, biomedical sensors, and deep-sea explorations [8]. Metal
matrix composites are also popular in sectors such as aviation,
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Due to the high volume fraction of Ni3(AlTi)- ¥, the hard-to-weld
nickel superalloy IN738LC boasts a range of exceptional properties,
such as high-temperature performance, creep resistance, hot corrosion,
and oxidation resistance. IN738LC is a staple in modern aerospace and
energy industries [1,9,10]. Using the L-PBF method to produce IN738LC
paves the way for its expanded application in diverse sectors. Wang et al.
[8] examined the processing parameters of IN738LC in L-PBF and suc-
cessfully achieved IN738LC with high density, minimal porosity, and a
reduced crack rate, thereby establishing the optimal processing
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parameter window for IN738LC. Nonetheless, hot cracking remains a
significant challenge when working with hard-to-machine nickel su-
peralloys. Identifying strategies to mitigate hot cracking is a primary
research objective in the field.

To enhance the y' precipitation strength of nickel superalloys,
incorporating nanoparticles with high modulus and outstanding heat
resistance is considered an effective approach to improve their proper-
ties and reduce cracking [11-13]. Wang et al. [12] integrated TiC into
nickel superalloy GTD222, not only effectively suppressing cracks but
also enhancing mechanical properties. Lv et al. [9] improved the me-
chanical attributes of CM247LC by introducing 1 wt% TiC. The
strengthening mechanism imparted by nanoparticles was elucidated
through microscopic data analysis. Many studies have illustrated the
strengthening mechanism of ceramic particles as reinforcements. The
primary strengthening mechanisms encompass Orowan strengthening,
fine grain strengthening, load-bearing strengthening, and dislocation
strengthening [9,14-16]. However, the elucidation of these mechanisms
is mostly based on nickel superalloys such as In718, In625, etc. [16-19].
For the nanoparticles reinforced hard-to-weld nickels, the mechanisms
are barely discussed and there are still gaps needed to fill in.

The processing parameters play a critical role in the materials quality
[7,20]. For L-PBFed metal materials, prevalent defects, such as pores,
cracks, and lack of fusion, detrimentally impact the mechanical prop-
erties of the printed sample. Hence, it’s crucial to optimize processing
parameters to diminish defects and uplift processed quality [7]. The
statistical Design of Experiments (DoE) method is currently the main
research approach to obtain the relationship between processing pa-
rameters and processed quality. Koutiri et al. [21] studied the processing
parameters of L-PBFed-IN625 by DoE, and obtained the relationship
with the processed quality (surface roughness, porosity rate and tensile
strength). The as-printed sample with low porosity and high strength
was obtained and provided a valuable processing parameter window as
the reference for the future work of L-PBFed-In625. Wang et al. [8]
designed L-PBFed IN738LC through full factorials DoE, obtained the
relationship diagram of processing parameters, found the correlation
between defects and processing parameters, and successfully fabricated
the high-density (~99.76 %), crack-free samples. The microstructural
results and mechanical tests validated the significant improvement of
the properties. Khorasani et al. [5] studied the rheological phenomena
of molten pools under different parameters, these results were consistent
with the results of density and hardness. By correlating the results of
processing parameters and hardness tests as well as the numerical
model’s validation, the mechanism of molten pool formation and pro-
cessing parameters were clarified. Zhou et al. [13] successfully printed
and strengthened TiC-IN738LC by using L-PBF, but this study only
applied one set of processing parameters (laser power 300W, scan speed
1000 mm/s, powder layer thickness 30um, hatch space 90um), the effect
on other sets of parameters is not covered. Therefore, although the
above research is devoted to the parameter study of Ni-superalloys,
there are many blank gaps that have not been studied, especially for
the processing parameter analysis of the reinforced difficult-to-machine
nickel composite materials.

In this work, the difficult-to-machine nickel superalloy IN738LC was
selected as the matrix and the TiC nanoparticles were used as the re-
inforcements to form TiC-IN738LC metal matrix composite. The pro-
cessing parameters of TiC-IN738LC by L-PBF were systematically
studied. The relationship between processing parameters and the
properties including density, porosity, hardness, and tensile strength
was revealed. By obtaining the processing parameter network diagram,
the optimal parameters of L-PBFed TiC-IN738LC were achieved.
Meanwhile, by the analysis of microstructural morphology and me-
chanical behavior, the strengthening mechanisms and the effect of nano-
TiC particles in the L-PBF process were analyzed.
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2. Experiments
2.1. Materials

To ensure the high printing quality, spherical shape IN738LC powder
(China North Industries Group Corporation Limited, China) was selected
in this study, with d10 = 15.9 pm, d50 = 34.3 pm and d90 = 60.2 pm.
The chemical composition of IN738LC is shown in Table 1. Fig. 1a shows
the morphology of IN738LC and it shows the powder with the good
quality of sphericity. The 50 nm TiC with 99.5 % purity (China North
Industries Group Corporation Limited, China) was chosen as the ceramic
reinforcement in this work. The morphology of nano-TiC is shown in
Fig. 1b. A 4-planetary ball mill machine (QM-QX, Nanjing Nanda In-
strument Plant, China) was used to mix the 2 wt% TiC and Nickel su-
peralloy IN738LC. During the ball mill, the Argon gas was filled as the
inert gas to prevent the impurity phase that was caused from the
oxidation reaction with the powders. To fully disperse and attach the
nano-TiC to IN738LC, a set of parameters from ball milling are used: 4:1
ball-to-powder ratio, 200 rpm ball mill speed and 6 h ball mill time.
Fig. 1c and (d) show the morphology of TiC-IN738LC after ball milling,
and it can be seen that the nano-TiC nanoparticles were evenly distrib-
uted to the surface of IN738LC. Fig. 1(e) and (f) displayed the EDS
graphs and the presence of both Ti and Ni elements confirms that the TiC
nanoparticles were uniformly dispersed around the IN738LC powders
before printing.

2.2. L-PBF process and design of experiment

A commercial L-PBF machine (HBD-150D, Shanghai Hanbang
United 3D Tech Co., Ltd., China) was used in this work to fabricate the
TiC/IN738LC. It is equipped with a 400W IPG fiber laser and a laser spot
with a diameter of 70 pm. Fig. 2 shows the L-PBF schematic diagram,
where the cubic samples (8 mm x 8 mm x 8 mm) are used for the
microstructural observation, and the tensile test specimen adopts the
ASTM dimensions and standard [22]. Prior to the printing, the prepared
powder was put into a furnace filled with inert gas and dried for 5 h at
40 °C. The L-PBF scanning strategy adopted the 67° rotation in the
layer-by-layer scanning direction [9].

A full factorial design with three variables and three levels was used
in this work. The three design variables were the laser power (150
W-300 W), scanning speed (500 mm/s-1000 mm/s) and hatch space
(0.09 mm-0.12 mm). The layer thickness was set as 0.03 mm for all the
trials. Table 2 shows the details of the DoE. For each set of the process
parameter, it corresponds to a volume energy density (VED) value,
which is generally used as an important reference to correlate the in-
teractions between the laser source and powder [23], namely equation
(1):

_r 3
VED_vhd(J/mm) 1)

where P, v, h and d stand for laser power, scanning speed, hatch space
and layer thickness, respectively.

2.3. Characterization

Optical microscope (OM) was used to observe porosity as well as the
melt pool morphology, and the samples should be well polished before
the observations. Scanning electron microscope (SEM) (Hitachi SU5000,
Japan) was used to observe the morphology of the fracture and micro-
structure. Before observation, the samples were ground, mounted, well-
polished and etched. The samples were etched for 30 s with the selected
etching solution 12mlH3PO4+48mlH2S04+40mIHNO;3 [13]. Electron
Back Scatter Diffraction (EBSD) was acquired with 20 kV accelerating
voltage and 250 nm step size.

The Archimedes principle was used to measure the density of the as-
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Table 1

Chemical composition of IN738LC (wt%).
Ni Cr Nb w Mo Ta Ti Al Co C Sn Mn B Zr
Bal 16 0.8 2.6 1.75 1.7 3.5 3.5 8.5 0.1 0.03 0.03 0.02 0.02

y A

SUS5000NBU 10.0kV 6.6mm x600 SE(L) 07/04/2022

£

Fig. 1. SEM morphology (a) IN738LC virgin powder, (b) nano-TiC powder, (c) nano-TiC attached to the IN738LC after ball milling, (d) higher magnification of the
particle attachment, (e) EDS graph of Ti element and (f) EDS graph of Ni element on the prepared powder.

printed sample p; in this work, with a high-precision (0.001g) weighing
scale. The relative density was obtained by the ratio of measured sample
density p; to the bulk density p;, where p,, is given from the supplier. The
images collected by optical microscopy (OM) were used for the porosity
and crack analysis. The build direction (BD) of cubic samples was taken
as the investigated plane, and each sample collected five different re-
gions on this plane, four of which are at the corners, and one is at the
center. ImageJ, an open-source image analysis software, was used to
measure porosity rate in this study. The threshold for image processing
and adjustment was selected according to Reference [24], where to fix

3837

the lower limit on the pores from the segmentation, all the pores with
the cubic-voxels smaller than 27 (3 x 3 x 3) are automatically
neglected.

A Vickers microhardness tester (Wilson VH1102 Micro Hardness
Testers, USA) was used for hardness testing in this study. The sample
was well-polished to meet the criteria of the microhardness test. Two
planes of the sample were used for microhardness testing, which are the
building direction (BD) and scanning direction (SD). The sampling
points were the straight line on the measured plane and the points were
evenly taken with a distance of 0.2 mm. For each point, a 300 N load was
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Fig. 2. Schematic diagram of L-PBF process. Dimensional illustration of microstructural samples, tensile samples, and L-PBF as-printed samples.

applied with a dwell time of 10 s. The microhardness tester was cali-
brated before the test to ensure the accuracy of the result, and the
measured systematic error was less than 0.05 %. The final microhard-
ness value was calculated by averaging at least 10 points of data on each
measured plane.

A tensile machine (Zwick Amsler 100 HFT, Germany) was used for
tensile testing. The tensile tests were performed at a rate of 1 mm/min,
and the load direction was perpendicular to the building direction of the
sample. For each parameter, three identical samples were used to
perform the repeated experiments to ensure the accuracy of the results.
The solution heat treatment was performed at 1120 °C with accelerated
air cooling and 850 °C aging for 24 h.

3. Results and discussion
3.1. Density and porosity

Density is a frequently used metric to evaluate L-PBF as-printed
samples due to its straightforward examination procedure. Multiple
studies have established correlations among density, porosity, and me-
chanical properties [25]. Because of the inherent variations in material
properties, the relationships between density and both microstructure
and mechanical performance differ. Therefore, the density insights
provided in this study will be valuable for future research on new
composite materials.

Fig. 3 illustrates the relationship between VED and density. As
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depicted, when the VED is low (40-80 J/mm?), the relative densities
range between 80 % and 90 %. For VED values between 80 and 100 J/
mm?, the relative densities notably increase to 96 %-98 %. At a VED of
100-140 J/mm3, the sample density peaks, achieving high-density
(>99 %) as-printed samples. However, when the VED exceeds 140 J/
mm?, the sample’s density starts to decline, settling between 96 % and
99 %. It’s important to highlight that the relative density at higher VED
values remains substantially greater than at lower VED values. A lower
VED, indicating reduced energy input, can lead to incomplete fusion and
unmelted regions. This can result in the development of porous struc-
tures and cracks, thereby reducing the sample’s density. Conversely, at
higher VED values, excessive energy input can impact the molten pool’s
Marangoni effect. This can trap inert gas in the molten pool, leading to a
gas trap effect, which produces fewer pores [26] and reduces relative
density. To further optimize the processing parameter window, meth-
odologies like data visualization and correlation quantification can be
employed for machine learning [27], offering reliable predictions of the
relationship between density and VED. Table 3 shows the results from
the DoE table. In this study, the tensile samples were printed with 5 sets
of parameters, which the parameters were selected according to the
results of density. Overall, the density analysis shows that the VED value
of 100-140 J/mm?® is the ideal processing parameter window, and the
microstructural analysis in the following will further optimize the pro-
cessing parameter window.

Lack of fusion (LoF) and keyhole are the two main types of porosity
in L-PBFed metal parts. It has been reported that the shape of pores by
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Table 2
Design of experiments of L-PBFed TiC-IN738LC.

Layer thickness = 30um

# Samples Laser Power (W) Scanning speed (mm/s) Hatch space (mm)
1 150 500 0.090
2 150 500 0.105
3 150 500 0.120
4 150 750 0.090
5 150 750 0.105
6 150 750 0.120
7 150 1000 0.090
8 150 1000 0.105
9 150 1000 0.120
10 225 500 0.090
11 225 500 0.105
12 225 500 0.120
13 225 750 0.090
14 225 750 0.105
15 225 750 0.120
16 295 1000 0.090
17 225 1000 0.105
18 225 1000 0.120
19 300 500 0.090
20 300 500 0.105
21 300 500 0.120
22 300 750 0.090
23 300 750 0.105
24 300 750 0.120
25 300 1000 0.090
26 300 1000 0.105
27 300 1000 0.120

lack of fusion are usually in the irregular shape, with the size ranging
from 10 pm to several millimeters. The lack of fusion can be attributed to
insufficient penetration of the upper melt pool into the substrate or
previously deposited layers [28]. Fig. 4 shows the porosity graphs under
each processing parameter. LoF and keyhole usually exist in samples
with lower VED, for example, comparing the porosity with the laser
energy of 225 W and 300 W, the laser energy of 150 W with higher

Journal of Materials Research and Technology 27 (2023) 3835-3848

scanning velocity formed more keyholes and unmelted regions, as
shown in Fig. 4. With the greater VED, the melting mode of the molten
pool changes from the conduction mode to the keyhole mode, resulting
in the molten pool forming the deep V shape [29], If the keyhole mode is
not carefully controlled, the keyhole will become unstable and repeat-
edly form and collapse, eventually becoming the deep spherical pores
within the sample [30]. As can be seen in Fig. 4, the deep spherical pores
were found in samples at high VED.

Fig. 5 shows the relationship between VED and porosity, and the red
curve is a third-order polynomial fitting curve, which is used to repre-
sent the trend of the data and to predict the data. As evidenced by Figs. 4
and 5, a noteworthy observation can be made in the context of VED
ranging between 100 and 120 J/mm3. Within this spectrum, the L-
PBFed TiC-IN738LC composite resulted in a considerably low porosity,
below 0.3 %, and a lack of cracks. This substantiates the claim that a
comprehensive understanding and manipulation of processing param-
eters can facilitate control over crack inhibition in this innovative
composite material. Meanwhile, based on the conclusion drawn from
Fig. 3, it agrees with the results in Fig. 5, namely when the VED is within
100-140 J/mm?, the density is higher and the porosity is lower; when
VED is less than 100 J/mm?® or greater than 140 J/mm?, due to the
defects such as lack of fusion and keyhole (as shown in Fig. 4), the
density is lower and porosity rate is higher. In summary, to achieve the
prominent printability (porosity below 0.4 % and crack-free) of L-PBFed
samples, the optimal processing window of VED is between 100 J/mm?>
and 120 J/mm?.

Fig. 6 shows the relationship between each processing parameter and
porosity rate. Fig. 6 is an important reference for determining the effect
of specific parameters on porosity rate. The laser power, for instance, has
a significant impact on porosity rate, with lower power levels resulting
in the formation of keyholes and cracks due to the generation of LoF.
Higher laser power inputs, on the other hand, provide more energy to
the melt pool dynamics, particularly at lower scanning speeds and
smaller hatch distances. This greater energy enables the melt pool to
fully melt the powder and produce fewer LoF, resulting in a lower
porosity rate. Scanning speed also affects porosity rate, with slower
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Fig. 3. Relationship between VED and the relative density of as-printed samples.
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Table 3
DoE table with the results of relative density and porosity.
Laser Scan Hatch VED Relative Porosity

Sample power velocity space J/ density (%)
# w) (mm/s) (mm) mm®) (%)

1 150 500 0.090 111.11 96.79 0.15
2 150 500 0.105 95.24 96.05 0.23
3 150 500 0.120 83.33 97.33 0.15
4 150 750 0.090 74.07 99.93 0.32
5 150 750 0.105 63.49 96.33 5.79
6 150 750 0.120 55.56 90.85 6.32
7 150 1000 0.090 55.56 92.18 0.52
8 150 1000 0.105 47.62 85.08 7.09
9 150 1000 0.120 41.67 87.29 7.52
10 225 500 0.090 166.67 97.29 0.42
11 225 500 0.105 142.86 99.86 0.26
12 225 500 0.120 125.00 96.86 1.42
13 225 750 0.090 111.11 99.02 0.17
14 225 750 0.105 95.24 99.05 0.12
15 225 750 0.120 83.33 97.08 3.17
16 225 1000 0.090 83.33 99.01 0.13
17 225 1000 0.105 71.43 92.83 0.19
18 225 1000 0.120 62.50 88.55 0.13
19 300 500 0.090 222.22 96.63 1.90
20 300 500 0.105 190.48 95.77 2.38
21 300 500 0.120 166.67 99.34 0.28
22 300 750 0.090 148.15 99.26 0.15
23 300 750 0.105 126.98 98.87 1.41
24 300 750 0.120 111.11 97.93 0.25
25 300 1000 0.090 111.11 98.79 0.15
26 300 1000 0.105 95.24 99.40 0.36
27 300 1000 0.120 83.33 87.70 0.14

speeds resulting in a higher VED and a longer interaction time between
the laser and powder, leading to a lower porosity rate. Conversely, faster
scanning speeds reduce the interaction time, resulting in the formation
of LoF. Hatch distance, which indicates the density of the neighbouring
powder, also affects porosity rate, with shorter distances enabling more
complete interaction between the powder and laser, resulting in a lower
porosity rate. In summary, the combination of the lowest porosity rate is
built under the conditions: the laser power of 225 W, scan velocity of
500 mm/s and hatch space of 0.09 mm.

3.2. Microhardness

A set of 7 groups of parameters were selected for the microhardness
experiment based on the density and porosity results, as shown in
Table 4. The results of the Vickers hardness test are shown in Fig. 7. For
the microhardness in the scan direction, it is obvious to find the
maximum value of 625 + 53 HV is measured at the VED = 111.1 J/mm?,
while the minimum value of 468 + 50 HV is measured at VED = 74.1 J/
mm?>. When VED continues to increase (>111.1 J/mrns), the porosity
rate gradually increases due to the gas trapping effect, causing the
density to decrease, and eventually lowering in the microhardness
value. It is worth noting that the microhardness at low VED is much
smaller than that at high VED due to the fact that cracks and keyholes
are more likely to occur at low VED. For the microhardness in the build
direction, the overall hardness value is smaller than that in the scanning
direction, and the results follow the similar trend as the scanning di-
rection, namely, VED = 111.1 J/mm? has the largest microhardness and
the values are smaller at other VEDs. As shown in Fig. 7, the overall
disparity of microhardness in build direction is not as noticeable as the
scanning direction. One of the reasons is that the build direction trans-
fers more heat to the substrate or the previous layer, thus it has a more
complex thermal cycle history than that in the scanning direction, thus,
in building direction, the thermal gradient is larger, causing the greater
residual stress and smaller microhardness [31]. According to the pre-
vious study, the high density and low porosity will contribute to the
enhancement of microhardness [6], the similar conclusion has also been
found in this study. In summary, the optimal microhardness was

3840

Journal of Materials Research and Technology 27 (2023) 3835-3848

obtained at VED = 111.1 J/mm? with 527 HV in the build direction and
678 HV in the scan direction.

Fig. 8 shows the comparison of microhardness between the TiC-
IN738LC and IN738LC. It is obvious that TiC modified IN738LC has
greater microhardness than IN738LC in both scanning direction and the
building direction. In the scanning direction, the microhardness of TiC-
IN738LC is about 35 % higher than that of IN738LC, and about 20 %
higher in the building direction. For the L-PBFed IN738LC, the trend
follows the similar pattern as the TiC-IN738LC, which it has the highest
hardness when VED = 111.1 J/mm? or VED = 95.2 J/mm?, its hardness
will gradually decrease at other VEDs. For the TiC-IN738LC, due to the
higher hardness of nano-ceramic particles TiC, by attaching the nano-
particles TiC to the IN738LC, several strengthening mechanisms will
arise during the laser interaction. Since the nanoparticles have greater
heat transfer coefficient, it will cause the thermal mismatch effect, along
with the Marangoni effect of the molten pool, nanoparticles are easy to
nucleate and crystallize on the grain boundary, and the slip movement
along the grain boundary becomes difficult, resulting in the inhibition of
dislocation, thus, enhancing its strength to resist the deformation, these
strengthening mechanisms have been demonstrated and elucidated in
previous studies [9,15,26]. It also should be noted that the previous
section has shown the good attachment of TiC to IN738LC, the wetting
characteristics are ensured, which is essential for printing the
high-quality samples. In summary, via the addition of nanoparticles, it
will cause thermal mismatch and dislocation effects, thereby the
microhardness performance of TiC-IN738LC is reinforced and better
than the virgin IN738LC.

3.3. Tensile strength

Fig. 9 shows the results of the tensile test of L-PBFed TiC-IN738LC
and IN738LC and the detailed data are given in Table 5. In the tensile
test of three groups of TiC-IN738LC, it can be seen that the sample at
VED = 95.2 J/mm? has the largest yield stress and ultimate tensile
strength, which is 9.7 % and 1.4 % higher than that at VED = 111.1 J/
mm?, and 29.7 % and 19.7 % higher than that at VED = 142.8J/mm?,
respectively. When VED = 111.1 J/mm?, the elongation rate is higher
than the other two groups, which is 45.2 % higher than VED = 95.2J/
mm? and 60 % higher than VED = 142.8J/mm?. Overall, although the
sample at VED = 111.1 J/mm? sacrifices slightly in tensile strength, the
lower porosity rate, crack-free and better ductility make the VED =
111.1 J/mm? the optimal processing parameter. This work also
compared the TiC-IN738LC and IN738LC in tensile tests. The IN738LC in
Fig. 9 adopts the optimal parameters determined in the previous
research [8], and is fabricated by the same L-PBF machine in this study
to ensure the consistency of the data and eliminate the potential errors
between the different L-PBF machines. The ductility of IN738LC is much
greater than that of TiC-IN738LC, which is 50 %, 72 % and 80 % higher
than VED = 111.1 J/mm?, VED95.2 J/mm?, and VED = 142.8 J/mm?,
respectively. However, the yield strength and ultimate tensile strength
are much smaller than those of the nano-TiC modified IN738LC. This
phenomenon widely exists in the ceramic-reinforced metal matrix
composites, and the heat treatment is usually to be considered as an
approach to improve the elongation [8]. Fig. 10 shows the results ob-
tained in this study compared with the previous studies on
hard-to-machine Ni-superalloys [8,32-36]. It should be noted that none
of the Nickels were heat treated in Fig. 10. It can be concluded from
Fig. 10 that the TiC-IN738LC developed in this study has significantly
enhanced mechanical strength and thereby having the considerable
potential value to furtherly research.

The microstructural fracture morphology reveals the fracture
mechanisms in depth. Fig. 11 compares the difference between brittle
fracture and ductile fracture and shows clear dissimilarity of brittle and
ductile fractures in the microstructures. On the surface of the brittle
fracture, there are lumpy blocks, which are in the shape of regular strips.
Meanwhile, the long grooves and large protrusions on the surface will
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Fig. 4. Results of porosity rate under each processing parameter for all 27 L-PBFed as-printed samples. All the pictures have the same scale bar (100 pm).
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Fig. 5. Relationship between VED and porosity rate of as-printed samples.

significantly reduce the tensile strength. These coarse blocks and strips
are less congregated than dimples (Fig. 11a, b, ¢) and it is easier to cause
the defects and undermine ductile properties. On the other hand, there
are many dimples on the ductile fracture (Fig. 11d). The deformation of
the dimples can improve the plasticity of the material [37,38]. When
VED = 95.2 J/mm?>, the ductility of the material decreases significantly,
as there are many unmelted particles and irregular blocks, which will
eventually become the source of cracks and lead to the brittle fractures
(Fig. 11a). In comparison, when VED = 142.8 J/mm?, the fracture still
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has the apparent characteristics of brittle fracture, however, due to the
high energy input, there is no unmelted particle found (Fig. 11¢). When
VED =111.1 J/mms, there are some dimples arisen (Fig. 11b) and the
ductile property is improved as shown in Fig. 9. However, when
comparing the fracture morphology with the IN738LC, the IN738LC has
much denser dimples than TiC-IN738LC (Fig. 11d) and thereby a better
ductility as presented in Fig. 9. Previous studies have clarified that the
ductile fracture initiates from the fracture source and rapidly propagates
to the final fracture zone, however, when the protruding cracks
encounter the internal micro-pores or unmelted powder, they will stop
extending and lead to a clear boundary on the fracture morphology. The
fibre stripes are unevenly distributed at the edge of the fracture and
prone to generate the large stress concentration region, eventually
leading to the ductile fracture [39]. The dimples are beneficial to the
ductility but when the excessive dimples happen, it is prone to generate
a larger stress concentration area and causing the strength in the tensile
direction is impaired. As discussed above, the evidence of the fracture
morphology agrees with the tensile test results.

3.4. The strengthening mechanisms of nano-TiC particles

The anisotropic nature of materials by the L-PBF process is often
reflected by the grain shape and size. Fig. 12 shows the EBSD data of the
IN738LC and TiC-IN738LC. As visible in Fig. 12a, L-PBFed IN738LC
alloy is characterized by elongated grains. An example of a completely
different grain structure is shown in Fig. 12b: the alloy containing some
TiC nanoparticles is indeed characterized by a fine distribution of the
columnar grains, by impeding the grain boundary growth and forming
the new nucleate sites. Fig. 12¢ and d show the grain size of pure
IN738LC and TiC-IN738LC, and with the addition of the nano-TiC, the

/
/

o

750 1000 0090 0105 0120

Hatch space (mm)

Fig. 6. The relationship between porosity rate and each processing parameter.

Table 4
The details of L-PBFed microhardness samples.

Sample #  Laser power Scan velocity (mm/ Hatch space VED (J/ Density (%)  Porosity (%)  BD Microhardness SD Microhardness (HV)
w) s) (mm) mm®) (HV)
1 150 750 0.090 74.1 98.93 0.32 497.6 468.0
2 225 500 0.105 142.9 99.86 0.26 502.2 562.7
3 225 750 0.090 111.1 99.02 0.17 514.2 625.8
4 225 750 0.120 83.3 97.08 3.17 511.2 515.0
5 300 500 0.120 166.7 99.34 0.28 493.3 506.0
6 300 1000 0.105 95.2 99.40 0.36 508.9 541.9
7 300 750 0.105 127.0 98.87 1.41 487.2 598.5
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grain size is fully refined and much smaller than the pure IN738LC [40].
These nanoparticles prevent grain overgrowth and interfere with
recrystallization. The occurrence of recrystallization is related to the
accumulated internal strain energy. This energy exists in the form of
dislocation density. Without recrystallization, large dendrites would
remain and reduce mechanical properties [41].

According to the Hall-Petch formula, smaller grain sizes result in
higher yield strengths [42]. The formula states that the yield strength of
a polycrystalline material is inversely proportional to the square root of
its grain size. Mathematically, the Hall-Petch formula can be expressed
as:

6, =00+ kd? (2)

where oy, is the yield strength of the material, oy is the intrinsic strength
of material, ky is a constant term called the Hall-Petch slope and d is the
average grain size of the material. According to the literature [43], the
grain size strengthening Aoy can be solved, with the lower limit 88 MPa
to the upper limit 187 MPa, where in present work, the Ag, is around
200 MPa and it slightly higher than the Hall-Petch method. Overall, the
smaller grain size explains why the tensile strength is improved by the
addition of the nano-TiC particles.

Fig. 13 shows the schematics of nano-TiC reinforced IN738LC
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Fig. 9. Tensile test results of TiC-IN738LC under different VED.

mechanism. When IN738LC powders are heated to high temperatures,
the nanoparticles within them can impede the columnar growth and
rearrange IN738LC matrix to form the smaller grains. One of the reasons
is that nanoparticles can act as pinning sites for grain boundaries. Grain
boundaries are the regions between individual grains, and they can be
areas of high energy. When the IN738LC powders is heated, atoms can
diffuse across grain boundaries and cause the grains to grow. However,
if there are nano particles in the material, they can act as obstacles to this
diffusion and grain boundary migration process, impeding grain growth
[44]. Also, due to size of nano particles, they are typically much smaller
than the grains themselves. When a material is heated, the larger grains
will tend to grow at the expense of the smaller ones driven by interface

Table 5
The results of the tensile test.
Description Yield Strength Ultimate Tensile Elongation
(MPa) Strength (MPa) (%)
TiC-In738LC VED = 1110 £ 21 1518 + 12 2.1 +£0.05
111.1
TiC-In738LC VED = 1230 + 33 1541 £ 23 1.15 £ 0.04
95.2
TiC-In738LC VED = 1141 + 15 1321 + 16 0.84 £+ 0.02
142.8
In738LC 864 + 24 1238 + 45 4.2 +0.10
VED = 105.2
750 —— =
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Fig. 8. Microhardness comparisons between the TiC-IN738LC and IN738LC in different directions.



C. Shu et al.

P d B TiC-In738LC VED=111. 1
~ resent stu ® TiC-Tn738LC VED=95.2
o 1600 [~ v A TiC-In738LC VED=142.8
% ¥ LPBFed-CM247LC [Ref. 32]
= @ LPBFed-IN100 [Ref.33]
<« LPBFed-IN738 [Ref.8]
< D LPBFed-IN939 [Ref.34]
46’0 1400 @ Cast-INT38LC [Ref. 35]
o *  LPBFed-IN738LCH+I%Hf @800celcius [Ref.36]
) @  LPBFed-IN738LC+I%HE @700celcius [Ref. 36]
~ @ LPBFed-TiC GTD222 [Ref. 12]
= ¥ LPBFed-TiC IN738LC [Ref. 13]
1200 | 9
[O)
—
o *
a *
o Ve
o 1000 <
+
)
*é >
E 800
+ * .
i
s}
600 1 1 1 1 1
0 2 4 6 8 10

Elongation (%)

Fig. 10. Comparison of elongation rate and ultimate tensile strength between
this study (circled in the graph) and other difficult-to-machine nickel superal-
loys studies.

energy. However, if there are nano particles present, they can act as
nucleation sites for new grains, which can compete with the existing
larger grains for material. This competition can impede the growth of
the larger grains, leading to a finer microstructure [45].

Fig. 14 illustrates the microstructure of TiC-IN738LC, clearly
depicting the presence of the y' phase and the smaller secondary v’
precipitates. This observation substantiates the hypothesis that the

' e &
L5 Unyetted particles. R Jrregular blocks

At

LS > R
’ Brittle fracture
S surface
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introduction of nano-TiC nanoparticles does not obstruct the y phase
generation, but rather augments its proliferation. The load-bearing
strengthening mechanism is typically relevant to coherent pre-
cipitates, such as primary and secondary gamma prime (y") phases, often
observed in nickel-based superalloys [46]. The significant contribution
of these y' phases to the tensile strength of the material should be
recognized. When subjected to external stress, the load distribution is
facilitated between the material matrix and the precipitates. Owing to
their intrinsic strength and stability, the precipitates effectively enhance
the overall material strength by bearing a portion of the applied load.
Essentially, these precipitates function as reinforcing elements within
the matrix. The smaller secondary y' precipitates play a pivotal role not
only in load distribution but also in obstructing dislocation movement.
The introduction of these precipitates increases the obstacle density that
dislocations have to circumnavigate, resulting in additional strength-
ening. This process elevates the yield strength, which is instrumental in
improving the overall tensile strength of the material.

In Fig. 15, EDS analysis was examined specifically in the grain
boundary region. The analysis indicates a high concentration of Ti ele-
ments within this area, suggesting that the incorporation of TiC nano-
particles tends to accumulate at the grain boundary and the TiC
nanoparticles function as impediments to dislocation movement. The
EBSD result validates this observation, highlighting that the addition of
these nanoparticles results in a significantly reduced average grain size
compared to pure IN738LC. This phenomenon aligns with the Orowan
strengthening mechanism, which posits that the creation of a dislocation
loop around a nanoparticle demands more energy than navigating
through an unobstructed lattice [47]. Consequently, the introduction of
TiC nanoparticles increases the energy threshold required for the plastic

Brittle fracture
surface
with few dimples

Dense dimples

(d) -

Fig. 11. Fracture morphologies under different processing parameters. (a) TiC-IN738LC with VED = 95.2 J/mm? with magnified region inside; (b) TiC-IN738LC with
VED = 111.1 J/mm? (c) TiC-IN738LC with VED = 142.8 J/mm?; and d) IN738LC.
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IN738LC; (d) Grain size distribution graphs of TiC-IN738LC.

deformation of the material. This increased energy requirement, in turn,
amplifies the material’s yield strength and hardness.

According to the experimental data, the processing parameters,
which define the VED, correlate with the microhardness and tensile
strength. From Figs. 3 and 7, at high scanning speeds, the obtained
density and hardness are lower, which may be related to wettability and
Rayleigh instability. The temperature of molten pool is calculated using
Equation (3) below [48]:

G
Aln (—C;ﬁ‘é’s +1)

where C1 and C2 are the Planck’s distribution constants, A is the
wavelength of the laser. Scanning speed is inversely proportional to melt
pool temperature, and a higher scanning speed leads to a lower tem-
perature and higher surface tension (according to the thermocapillary
effect) [30,311]:

Tmp = 3
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For Equation (4), y* is constant for each liquid, Tc is the critical
temperature and Ty is the reference temperature. Therefore, based on
Equation (5), the surface tension values of the solid-liquid and liquid-gas
phases are larger, increasing the chance of droplet generation [48-50].
This phenomenon will lead to low wettability and an increasing chance
of spheroidization, which is a common defect in metal AM and causes
the porosity rate to increase and decrease the density and hardness [5,
48].
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Fig. 13. Schematic of nano-TiC reinforced IN738LC strengthening mechanism. The columnar dendrites are not shown on all the grains for the simplification.

Fig. 15. SEM/EDS of the TiC-IN738LC at the grain boundary region.

If S< ODropletappears;

Figs. 3 and 7 show that lower hardness and density were obtained
with the lower input of laser power. According to Equation (3), less
energy is transmitted to the molten pool at the lower laser power and the
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temperature of the molten pool is therefore decreased. In this case, due
to the lack of the Marangoni convection, causing the higher heat pene-
tration and generating more steam and bubbles within the molten pool.
The bubbles tend to escape from the molten pool, and the interaction of
steam forces with the hydrostatic pressure and surface tension will result
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in the formation of small pores and eventually weaken hardness prop-
erties. The steam force is directly related to the diameter of the pores. In
a smaller diameter pore, the larger pressure on the pores results in larger
forces, the steam tends to move to the top surface of the molten pool to
escape and overcome the hydrostatic pressure as well as the surface
tension, thus the keyhole is formed. Furtherly, this leads to the lack of
fusion and the creation of large pores, even the cracks, thereby lowering
the mechanical properties [5]. The morphology of the melt pool and
grain structure are significantly affected Under different VED. A higher
VED results in a deeper and wider melt pool, while a lower VED leads to
a shallower and narrower one. The flow and spread of the powder also
depend on VED. Differences in crystallization rates influence the dis-
tribution of TiC at grain boundaries, which directly relates to the ma-
terial’s mechanical and thermal properties. In summary, as stated above,
the quality of an as-printed sample has a close relationship with the
processing parameters, and research on optimizing the processing pa-
rameters and obtaining the correlations with microstructural data will
gain a comprehensive understanding of material properties during the
L-PBF process.

In this work, it can be concluded that cracks can be effectively sup-
pressed by adding nano-ceramic particles. There are two main mecha-
nisms for crack formation: liquefaction of low-melting phases and
structural liquefaction [50,51]. Carbides in the heat-affected zone have
been considered as the primary phase which causes the structural
liquefaction [52]. During the L-PBF, the thermal cycling of carbides can
be very intense. However, due to the large temperature gradient and fast
cooling rate, carbides do not have enough time to dissolve into the
surrounding matrix. It has been clarified in previous studies that even
introducing the higher carbon content, no liquid film was found at the
interface between the carbide and the matrix by the characterization,
namely no cracks caused by the structural liquefaction were observed.
Similar findings were found in these studies [50,51], which the tendency
of structural liquefaction is a strong function of the carbide size. In this
study, the TiC particles are the size of 50 nm, therefore, by the addition
of the nano-TiC particles will benefit to mitigate the liquefaction effect
and reduce the cracks.

4. Conclusion

This paper proposes a method of adding 2 wt% nano- TiC particles to
fabricate the IN738LC via L-PBF and the crack-free samples were ach-
ieved. The relationship between the processing parameters and the
quality of as-printed samples was studied. Based on the nano-TiC
strengthening principle, combined with the results from fracture
morphology and mechanical tests, the mechanisms of obtaining high-
quality TiC-IN738LC were theoretically described. The main conclu-
sions of this study can be summarized as follows:

(1). The effects of process parameters on the density, porosity, hard-
ness and tensile strength of nano-TiC reinforced IN738LC were
comprehensively examined, and by optimizing the parameters,
high-strength TiC-IN738LC could be prepared.

The optimal parameters of high-density and low-porosity L-
PBFed TiC-IN738LC are laser energy 225W, scanning speed 750
mm/s, hatch spacing 0.09 mm, and powder layer thickness 0.03
mm.

By adding TiC nanoparticle to IN738LC, a low-porosity and high-
strength TiC-IN738LC was fabricated; Compared with the L-
PBFed IN738LC, the microhardness of TiC-IN738LC increased by
20%-40 %, and the tensile strength of TiC-IN738LC improved by
10%-30 %. The synergistic effect of fine grain strengthening
mechanism, load-bearing strengthening mechanism and Orowan
strengthening mechanism was accounted for the performance
enhancement.

The results in this work provide an experimental reference for the
L-PBF parameters of TiC-IN738LC, and furtherly expand the

(2).

3.

4.
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applications in terms of metal matrix composite in the fields of
aerospace and deep-ocean exploration.
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