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The fabrication of near-net-shape products using laser powder bed fusion (L-PBF, PBF-LB) is expected to bring
benefits such as part consolidation and light-weighting to the aircraft industry. However, the challenge for
practical application is to suppress microcracking in building parts during the process so that it is necessary to
understand the effects of process parameters on the cracking behavior. Both time per layer and part geometry
contribute to heat loss and thermal history through the process, resulting in changes in microstructure and
material properties. The purpose of the current study is to understand their effects on microcracking behavior as
well as thermal history, microstructure, and mechanical properties in Inconel 738 LC samples. A part-scale finite
element thermal analysis confirmed that significant heat accumulation occurred during the process in the
samples with constricted geometry with short time per layer. In the fabricated IN738LC samples with the heat
accumulation, more coarse microstructure, greater hardness, and severe cracking size and density were observed.
The cracking mechanism based on the RDG model with Rosenthal’s analytical temperature field suggests that
heat accumulation during the PBF-LB process should be avoided to fabricate crack-free IN738LC parts, and a
sufficiently long time per layer is preferable.

1. Introduction applications under high-temperature environments, and actually

constitute the casted engine components. Thus, it is straightforward to

Metal additive manufacturing (AM) has great potential as an alter-
native to conventional manufacturing processes (e.g., casting and forg-
ing followed by machining and welding) in various industries due to its
advantages for fabricating near-net-shape products. In powder bed
fusion (PBF), one of the metal AM processes, raw metal powder is spread
on a platform, and a focused heat source scans over it to selectively melt
the powder. Powder spreading and heat source scanning alternately
continue until a near-net-shape product is fabricated as designed. When
a laser or an electron beam is used as the heat source, the processes for
metal materials are usually referred to as PBF-LB/M (L-PBF) and PBF-
EB/M (EB-PBF, EBM), respectively. The application of PBF in the aero-
space industries brings benefits such as part consolidation and light-
weighting of products. Indeed, several manufacturers and research in-
stitutes have already used PBF to fabricate various aircraft/spacecraft
components (e.g., combustion chambers, nozzles, and brackets) [1,2].

Nickel-based superalloys have been developed for manufacturing
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apply PBF-LB to the fabrication of such engine components from nickel-
based superalloy powder. On the other hand, the processability of
nickel-based superalloy products has long been a subject of research and
development, not only in metal AM [3,4] but also in welding fields [5,6].
This is mainly because some nickel-based superalloys are prone to
microcracking in the melting pool during solidification, in the heat
affected zone (HAZ) during thermal cycles, and also in post-heat treat-
ment. Alloy composition is a useful indicator of weldability.
Nickel-based superalloys with high amounts of Ti and Al, which promote
7 precipitation, are considered to have poor weldability [6]. Inconel 738
low carbon (IN738LC), which is also classified as a non-weldable nick-
el-based superalloy and a model material in the current study, has been
used as a material for gas turbines due to its excellent high temperature
creep rupture strength with hot corrosion resistance [7,8]. While some
researchers have been successful in fabricating crack-free IN738LC
samples using PBF-LB [9,10] and PBF-EB [11], others have investigated
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decreasing carbon content due to the reduced level of element segre-
gation, elimination of the initiation source for liquid films, and decrease
of local strain concentration. Qiu et al. [16] argued that cracks in the
as-fabricated IN738LC samples were associated with pores, Al-, Si- and
W-based oxide particles, and small grains along some large grain
boundaries. On the other hand, segregation of Ti [17] and Zr [18] at
grain boundaries has also been reported as a possible cause of micro-
cracking. Based on these studies, Jena et al. [9] actually succeeded in
fabricating crack-free PBF-LB samples by using IN738LC powder
without Si and with a limited amount of B and Zr. Although the type of
element causing microcracking is still controversial, the segregation of
elements and oxides has been observed at grain boundaries and cracking
surfaces in these studies.

In addition to such alloy composition, the microcracking behavior
can be attributed to process parameters. As for IN738LC in PBF-LB, the
effects of laser power and scanning velocity [16,17,19], hatching space
[19], and laser beam profiles [18] on the processability have been
studied. Cloots et al. [18] found a trade-off relationship between the
crack density and porosity in IN738LC samples fabricated by PBF-LB,
regardless of the Gaussian and doughnut profiles of the laser beam.
Wang et al. [17] experimentally revealed that the process window of
laser power and scanning velocity was rather narrow to realize near-full
density and crack-free IN738LC samples. Grange et al. [19] fabricated
IN738LC samples with different laser power, scanning velocity, and
hatching space in PBF-LB, and found that the size and shape of the melt
pools greatly affected the solidification conditions. They concluded that
high temperature cracking can be suppressed by using a narrow melt
pool with a large overlap and parameters that produce fine grains. Some
of the above studies [12,18,19] identified the cracking mechanism as
solidification cracking based on the dendritic morphology on the
cracked fracture surface. The two main causes of solidification cracking
are (i) dendrite separation due to insufficient backfilling in a brittle
temperature range (BTR) at the end of solidification, and (ii) induction
of tensile force by thermal shrinkage and solidification contraction [20,
21]. Furthermore, Zhou et al. [14] observed liquation cracking at the
grain boundaries with liquid films and y/y’ eutectics, where boron was
segregated.

While the effects of heat source irradiation parameters on micro-
cracking as well as on the local solidification behavior and cyclic ther-
mal history have been thoroughly studied, there are few studies on heat
loss through the fabrication process. Such heat loss from the building
sample occurs at three types of boundaries: (i) thermal radiation and

Table 2
Sample ID, sample geometry, set value of minimum scanning time tyipscan, mean
value of actual time per layer TPL, and total process time.

Fig. 1. Designed samples with (a) constricted and (b) cylinder geometries, and Sample ID Sample Setvalueof  Mean value of  Total process
(c) a photo of the as-built samples. geometry EminScan actual TPL time
Constricted_8.5 Constricted 1s 855+ 1.25s 2 h, 23 min,
the observed microcracks in relation to the alloy composition and the and 44 s
process parameters, as described below. Constricted_10 Constricted 3s 10.01 +1.14s 2 h, 47 min,
The influence of the alloy composition on cracking susceptibility has ) ) and0s
. . . . Cylinder_10 Cylinder 3s 10.01 +£1.14s 2 h, 47 min,
been investigated by building samples from raw IN738LC powder with and 0's
different amounts of minor elements (Si [12], Mn + Si [13], C [14], and Constricted 11 Constricted 45 10.97+£1.16s 3 h, 3 min,
Zr [15]). These studies found that the higher the amounts of these ele- and 6 s
ments, the more likely microcracking was to occur. While Zhang et al. Cylinder 11 Cylinder 4s 1097 +1.16s 3 lz 2 min,
. . an S
[1 3]. concliuded that crac.ks were me.nnly attrlbutab.Ie to the pr.esence of Constricted 12 Constricted 55 11.9941.67s  3h, 20 min,
Al-rich oxides at the grain boundaries as well as high Mn + Si content, and 2's
Zhou et al. [14] suggested that the microcracking was reduced with
Table 1
Chemical composition of AMPERPRINT 0151.074 (wt%, Ni = balance).
B C N (e} Al Si P S Cr Mn Fe Co Zr Nb Mo Ta w

0.007 0.10 0.008 0.017 3.5 0.02 0.005 0.002

15.9 0.01 0.02 8.5 0.024 0.88 1.7 1.8 2.5
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Fig. 2. The models for part-scale finite element thermal analyses; the sample
parts in (a) and (b) had a constricted geometry, while those in (c) and (d) had a
cylinder one. The blue dashed lines indicate the central axis.
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Fig. 3. Schematic diagram of the sample activation for the building process and
the heat input by laser scanning.
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Table 3
Material properties for IN738LC and SUS304, and physical constant.

Material properties Value

Density p for SUS 304 7900 kg/m>[32]

Density p for IN738LC 8209 kg/m>
Latent heat L for IN738LC 249.5 kJ/kg
Solidus temperature T; for IN738LC 1098°C
Liquidus temperature T; for IN738LC 1348°C
Effective absorptivity, n 0.5[28,33]

Ambient temperature, Ty 30°C

Emissivity, ¢ 0.3[28,33]
Stefan-Boltzmann constant, ¢ 5.67 x 10~% W/m2.K*
Heat transfer coefficient, h, 25 W/ m2K[28,31]
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Fig. 4. Temperature-dependent properties of IN738LC and SUS 304. (a) Spe-
cific heat. (b) Thermal conductivity.

convection at the top surface, (ii) heat transfer to the surrounding
powder bed at the sides, and (iii) heat transfer to the baseplate through
the support structure at the bottom surface. Heat source irradiation is an
intermittent and cyclic operation per layer, and these heat losses are
always active through the fabrication process. Therefore, these heat
losses are involved in the part geometry and the time between heat
source irradiation, and may contribute to microcracking as well as
thermal history. On the other hand, the time between heat source irra-
diation (also known as the inter-layer time [22-25] or time between
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Fig. 5. Temperature distributions at different time points by the part-scale thermal analysis of samples parts with (a, c¢) constricted and (b, d) cylinder geometries; (a,
b) TPL = 8.5s and (c, d) TPL = 12.0s.

layers [26]) is not described in most papers on PBF so that its importance height due to heat accumulation during the PBF-LB process [22-25].
as a process parameter is not properly recognized. Some case studies on Additional heat accumulation was intentionally achieved through the
part geometry have been reported. Even in the case of simple geome- fabrication process by designing the part geometry to suppress heat
tries, such as rectangular shapes, the thermal history varies with build transfer to the baseplate [27,28]. Also, by shortening the inter-layer



M. Kusano et al.

(a)

Additive Manufacturing 80 (2024) 103987

1000 TPL = 85s
o 800 l Constricted :..;10'0 S
° i . 1 1 0 S
g 600 i 120s
+ s
g i B
= . i i
® 400 /S i i i
: -
F 200} P ! !
00 2000 4000 : 6000 8000 : 10000 12000
n=500th layer Time, s n=1000
(b) 1000 (c) 1000 TPL=855 50
3) i v "
o 800 TPL =85 s o 800
g — g
5 600 120s s 600
L L
© ; ©
g 400 @ 400
o o
£ £
2 200 @ 200
1990 2000 2010 3990 4000 4010
Time, s Time, s
(d) 1000 — (¢) 1000
TPL=8.5s TPL=85s
& 800 : & 800
g g
s 600 ¥ . S5 600H
- A i
[ I ©
o 400 N V ' @ 400
o v o
£ U £
g 200 , ! @ 200
0 L 12.0 Sl L 0 L 112.0 S 1
5990 6000 6010 7990 8000 8010
Time, s Time, s

Fig. 6. The top surface temperature against the process time for the constricted and cylinder geometries (reddish solid and bluish dashed lines, respectively) with
different TPL; (a) the whole process time, and (b-e) short time ranges. While the temperature drops indicated by the blue arrows in (b-e) were due to the element
activation of the top surface, those by the black ones in (a) are unavoidable errors due to the connection of the analysis steps, respectively.

time, more significant heat accumulation occurs [22-24]. Collectively,
the above studies demonstrated that the heat accumulation caused grain
coarsening, precipitation of the secondary phase, and changes in me-
chanical properties. Thus, Yavari et al. [26] pointed out that the
inter-layer time varied from 20 to 110 s for the layer number corre-
sponding to the scanned surface area in an impeller-shaped geometry,
resulting in the build height-dependence of the measured thermal

history and simulated temperature distribution.

To the best of the authors’ knowledge, no study has examined the
effects of such heat accumulation caused by part geometry and inter-
layer time on the microcracking behavior of IN738LC and other non-
weldable alloys. On the other hand, it should be noted here that such
heat accumulation can also be achieved and controlled using a pre-
heating function in a PBF machine. Especially in EB-PBF, a pre-
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Fig. 7. The internal temperature against the process time for constricted and cylinder geometries (reddish dotted and blueish dash-dotted lines, respectively) with
TPL = 8.5 s; (a) the whole process time, and (b—e) short time ranges. The top surface temperatures for the constricted and cylinder geometries, also shown in Fig. 6,
are plotted as solid red and dashed blue lines, respectively. The blue arrows in (b) indicate the temperature drops by the element activation of top surface.

heating function that can raise the powder bed temperature to over
1000 °C is usually used to prevent smoke that could generate electrical
repulsive forces between negatively charged powder particles. Accord-
ing to the study by Haghdadi et al. [11], no cracks were found in the
IN738LC sample prepared by PBF-EB at a pre-heating temperature of
1000°C. Moreover, due to the high pre-heating temperature, y' particles

of submicron scale were precipitated in the y matrix of IN738LC during
the fabrication by PBF-EB. Such in-situ precipitation of y’ particles does
not occur in PBF-LB, or the particle size is too small to be observed by the
conventional microscopes [19]. On the other hand, Chen et al. [10]
fabricated crack-free IN738LC samples with PBF-LB at a preheating
temperature of 700 °C. According to their thermo-fluid simulation, a
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Fig. 8. The total time held above 700°C during the process against the height of
the constricted sample with different TPL.

wider and deeper melt pool formed at preheating of 700 °C, resulting in
a lower cooling rate and reduced liquation cracking susceptibility.

The purpose of the current study was to investigate the effects of part
geometry and the interval between heat source irradiation on the pro-
cessability of IN738LC in PBF-LB. To precisely understand the thermal
history and temperature distribution throughout the fabrication process,
we performed a part-scale finite element thermal analysis. The fabri-
cated IN738LC samples were observed by optical and scanning electron
microscopes to examine cracks and microstructures, and the micro-
hardness was also tested. Based on these results, the effects of elevated
temperature on the microstructures and mechanical properties and the
mechanism of microcracking were discussed.

Additive Manufacturing 80 (2024) 103987

2. Materials and methods
2.1. Experimental

Panels (a) and (b) in Fig. 1 show the constricted and cylinder ge-
ometries, respectively, designed on an Abaqus/CAE 2021, which was
also used for a part scale finite element thermal analysis (Section 2.2). As
shown in Fig. 1(c), samples with these geometries were built using
IN738LC powder (AMPERPRINT 0151.074; Hoganas AB) by a com-
mercial PBF-LB machine (SLM280; SLM Solutions GmbH). Table 1
represents the chemical composition of the powder provided by the
manufacturer. The powder size distributions D10, D50, and D90
measured by a particle size analyzer (MT3000 LOW-DRY, Nikkiso Co.,
Ltd.) were 18.50 um, 27.92 um, and 42.99 um, respectively. The sam-
ples were directly fabricated on a stainless steel baseplate (98 x 98 x
20 mm?®), and a support structure was also built under the overhanging
portion of the constricted samples to prevent deformation during the
process. The atmosphere in the chamber was replaced with argon gas so
that the oxygen level was kept below 0.01 vol%. The laser power,
scanning speed, and hatching space were set to 300 W, 1000 mm/s, and
100 pm, respectively. The laser scanned the powder bed in a meander
strategy, and its direction was rotated 67° per layer. Each time the laser
scanning was completed, the baseplate with the building samples was
lowered 30 um and the powder was spread over it for the next layer. The
preheating function of the machine was not used.

In the PBF-LB machine, one of the configurable parameters is the
minimum scanning time (tminscan), Which can be set to an integer greater
than or equal to 1. This parameter, as the name suggests, changes the
minimum time required for laser scanning. If the laser scanning time
(tscanning) is shorter than tyinscan, @ dwell time defined as the difference
between the two scanning times (tyinscan — tscanning) Will occur after laser
scanning. Thus, the time per layer TPL can be changed as follows:

TPL = tspreading + tscanning + tidling} (1)

where tyreading is the time required for spreading powder and tigjing is an

Fig. 9. (a, b) Optical micrographs, (c—e) SEM images, and (f, g) IPF maps by EBSD for the sample of Constricted_8.5. While the images in (a, c, d, f) show the XZ
plane, those in (b, e, g) show the XY plane. The black areas indicated by black arrows in (f) and (g) correspond to microcracks.
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Fig. 10. (a, b) Optical micrographs, (c-e) SEM images, and (f, g) IPF maps by EBSD for the sample of Constricted_11. While the images in (a, ¢, d, f) show the XZ
plane, those in (b, e, g) show the XY plane. The black areas indicated by black arrows in (g) correspond to microcracks.

10 mm 7

Fig. 11. (a, b) Optical micrographs, (c-e) SEM images, and (f, g) IPF maps by EBSD for the sample of Cylinder_11. While the images in (a, c, d, f) show the XZ plane,

those in (b, e, g) show the XY plane.

idling time to the next layer. The time required to scan a circle of
diameter r with a hatching space h and a laser scanning velocity v in the

meander strategy can be estimated by 2 SV 1/ 2khr — (kh)* where the

number of laser scanning track N is |2r/h+1/2] (see also Appendix).
Thus, tecanning Was at most 1.6 s in scanning a pair of cross-sections for
cylinder and constricted samples. The samples were fabricated with
different tyinscan, and the sample ID was assigned based on the sample
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against TPL.

geometry and actual mean value of TPL (see Table 2).

The fabricated samples were cut in half in the XZ plane, and further
cut into two or three pieces in the XY planes. The cross-sections were
polished for observations with an optical microscope (VHX-2000;
KEYENCE) and scanning electron microscopes (SEMs) (JSM-6010 LA
and JSM-7200 F; JEOL) with a secondary electron detector. Energy
dispersive X-ray spectrometry (EDS; available on the JSM-6010 LA and
JSM-7200 F) and electron backscatter diffraction (EBSD; available on
the JSM-7200 F) were also performed to observe the elemental distri-
bution and crystal orientation, respectively. The relative density and
crack density for each cross-section were obtained by analyzing the
optical micrographs using an image processing software FIJI [29]. The
crack was defined as a defect with its aspect ratio of 3.0 or greater. The
Vickers hardness was measured by a microhardness tester (AVK-A/A-
KASHI; Mitutoyo Corporation) with a load of 200 N and a dwell time of
15 s. The hardness was measured at 5 points around the central axis at
every 2 mm of sample height.

2.2. Part-scale finite element thermal analyses

A part-scale finite element thermal analysis was performed to
simulate the temperature distribution in the whole sample throughout
the fabrication process, as in our previous study [28]. The analysis was
executed on a custom desktop PC with a CPU (Intel Core i7-7700 K;
Intel) using Abaqus (ABAQUS/CAE 2022; Dassault Systems Simulia
Corp.) without parallelization. As shown in Fig. 2, the simulation models
consisted of a baseplate and a sample. The blue dashed lines indicate the
central axis of the models. Because the geometries were symmetric, it
was possible to reduce the simulation cost by modeling only 1/4 of the
sample. These models were basically designed with the same dimensions
as the actual built samples (Fig. 1). However, in the case of the

Additive Manufacturing 80 (2024) 103987

constricted geometry, it was challenging for the software to model the
actual complex support geometry and simulate the precise temperature
distribution there. Thus, the thin cylinder radius of the constricted
model was designed to be larger than that of the actual sample by
0.65 mm, which corresponds to the equivalent cross-sectional area of
the support structure. The relative error of the simulated temperature to
the measured one by a thermographic camera (FAST M350; Telops Inc.)
was 7.14+27.8°C, comparable to that in our previous study [28].
The governing equations in the thermal analysis were as follows:

pc,,‘;—f = V(VT) + Q, (2)

where p is density, C, is heat capacity, k is thermal conductivity, t is
time, and T is temperature. The generating term Q represents the heat
input into the model. In this analysis, Q includes the heat input by laser
scanning (qi.sr) as well as the heat output by radiation and convection
(Gradiation @nd Geonvection)- The start and end of g, Were controlled in
synchronization with the building process by the birth and death
method [28,30,31]. Using this method, all the elements for the sample
part were deactivated at the beginning of analysis (¢t = 0), and the ele-
ments per layer were reactivated from the bottom to top for every
multiple of TPL. The layer number n, the time of the reactivation for the
nth layer t,civaionn, and the model height to the nth layer h, can be
represented as follows:

t
~ 7rL 3
=gl 1 3)
Lactivationn = (I’l — l)TPL (4)
h, = nd, (5)

where d is the layer thickness (30 um). Thus, the part to be activated was
divided into meshes with 30 ym in the Z direction, and approximately
500 um in the X and Y directions. Our previous study [28] verified that
such a mesh with a large aspect ratio has little effect on the part-scale
thermal analysis.

In the actual PBF-LB process, the laser scanning was initiated
approximately 3 s after powder spreading so that the heat input qgser
for building the nth layer was assigned on the top surface by the
following equation:

nP
A’
07 Tactivation,n + 3 + tscanning <t < tuctivulion.nJrl

tac\ivnlion,n + 3 S t S tacli\'alion,n + 3 + tscanning (6)

Giasern =

where 7 is effective absorptivity, P is laser power, and A is the top surface
area of the building model. The change of h, and gjus: , against t is shown
in the schematic diagram in Fig. 3. The initial temperature of the layer to
be activated as well as the baseplate was set to 30 °C. Subroutines for
these element activations and the heat input controlled with time were
developed by our team using Fortran.

The heat output due to radiation and convection, Gagiaion and
Geonvection, Tespectively, were given on the top surface by the following
equations:

Gradiation = O€ (T4 - Tim,,) (7)
qconvection = hc(T - Tamb)7 (8)

where ¢ is the emissivity, ¢ is the Stefan-Boltzmann constant (5.67 x
1078 W/(mZ-K4)), and h. is the heat transfer coefficient. In addition,
because the input heat disperses through the powder bed surrounding
the sample and bottom of the baseplate, the heat loss from the surfaces
except for the top surface and the symmetric planes was modeled by
giving the same convective boundary condition in Eq. (8). Such
boundary conditions for heat losses were also effective and valid in refs
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Fig. 13. SEM image and EDS element mappings around the solidification crack for Constricted_8.5. A line analysis was also overlapped on the element mapping.

[28,31]. The baseplate and sample parts were assigned the physical
properties of SUS304 [32] and IN738LC, respectively. For IN738LC, the
thermal properties were extracted from the simulation software package
JMatPro (Sente Software Ltd.). The material properties and physical
constants are summarized in Table 3, and the temperature-dependent
heat capacities and thermal conductivities are shown in Fig. 4. For
further details about the part-scale thermal analysis, refer to our previ-
ous study [28].

3. Results
3.1. Temperature distribution and thermal history during fabrication

Fig. 5 shows the temperature distributions simulated by the part-
scale thermal analysis with constricted and cylinder geometries and
TPL = 8.5 and 12.0 s (see also the supplementary movies). As in the
previous study [28], the temperature of the sample with consricted
geometry was higher than that of the sample with cylinder geometry
because the heat transfer from the sample to baseplate parts was reduced
in the former. In the comparison between samples of the same geometry,
these figures also show that the shorter the TPL was, the higher the
temperature was.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.103987.

These trends are more quantitatively clear in Fig. 6, which plots the
top surface temperatures at the central axis versus the process time. In
addition to the top surface temperature, the internal node temperatures
at every 5 mm height of the central axis for TPL = 8.5 s were plotted
against the process time (see Fig. 7). It should be noted that the tem-
peratures in Figs. 6(a) and 7(a) are a moving average over the corre-
sponding TPL. In addition, slight errors at the n = 500th and 1000th
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layers, as indicated by the black arrows in Fig. 6(a), were unavoidable
when the thermal analysis was performed in several parts of the process
and the previous temperature fields were loaded at the start of the later
analysis. As shown in Fig. 6(a), the top surface temperatures for the
cylinder geometry with TPL= 8.5 and 12.0 s gradually increased with
time, exceeding 440°C and 345°C at the end of the process, respectively.
After that, the temperature dropped sharply to below 50°C within 500 s.
As indicated by the gray broken lines in Fig. 7(a), once the elements
were activated and heated as the top surface layer, the internal tem-
peratures for the cylinder geometry gradually decreased until the pro-
cess was terminated. For example, the internal temperature at 15.00 mm
(n = 500th layer, in the middle of the cylinder sample part) decreased
from 330°C to 275°C over 4250 s from the element activation to the end
of the process.

In contrast, as shown by the reddish-colored lines in Fig. 6(a), the
temperatures for the constricted geometry rapidly increased in the
middle of the process, from the 333rd to 500th layers (9.99 mm to
15.00 mm in sample height) because the heat input per layer increased
in proportion to the increase of the top surface area. These trends in
temperature variation in fabricating cone geometry were also in good
agreement with measurements and numerical analyses performed in
previous studies [28,34]. The maximum moving averaged top surface
temperature reached above 765°C and 615°C for TPL = 8.5 and 12.0 s,
respectively. Then, as in our previous study [28], the top surface tem-
perature slowly decreased so that the surface was kept at elevated
temperatures throughout the subsequent half of the building process
(from the 500th to 1000th layers). Such a rapid temperature rise also
occurred inside the constricted sample part (see the orange broken lines
in Fig. 7(a)). The internal temperature at 15.00 mm (n = 500th layer, in
the middle of the constricted sample part) decreased from 785°C to
570°C over 4250 s from the element activation to the end of the process
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Fig. 14. (a) Sub-grain structures observed by SEM for Cylinder_11 at the height of 15 mm, (b) PDAS with the sample height, (c) mean value of PDAS above 15 mm
height for each sample, and (d) the corresponding cooling rate against TPL. The error bars in (b-d) represent the standard deviations.

for TPL = 8.5 s, and from 620°C to 495°C over 6000 s for TPL = 12.0 s.
The total time held above 700°C during the process was determined for
each sample height and plotted as shown in Fig. 8. Note that the holding
time for any cylinder sample was almost zero. The figure represents that
the shorter TPL and the lower the sample height, the longer the holding
time. Especially in the vicinity of 15 mm of Constricted_8.5, it can be
seen that the sample temperature was held above 700 °C for about
30 min during the process.

In the short time range shown in Fig. 6(b)-(e), the top surface tem-
peratures (without moving average) rose and fell with the corresponding
period of TPL as intended in the subroutine program (see Fig. 3). While
the rapid temperature rises were due to the heat input for the top surface
layer (Eq. (2)), the temperature drops indicated by blue arrows in the
figures were attributed to the element activation for the subsequent
layer. The internal temperatures at 15.00 mm during the short time
range are also plotted as dashed lines in Fig. 7(b)-(e). Around 4500 s
(250 s after the activation of the 500th layer) in Fig. 7(b), the internal
temperatures followed the cyclic rises and gradual drops in the surface
temperatures. As shown in Fig. 7(c)-(e), such cyclic internal tempera-
ture changes gradually flattened over the process time because of the
greater distance from the top surface.

3.2. Microstructures

Microscopic observations of the XY and XZ cross-sections of as-built
samples with these geometries and TPL are shown in Figs. 9-11. Panels
(a) and (b) in Figs. 9-11 show the optical micrographs of the cross-
sections; defects in the samples are shown in white. The optical
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micrographs of the XY plane (Figs. 9(b), 10 (b), and 11 (b)) were
observed at a height of approximately 18 mm (near the 600th layer). As
for Constricted 8.5, there are numerous internal cracks larger than
1 mm along the building direction in the XZ plane (see Fig. 9(a)), and
such cracks have a length of 5 mm or more in the XY plane (see Fig. 9
(b)). Obviously, these large cracks must propagate in the building di-
rection through several tens of layers. For Constricted_11, there appear
to be some small cracks near the edge, whereas there are few cracks
inside the sample in the XZ plane (Fig. 10 (a)). However, as shown in
Fig. 10 (b), such edge cracks are more than 2 mm long in the XY plane.
No such large cracks were found in the XY plane at a height of
approximately 26 mm, only small cracks scattered around the edge. The
similar tendency of crack distribution was also observed in Con-
stricted_10 and Constricted_12. On the other hand, few small cracks
were observed in the cylinder samples (see Fig. 11 (a), (b)). The relative
sample density and crack density were determined from the XY cross-
sectional images for each height (18 mm and 26 mm) and plotted
against TPL (see Fig. 12 (a) and (b)). As shown in the bluish color plots in
Fig. 12 (a) and (b), all cylinder samples had crack densities of less than
0.12 mm/mm? and their sample densities were higher than 99.7%. On
the other hand, the crack density tended to be higher for the constricted
samples at 18 mm than at 26 mm, resulting in a maximum value of
1.77 mm/mm? at the shortest TPL (see the reddish color plots in Fig. 12
(b)). As shown in Fig. 12 (a), the relative density at 18 mm height in the
constricted sample increased almost linearly with increasing TPL,
whereas that at 26 mm was relatively high and above 98.5% except for
TPL of 8.5 s.

Panels (c)-(e) in Figs. 9-11 show the cracks and microstructures
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Fig. 15. (a) Microhardness with the sample height and (b) its mean value for
the heights below 10 mm and those above 15 mm. The error bars in (a, b)
represent the standard deviations.

observed by SEM. No cracks were observed that originated from pores.
As shown in Fig. 9(c) and (d), a dendritic morphology was apparent on
the cracked fracture surface, so the cracking was classified as solidifi-
cation cracking following the previous studies [14,18,19]. Such den-
dritic morphology on the cracked fracture surface was also observed in
the other constricted and cylinder samples. As for Constricted_ 11 and
Cylinder_11, no microcracks were found around the central axis
(Figs. 10 (c) and 11 (c), (e)), but can be seen near the edge (Figs. 10 (d)
and 11 (d)). Fig. 13 shows the element mapping by EDS around the
solidification crack in Constricted_8.5. The elements of B, C, O, Si, W,
and Ta were locally distributed along the crack and at the fracture
surface. The same elements were also detected around the solidification
cracks for the other samples.

Panels (f) and (g) in Figs. 9-11 show the inverse pole figure (IPF)
maps of the respective XZ and XY planes near the central axis at the
height of about 15 mm. Basically, as in typical PBF-LB samples [11,13,
28], the grains were columnar along the building direction (see
Figs. 9-11 (f)). As for the XY planes, the microstructures appeared to be
finely and intricately distributed because the meander scanning pattern
was rotated 67° for each layer. As shown by the black regions (indicated
by arrows) in Fig. 9(f) and (g), the microcracks were propagated through
the grain boundaries.

Panel (a) in Fig. 14 shows the sub-grain structures observed by SEM
at a higher magnification than used in Figs. 9 and 10 (c) (d); all the
samples were composed of the fine cellular structures. Such sub-grain
structures depend on the temperature gradient G and solidification
rate R in the solidification process [28,35,36]. In the case of nickel al-
loys, the transitions from columnar dendritic to cellular structures and
cellular to planar structures are 13 Ks/mm? [35] and 7000 Ks/mm? [36]
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of G/R, respectively (of course, these values depend somewhat on the
alloy composition). Thus, the cellular structures observed in all the
samples imply that G/R during the solidification was in the range of
13-7000 Ks/mm?. In addition, according to the previous studies, the
slower the cooling rate GeR is, the wider the cell width (primary
dendrite arm spacing: PDAS) is. As shown in Fig. 14 (b), while PDAS for
Cylinder_11 was less than 1.0 um from the bottom to top of the sample,
PDAS for Constricted_8.5 and Constricted_11 was more than 1.1 um at
the height of more than 15 mm. Fig. 14 (d) shows the mean value of
PDAS at the height of more than 15 mm for all the samples. PDAS for the
constricted samples decreased with the increase of TPL, and was larger
than that for the cylinder samples. The corresponding G e R was calcu-
lated using the following equation [9] and plotted against TPL (see
Fig. 14 (d)):

PDAS = a(GeR) ™, 9
where a = 50 um K/s and b = 0.33 for nickel-superalloys. G e R for the
constricted samples increased as TPL increased, and was about half of
those for the cylinder samples at the same TPL. These tendencies are
consistent with our previous studies in which we quantitatively exam-
ined how increasing the sample temperature leads to decreases both in G
and R, and consequently an increase in PDAS [28].

3.3. Hardness

Fig. 15 (a) shows the microhardness with the sample height. As can
be seen, the value of hardness for the constricted geometry was clearly
different for heights below 10 mm and above 15 mm, so we calculated
the mean value for each of the heights below 10 mm and above 15 mm.
As shown in Fig. 15 (b), the hardness above 15 mm was higher than that
below 10 mm for all the samples. In addition, the hardness above 15 mm
tended to be higher in constricted samples than cylinder ones. For TPL =
10 and 11 s, the constricted samples above 15 mm were 10% harder
than the cylinder ones. In a study by Jena et al. [9], the hardness of
IN738LC by PBF-LB was 380 + 10 HV for the as-fabricated sample, and
487 + 11HV for the heat-treated one (solution treatment at 1120°C for
2 h followed by aging at 845°C for 24 h). Thus, even though such heat
treatment was not applied to the samples in the current study, the
hardness of Constricted_ 10 (47049 HV) was close to that of the
heat-treated sample.

Since IN738LC is a precipitation hardening alloy, the increase in
hardness may be due to the y' precipitation during the PBF-LB process.
According to a study by Mallikarjuna et al. [37] using JMatPro, the '
solvus temperature for IN738LC was calculated to be 1134°C, and its
equilibrium weight fractions reached approximately 50% around 750°C.
In addition, Wang et al. [38] thoroughly studied the y' precipitation
behaviors in electron beam welded IN738LC under post-weld heat
treatment (PWHT). According to their SEM observations, the y' precip-
itation particles were not obvious at 700°C and less than 20 nm at 800°C
for 120 min, but prominently varied above 900°C and increased as heat
treatment time passed from 1 min to 24 h. In the present study, the
longer holding time shown in Fig. 8 may precipitate quite fine y' particles
in Constricted_8.5, especially near the height of 15 mm. On the other
hand, the holding time was less than 1 min for the most part in Con-
stricted_11. Even in such a case, the y' precipitation may be promoted in
the local cooling process from the solvus temperature to about 700 °C
because the cooling rate after laser scanning decreases with the increase
of the sample temperature [28]. In fact, the decrease in cooling rate
during solidification with increasing material temperature is experi-
mentally evident as shown in Fig. 14 (d). Although we did not pursue the
possible mechanism in this study, y' particles could very finely precipi-
tate in the y matrix at the elevated temperature, resulting in the increase
of hardness during the PBF-LB process.
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4. Discussion

The part-scale finite element thermal analysis confirmed that the
heat accumulation during the PBF-LB process was intentionally caused
by the constricted geometry and short TPL, as in previous studies
[22-24,27,28]. The fabrication of IN738LC samples held at the elevated
temperature resulted in an increase in PDAS due to the slower cooling
rate during solidification. Also, when the samples were fabricated and
held at the elevated temperature, the microhardness increased, which
may have been due to the precipitation of very fine ' particles during the
process.

Most importantly, both microcracking size and density increased
significantly in the samples with the constricted geometry and short TPL.
In the following, we discuss the mechanism of solidification cracking
with the elevated sample temperature based on an RDG model [21], as
in the study by Grange et al. [19]. The RDG model takes into account
solidification shrinkage and thermal shrinkage to estimate the pressure
drop at the root of the dendrite in the mushy zone due to insufficient
liquid supply. A hot tearing, or cracking, initiates when the pressure
drop Apmax exceeds a critical value [21]:

"E2)

L
Apmax = Ape + Apsh = (1 +/j)ﬂ/ —Zdz + VT/}ﬂ/ %dz (10)
0 0

K

E(z) = /ﬁédz a1

where (= f)—; — 1 > 0) is the shrinkage factor (p, and p, are the respective
densities of solid and liquid), u is the viscosity of the liquid, L is the
extent of the mushy zone (i.e., the distance from root to tip of the
dendrite), K is the permeability of the mushy zone, vr is the liquid
isotherm velocity, and f; and f; are the fractions of solid and liquid,
respectively (f; + f; = 1). The middle expression in Eq. (10) represents
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that strain and shrinkage in the mushy zone (Ap, and Apy,, respectively)
contribute to the pressure drop that results in solidification cracking. In
addition, using the Kozeny—Carman approximation [21], Eq. (10) can be
transformed into the following equation:

_ 180 (14 p)p [T E(DA(T) - 180 wepu [T [(T)
Brme =52 g A 0oy T2 o /. a—ray

12)

where 1, is the secondary dendrite arm spacing and G is the temperature
gradient.

Since both terms in Eq. (10) increase with the extent of the mushy
zone L, Grange et al. [19] have estimated L based on the analytical
temperature field and discussed the effects of the process parameters on
the crack density. According to Rosenthal’s model [39], the temperature
field T(x,y,z) in a material given by a moving heat source (with a ve-
locity v in y direction) is expressed by the following equation:

_ P _v(r+y)
=10t sk e"p( 2 )

T(x,y,2) 13)

wherer = /x2 +y2 +22, a =k/pC,, T is an initial temperature of the
material, and the other variables are the same as defined in Section 2. To
study the effects of the elevated sample temperature, different T, values
were substituted into Eq. (13) to obtain T(y, z) at x = 0. As shown in the
calculated temperature fields of Fig. 16 (a), the backward extension of
the mushy zone between T and T; was longer the higher T, was. The
distance between T and T; at y was evaluated as the extent of the mushy
zone L(y), and plotted against y (see Fig. 16 (b)). The figure shows that L
reached its maximum at the moment the top surface temperature was
below T;. As shown in Fig. 16 (c), the maximum value L,,,, increased
with higher T,, which implies that the pressure drop Ap.x increases
with the elevated sample temperature. The range of the top surface
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temperature simulated by the part-scale thermal analysis for each
sample (see Fig. 6(a)) is also represented as a scale line above Fig. 16 (c).

Furthermore, another interpretation using Eq. (12) is also possible.
By definition, the temperature gradient G (which is roughly(T; — T)/L)
decreases with an increase in L, and the liquid isotherm velocity vy can
be regarded as the solidification rate, R. As in our previous study for
Hastelloy X [28], when the top surface temperature increased from
100°C to 1000°C during the PBF-LB process, G dropped more than one
digit, whereas G/R declined only about 25%. Thus, if the sample tem-
perature is elevated, Ap,,.. increases with a greater contribution from
the first term (strain) than from the second term (shrinkage) on the
right-hand side in Eq. (12). Thus, the severe solidification cracking in
Constricted_8.5 can be attributed to a mechanism in which the elevated
temperature increased the extent of the mushy zone, which in turn
increased the pressure drop above the criterion and caused hot-tearing.

Even though the complex melting and solidification phenomena
were simplified using the RDG model with Rosenthal’s analytical tem-
perature field, it was possible to attribute the cracking mechanism to the
elevated temperature in the PBF-LB process. This suggests that the
process parameters should be set so that heat accumulation does not
occur during the process—specifically, the TPL should be set to be
longer. Since the possibility of heat accumulation also depends on the
product geometry, it is important to predict it in advance using part-
scale thermal simulation techniques.

However, the influence of sample temperature on microcracking
should also be considered with the laser scanning conditions. In the
numerical and experimental study by Chen et al. [40], the preheating
temperature dependence of IN718 melt pool morphology in single track
laser scanning was classified into conduction, transition, and keyhole
regimes. In the conduction regime (e.g., P= 250W and v =
1500 mm/s), both the width and depth of the semicircular melt pool
increased as the preheating temperature increased, while in the key pole
regime (e.g., P = 250 W and v = 500 mm/s), the melt pool with deeper
penetration and narrower width was formed at the higher preheating
temperature. This result can explain the mechanism of the crack-free
IN738LC sample fabrication by PBF-LB with the elevated preheating
temperature in the previous study [10]. In the study, an equivalent
volumetric energy density (VED = P/vhd) was in the range of
48-64 J/mm° (e.g., P= 175W and v= 1000 mm/s) to fabricate
crack-free samples, and was closer to the conduction regime. When the
preheating temperature was increased from 200 °C to 700 °C, the
semicircular melt pool width and depth increased from 180 um to
240 ym and from 125 pm to 140 um, respectively. As shown in their
study, more dendrites grow epitaxially along the building direction from
the more planar melt pool bottom, and the crystal orientation was more
strongly oriented to < 001 > in the XY plane (normal to the building
direction). Consequently, by increasing the preheating temperature
form 200°C to 700°C, the fraction of the high-angle grain boundaries
(HAGBs) above 15° misorientation dropped from 62.5% to 43.2% at the
XY plane, and from 59% to 40.8% at the XZ plane. Such HAGBs are
considered to promote microcracking initiation and propagation [10,
18] so that increasing the preheating temperature can be effective to
fabricate crack-free IN738LC samples. In contrast, the VED in our cur-
rent study was 100 J/mm?, about 1.5 to 2 times larger than theirs, and
the higher laser power of 300 W. Under our conditions of higher VED
and closer to the keyhole regime, the heat accumulation may have
resulted in the melt pool with deeper penetration and narrow width. As
shown in Fig. 9(f, g), the crystal grains were distributed in various ori-
entations for Constricted_8.5, which was fabricated with the most heat
accumulation. Thus, its HAGBs at the XY and XZ planes were 64.5% and
64.3%, respectively, which were almost the same as those of Con-
stricted_11 and Cylinder_11 with lower degrees of heat accumulation
(see also Figs. 10 (f, g) and 11 (f, g)). Consequently, the heat
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accumulation in the current laser scanning condition was not effective to
reduce the crack susceptibility dependent on the HAGBs. Thus, in order
to understand microcracking mechanisms and build defect-free IN738LC
parts by PBF-LB, it will be necessary to experimentally and numerically
explore the process window including TPL as well as laser scanning
conditions and preheating temperature.

5. Conclusion

The aim of this investigation was to assess the effects of TPL and part
geometry on the thermal history, microstructure, mechanical properties,
and microcracking during the fabrication of IN738LC samples using
PBF-LB.

e The part-scale finite element thermal analysis revealed that the
sample temperature increased more with the constricted geometry
than the cylinder one, and also increased more with shorter TPL. As a
result, the constricted geometry with the shortest TPL (8.5 s) ach-
ieved the maximum heat accumulation, and the top surface tem-
perature was kept above 700°C throughout the process.

e The cooling rate in solidification decreased more as heat accumula-
tion occurred so that more coarse cellular structures were observed
in the crystal grains. The hardness also increased for such samples,
possibly due to the precipitation of very fine y' particles during the
process.

e Both microcracking size and density increased significantly in the
samples with the constricted geometry and short TPL. The cracking
mechanism caused by the heat accumulation was successfully
explained using the RDG model with Rosenthal’s analytical tem-
perature field.

e The numerical and experimental results suggest that heat accumu-
lation during the PBF-LB process should be avoided to fabricate
crack-free IN738LC parts. For this purpose, a sufficiently long TPL is
preferable.
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Appendix. Estimation of laser scanning time on circular cross-section

Under the laser scanning conditions of scanning velocity v and hatching space h, the equation to estimate the laser scanning time tyc,uning for a circle
of radius r in a meander strategy (see Fig. A.1) can be derived as follows. The number of laser tracks N is obtained by dividing the diameter of the circle
2r by h and rounding to the nearest integer.

N=2 ) @

As shown in Fig. A.1, when the intersection of the kth track and the x-axis is point A, the distance between point A and the origin is |r —kh|. Thus, the
kth track length I is as follows:

b =2/ = (r — k)’ = 24/ 2k — (kh)? (ii)

Then, adding [, with N yields the total distance D for lasar scanning in the meander strategy.

N N
D= ; L=2 ; 2khr — (kh)? (iif)

Finally, dividing D by v determines tycuuning- It should be noted, however, that the turnaround time between tracks and the margin at the circumference
are not taken into account in this equation.

y
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x

Fig. A.1. Schematic diagram of laser scanning a circle of radius r with a meander strategy with hatching space h.
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