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Herein, a process window is developed for Ni625 alloy fabricated using a Nikon Lasermeister laser
powder direct energy deposition (LP-DED) unit.

The process map illustrates the relationship between the laser power, scan speed, and effective energy
density, established by examining the correlation between the microstructure and mechanical properties.
All samples exhibit a bimodal microstructure comprising equiaxed and columnar dendrite grains, and the
dendrite arm spacing decreases with increasing scan speed. The tensile behavior of each sample
demonstrates minimal variation, and the values are comparable to those reported previously. The ultimate
tensile and yield strengths range from 1008 + 2 to 941 + 9 and 682 + 11 to 640 + 7 MPa, respectively. This
study highlights the remarkable manufacturability of Ni625 alloy for additive manufacturing across diverse
parameter sets, demonstrating that a single ideal process set does not exist for each material and

machine. Instead, multiple “recipes” may be employed to achieve similar outcomes.
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7 Introduction

Metal additive manufacturing (AM) is an excellent tech-
nology for part fabrication, offering distinct advantages over
conventional manufacturing methods. With significant cost
and lead-time reductions and the capability to develop com-
plex geometrical features [1]-[3], metal AM has rapidly
garnered interest from key industries such as aerospace,

automotive, military, and biomedical sectors [3]-[5]. Metal

AM entails various techniques, including material jetting,
sheet lamination, laser powder bed fusion, binder jetting, and
direct energy deposition.

Laser powder direct energy deposition (LP-DED) presents
unique advantages over other AM processes, including alloy
design, repair capabilities, surface modifications, and the
synthesis of large-scale components with adequate dimen-
sional accuracy [6]. These capabilities have been increas-

ingly demonstrated and recognized in various fields, particu-
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larly in the aerospace industry [4]. The in-situ alloying of
elemental powders offers an effective alternative to the use
of pre-alloyed powders, which are cost- and time-intensive to
produce using traditional atomization methods. By mixing
pure elemental powders of Ni, Cr, Mo, Nb, and Fe, Wang et
al. [7] demonstrated the high-quality fabrication of Ni625
alloy components using LP-DED and in situ alloying. Wilson
et al. [8], [9] repaired defective voids in turbine blades, illus-
trating the effectiveness of LP-DED in repair. These studies
highlight the adaptability of DED to a wide range of defec-
tive parts, as well as its capabilities in repair and mainte-
nance. Balla ef al. [10] applied a tantalum coating onto tita-
nium using LP-DED, a notable achievement considering the
extremely high melting point (>3000°C) of Ta, which poses
challenges for traditional melt-cast methods. Ta-coated Ti
exhibits favorable interactions with bone cells, indicating
promising biocompatibility. Gradl et al. [1], [2], [11] utilized
LP-DED to manufacture a large-scale rocket nozzle for aero-
space applications. The growing recognition of LP-DED is
reflected in the significant increase in the number of patents
and scientific publications dedicated to this technology, high-
lighting its importance in academia and industry [5], [12].

Furthermore, the anticipation of an expanding market for
AM has spurred intense competition among AM machine
manufacturers, resulting in the development of various AM
systems [4]. In this context, Nikon Advanced Manufacturing
Business Unit in Japan developed an LP-DED system named
Lasermeister. Extensive empirical testing has been con-
ducted on this machine with common AM materials, includ-
ing Fe-, Ni-, and Ti-based alloys. Herein, we present our lat-
est research findings, particularly focusing on the Ni625
alloy, also referred to as Alloy 625 or Inconel 625.

The Ni625 alloy has been utilized in various industries,
including petrochemical, aerospace, chemical, marine, and
nuclear sectors, due to its excellent strength and high corro-
sion and fatigue resistance [12], [13]. Moreover, its remark-
able weldability has attracted considerable attention in AM,
where it has been successfully produced using various pro-
cess parameters in LP-DED, including laser power (P)
(220-1500 W) and scan speed (V) (8.3-33.3 mm/s), with
the corresponding effective energy density (Ep) ranging
from 14 to 66 J/mm? [7], [13]-[20].

The solidification microstructure of AM-produced Ni625
alloy is complex, featuring fine dendrites, micro-segregated
elements, and various solidification phases [21]. The nickel-
based superalloy, primarily strengthened by the solid hard-
ening effects of refractory elements including niobium and

molybdenum within a nickel-chromium matrix exhibits a
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face-centered cubic (FCC) structure [14]. These alloys are
sensitive to the precipitation of strengthening intermetallic
phases, including stable ordered FCC (L1.) y-Niz;Al; meta-
stable body-centered tetragonal y”-NisNb; stable orthorhom-
bic d-NisNb; carbides (MC, MC); and intergranular brittle
Laves phases ((Nb, Mo) (NiCrFe);) in the interdendritic
region [1], [12]-[14]. The formation of these phases, par-
ticularly the Laves phases, consumes significant amounts of
Nb and Mo, thereby reducing their content in the matrix,
which diminishes solid solution and precipitation strengthen-
ing effects [19]. Further, the Laves phase induces crack
nucleation and propagation, significantly deteriorating creep
rupture properties and ductility [19]. Consequently, manu-
facturing components with reduced elemental segregation
and fewer Laves phases has become critical.

The mechanical properties of materials are primarily influ-
enced by factors such as porosity, grain size, the behavior of
precipitates, and dendrite spacing [25]. Generally, the
mechanical properties can be improved by reducing their
size, which essentially means creating a finer microstruc-
ture. Reducing porosity can enhance the material’s strength
and durability as fewer pores mean less space for cracks to
initiate. Smaller grain sizes often lead to increased hardness
and strength due to the Hall-Petch relationship. Controlling
the behavior of precipitates, such as reducing their size, can
increase the material's strength as smaller precipitates more
effectively hinder dislocation movement [25], [26]. Lastly,
smaller dendrite spacing can contribute to a more homoge-
neous microstructure, reducing segregation and enhancing
various mechanical properties [25], [26]. One fundamental
approach to achieving a finer microstructure is to increase
the cooling rate, and it can be accomplished by using a
smaller P, a higher V, or a combination of both [27].

Based on this background, this study aimed to a) develop
the process windows for Ni625 alloy using the Lasermeister
system and b) establish a process window that expresses the
relationship between P, V, and Ep based on a series of simu-
lations and experiments focusing on microstructural proper-
ties and mechanical performance.

This research demonstrated for the first time that using
lower P values and smaller hatch spacings can significantly
enhance the strength of Ni625 alloys by promoting substan-
tial microstructure miniaturization. Additionally, DED pro-
cess “recipes” for Ni625 in the lower P region were devel-
oped. These results are expected to significantly contribute
to the DED fabrication of components such as precise, large,
thin-walled structures that are vulnerable to thermal defor-

mation, as well as the automation of gas turbine blade
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repairs, among other applications.

Table 1 Chemical composition (wt%) of Ni625 alloy

Powder Ni Cr Mo Nb+Ta Fe Al Ti C Mn

Inconel625 Bal. 20-23 8-10 3.15-4.15 < 5 <04 <04 <0.03 <0.01

D10: 63
0 D50:76
D90 : 120

2

Volume (%)
o

0 50 100 150 200 250 300
Powder diameter (um)

@ [

2.5 10.08

55

Building direction

As built part

Fig. 1 (a) Morphology and (b) powder size distribution of the Ni625
alloy powders used in LP-DED (c) Schematic of LP-DED
and (d) dimensions of the tensile test sample

7 Experimental Section

2.1. Ni625 Alloy Fabrication

Ni625 alloy powders were procured from Carpenter Addi-
tive Inc.; and their compositions and morphologies are sum-
marized in Table 1 and Fig. 1, respectively. An LP-DED unit
(Lasermeister 100A) with a 915 nm 200 W laser diode mod-
ule and a beam diameter (d) of 0.5 mm was utilized to fabri-
cate the Ni625 alloy samples (Fig. 1 (c)). Two samples,
namely, a 10 mm X 10 mm X 10 mm cube and a 10 mm X
10 mm X 55 mm rectangle, were fabricated along the x-, y-,
and z-axes on a SUS304 substrate via the XY scanning strat-
egy. Cubic samples were used for microstructural analysis,
whereas rectangular samples were employed for tensile
property testing (Fig. 1 (d)) [7], [20]. The parameter values
used for the experiment are listed in Table 3, where the

laser hatch spacing was maintained at 0.2 mm.

2.2. Microstructure Characterization and Mechanical
Properties

Samples were cut from the substrate via electrical dis-

charge machining to analyze their microstructures and

mechanical properties. The YZ cross sections were first
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mechanically polished using emery paper up to a 4000 grade
and subsequently chemically polished with colloidal silica to
achieve mirror-polished sections for microstructural exami-
nation.

Optical microscopy (VHX8000, KEYENCE, Osaka, Japan )
and scanning electron microscopy (SEM; SU1500, Hitachi
High-Tech Corporation, Tokyo, Japan) were conducted to
examine the microstructures. The bulk samples fabricated
by the LP-DED Lasermeister were characterized via X-ray
diffraction (XRD; RINT2500,Rigaku Corporation, Tokyo,
Japan) with Cu-Ka radiation at room temperature (RT).
Crystallographic texture and elemental segregation were
investigated using electron backscattered diffraction (EBSD)
and energy-dispersive X-ray spectroscopy (EDS), respec-
tively, with a scanning electron microscope (JSM-
7900F,JEOL Ltd., Tokyo, Japan). A tensile test (TGI-50KN,
MinebeaMitsumi Inc., Nagano, Japan) was conducted at RT,
where the loading axis was parallel to the build direction
(BD). The test was conducted thrice for each sample, and

the results were averaged.

2.3. Simulations

The formation mechanism of the microstructure induced
by LP-DED was explored through simulations focusing on
thermal behavior and solidification characteristics. The ther-
mal behavior calculations provided insights into the tem-
perature distribution and the shape and size of the melt pool
(MP). Conversely, analyzing the solidification characteristics
aided in understanding the development of grains, which
could manifest as either equiaxed dendrites (ED) or colum-
nar dendrites (CD).

These simulations were performed using the commercial
software FLOW-3D v12.0 for a region measuring 10 mm X
7 mm X 3 mm in the X, Y, and Z directions. The region was
discretized into a structural Eulerian mesh with a size of
0.025 mm.

2.3.1. Heat Source Model

@ :[ﬁi:bz]exp{—[%jz}—hc(ﬁn) M)

where P, is the laser power (100/120/160 W), 7 is the dis-
tance from the beam center, 7 is the laser radius (0.25 mm),
7, is the effective laser radius (0.1 mm), /4. is the heat trans-
fer coefficient (9.5 W/m? K) [28], T is the temperature, and
To is the ambient temperature (298 K).
2.3.2. Powder Model

We employed the Lagrangian particle tracking method to

model the powder particles. Particles entering the melt pool
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transformed into liquid cells upon surpassing the melting
point. The amount of powder injected was calculated from
the predetermined powder utilization efficiency. The powder
was injected at a constant velocity from the vertical direction
of the melt pool to ensure the melting of all particles.
2.3.3. MP Flow Governing Equations

The governing equations, which include mass, momen-
tum, and energy conservation, are expressed in (2), (3), and

(4), respectively.

g—’;+v~pv:R50R (2)
ov 1 H o Rsor
—+(V-V)o=—=Vp+=Vv+g- V-V 3)
PRt U L s L (vw)
a(aptl)+V~(plv):—pV-v+kV2T+ISOR @)
I=C,,T+(1—fs)L ®)

where p is density, ¢ is time, v is flow velocity, Rsor is the
amount of mass source due to powder particles, p is pres-
sure, m is viscosity, v, is particle velocity, Cv is specific heat,
J5 is the solidus rate, Isor is the discharge of energy, and L is
latent heat. The thermophysical parameters were calculated
using the thermodynamic database of JmatPro (Sente Soft-

ware) considering their temperature dependencies (Table 2).

where e is the cooling rate, 7% is the solidus line temperature
(1398 K), T\ is the liquidus line temperature (1613 K), £ is
the time below the solidus line temperature, # is the time
below the liquidus line temperature, and V is the differential

operator.

3 Results

3.1. Simulated Data

The aspect ratio (D/W), indicating the depth (D) to width
(W) ratio of the MP, was assessed in both the experimental
and simulated scenarios to verify the simulation model.
Figure 2 displays the results of the single-track experiments
and simulations at V values of 5 and 10 mm/s, with constant
P and powder feeding rate (Q) values of 120 W and 3 g/min,
respectively. The experimental dimensions of the MP were
measured from the optical images, whereas the simulated
sizes of the MP were determined by identifying a black soli-
dus line on the temperature contour map. The aspect ratios
decreased with increasing V, and the experimental aspect
ratios were slightly higher than the simulated ones, with dif-
ferences of < 10%. It is considered that one possible reason

for this difference is the thermal boundary conditions of the

0.6
2.34. Solidification Parameter ot M o Emﬂmmfc)
The temperature gradient G and solidification velocity R gu 1 Ds"““‘f‘fd
represent spatial temperature variations and are expressed §°3
as: go.z
T-T,
R © * —
G=VT @ Fig. 2 Comparison of the experimental and simulated MP: (a) and
(b) experimental optical images, (2’) and (b’) simulated
R= |é—| ®) temperature contours, and (c) aspect ratio
Scale bars: 200 mm
Table 2 Thermophysical properties of Ni625 calculated using JmatPro
Tiiifiztre C(;f‘ll(li?ll;?jilty Specific heat  Density Viscosity Surface tension Latent heat of fusion
T (XK) W/ mK) Cv(/kgK) rkeg/m’) m (kg/(ms)) s (N/m) L (kJ/kg)
298 10.8 406 8474 - -
600 15.9 456 8373 - -
900 20.9 504 8253 - -
1200 25.8 559 8117 - - 210
1500 30.1 713 7931 1.39 x 10 1.84
1800 31.4 737 7499 0.62 x 10 1.74
2100 35.8 745 7235 0.38 x 10 1.62
2400 40.2 748 6952 0.26 x 107* 1.52
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Fig. 3 Simulated MP of (a) temperature contour plot, (b) maximum
temperature, and (c) dimensions at varying process param-
eters

substrate in the simulation. Hence, this model was employed
for additional simulations to generate a process map for the
Ni625 alloy.

Various conditions were simulated to assess fabrication
feasibility using these process parameters. Figure 3 illustrates
the simulated temperature contour plots and the maximum
temperature of the MPs under nine different conditions,
accompanied by their respective sizes. As shown in Figs. 3(b)
and 3(c), with an increase in P from 100 to 160 W (while V is
constant at 5 mm/s), the maximum temperature increases
from 2335 to 2725 K, and the width of the MPs increases
from 540 to 780 mm; by contrast, increasing V when P is
constant causes both the maximum temperature and the
width and depth of the MPs to remain almost constant. The
highest temperatures and dimensions of the MPs indicated
a significant dependence on P but less dependence on V.
Consequently, MPs were formed under all conditions, and
the maximum temperature exceeded the melting point of the
Ni625 alloy at 1623 K [29], which allowed us to proceed with

the experiments.

3.2. Microstructural Analysis

The fabricated state, porosity, and cracks of the samples
produced under the nine simulated conditions were inves-
tigated via cross-sectional image analysis using an optical
microscope. All samples, except S7, were successfully manu-
factured, as shown in Fig. 4(a); however, S7 could not be
completed because the powder adhered to the nozzle owing
to the highest energy density input. The optical density
shown in Fig. 4(b) was measured from optical images of the

polished surfaces of the samples. Five images were taken
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Fig. 4 (a) Appearance of the LP-DED fabricated samples and (b)
optical density

from different locations on the polished surface of each
sample at 200X magnification. The optical density of these
images was then measured using Image] software, and the
average was calculated. As shown in Fig. 4(b), most samples,
excluding S2 and S3, exhibited a dense structure without
any visible cracks; this resulted in a satisfactory industrial
density of over 99.5% [3], [30], [31]. However, samples S2
and S3 showed noticeably lower density values with irregu-
larly shaped pores caused by the lack of fusion owing to the
lower energy density input. It can be generally observed that
densification increases with increasing P and decreases with
increasing V. This behavior is more significant in samples S1
to S3 at 100 W, while it is less pronounced in samples $4 to S9
at 120 W and 160 W. This suggests that at lower P settings,
the impact of V on densification is more pronounced, whereas
at higher P settings, the effect of V becomes less significant.
Consequently, optimizing P and V parameters is crucial for

achieving desired densification levels in different samples.
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Fig. 5 (a) Schematic of the MP microstructure and (b) columnar-
equiaxed transition criteria, adapted from [27] with permis-
sion [27], [32], [33]

The microstructure of AM materials can be explained by
the MP microstructure using Hunt’s columnar-equiaxed tran-
sition criteria [27], [32], [33]. As shown in Fig. 5(a), MPs typ-
ically exhibit a bimodal microstructure comprising two types
of grains: ED at the top with no preferential crystallographic
orientation and CD at the bottom that show a preference for
growing from the bottom part to the center along the direc-
tion of the thermal gradient [21], [33]-[35]. This is attributed
to the higher G/R ratio at the bottom part of the MP and the
lower G/R ratio at the top, as illustrated in Fig. 5(b), where
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G/R is the grain morphology factor determining either ED or
CD, and G X R is the cooling rate that determines the size of
the grain. Typically, the extremely high G and G X R values in
the AM process foster directional solidification, and enhance

the textures of the microstructures of alloys [36], [37].

15 mm/s

Fig. 6 SEM images of the YZ plane of the samples with (a) higher
magnitudes containing PDAS and (b) lower magnitudes
containing CD and ED regions

The dendrite microstructural features, including the PDAS
size and shape of the grains of the samples, were character-
ized by observing the SEM images of the aqua regia-etched
YZ cross-section. PDAS is one of the factors in influencing
mechanical properties and it was known that smaller PDAS
increases various mechanical properties [25], [26]. As shown
in Fig. 6(a), among the samples, S7 yielded the highest
PDAS with a value of 3.7 = 0.1 mm, while S3 yielded the
lowest PDAS with a value of 1.7 = 0.3 mm; consequently,
the PDAS increased as the P increased and V decreased. In
contrast, as shown in Fig. 6(b), all samples exhibited a
bimodal grain microstructure consisting of CD and ED
regions. Samples S7 to S9, fabricated with the highest P of
160 W, exhibited a predominance of CD, while samples S1 to
S3, fabricated with the lowest P of 100 W, displayed an
almost exclusive ED presence, and resulted in a trend that

shifted from an ED-dominant to CD-dominant microstruc-
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ture with increasing P and decreasing V, respectively;
namely, high P values increased the dendrite structure,

which is consistent with other research [14].
4 I“ | ‘ -
B R\ \ \ \

10um
(b) BSE Mo Nb Fe R
--

Fig. 7 EDS maps of samples of (a) S7 and (b) S3

The elemental microsegregation of the samples was ana-
lyzed using EDS mapping. Figs. 7(a) and 7(b) illustrate the
distributions of the main elements (Ni, Cr, Fe, Nb, and Mo)
in samples S7 (with the highest energy density) and S3,
respectively. The Mo and Nb contents in the interdendritic
regions were higher than those in the dendritic regions, as
indicated by the yellow arrow. Both samples exhibited sig-
nificant Mo and Nb segregation with no clear differences in
their segregation behaviors. Based on the obtained results
and previous reports, it can be concluded that the observed

phase corresponds to the Laves phase [7], [16], [19]
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s9 (200) (220) (311)
s8 A A A N
. (111)l n(zom ., R
S |se A 7\ R N
g
8 IS5 .
2
2 |s4 L . .
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= |s3 A \ . N
s2 A A R .
S1 A A .
| Ni PDF#04-0850
T I B v 1 N L 1 L
20 40 60 80 100

Diffraction angle, 20 (deg.,CuKa)
Fig. 8 XRD patterns of the LP-DED fabricated samples

XRD analysis was conducted on the polished YZ cross-
section of the samples to confirm the phase states. As shown
in Fig. 8, all the samples exhibited peaks corresponding to
the reference Ni (PDF #04-0850) in the XRD analysis. Inter-
estingly, in sample S7, the relative intensities of the (111)
and (200) peaks were similar, even though (111) has the
highest-intensity peak, indicating that (100) tends to be ori-

ented in the BD (z-direction), which is in agreement with
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other studies [3], [7], [38], [39]. However, all samples exhib-
ited a minor peak shift to a lower diffraction angle compared
with Ni (PDF #04-0850), implying the presence of residual
stress in the samples [3], [38].

m

101

I G

Fig. 9 EBSD (a) inverse pole figure maps and (b) the corresponding
{001} pole figures with multiples of uniform distribution
(MUD) values of the YZ plane

One of the key features of AM that influences the mechani-
cal properties is the crystallographic texture [36], which was
investigated using EBSD. As shown in Fig. 9 (a), by increas-
ing P and decreasing V, directional grain growth occurs
along the z-direction with a {100} crystallographic orienta-
tion, which is an easy growth direction for the FCC crystal
structure [3], [36], which was observed in the samples. The
values of the texture strength measure, MUD, increased as P
increased and V decreased; however, apart from sample S7,
no distinguishable crystallographic textures were observed
for the samples, and S7 exhibited the highest texture with
most grains aligned in the {100} crystallographic orientation;
this finding is consistent with the XRD results shown in Fig.
8.

3.3. Tensile Properties
A tensile test was performed at RT, and the results showed
trends corresponding to the features of the microstruc-

ture. As shown in the optical images in Fig. 4, the porosity
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Fig. 10 Tensile stress-strain curves of the samples

increased with V in the sample fabricated at the lowest P
of 100 W, whereas the elongation (El) of these samples
decreased, as shown in Fig. 10(a). However, with an increase
in V, the minor decreases in the PDAS and grain size shown
in Figs. 6 and 9 led to a minor monotonic increase in the
ultimate tensile strength (UTS) for the samples produced at
P =120 W and 160 W. Consequently, the tensile properties
exhibited negligible variations because fewer changes were

observed in the microstructure.

34. Process Window
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Fig. 11 P-V process map with Ep contour

A process map illustrating the relationship between P, V,
Ep and the feasibility of sample fabrication was established
based on the experimental data obtained in this study. Figure
11 illustrates that the pink region represents high Ep, while
the blue region represents low Ep. Additionally, samples S2
and S3, located in the low Ep, area, exhibited higher porosity
owing to insufficient fusion. Conversely, sample S7, situated in
the high Ep area, was not fully produced because of powder
adhesion in the nozzle. Consequently, the approximate optimal

region is indicated by a yellow line.
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4 Discussion

4.1. Pore Formation and Mechanical Property Impact

Pores are one of the major defects that significantly affect
the mechanical properties of parts; which can primarily
occur owing to both high- or low-energy input, as well as the
insufficient overlap of laser tracks [40].

High-energy input during the melting process can result
in the formation of an unstable MP at extremely high tem-
peratures and severe Marangoni convection, which in turn
leads to the generation of spherical pores either by trapping
the protective gas (Ar) or metallic vapor [3], [40]. As shown
in Fig. 4(b), samples S7 and S1 fabricated with a higher
energy density showed spherical pores with a maximum
diameter of 40 mm. These pores were primarily formed
owing to the trapping of Ar gas and were unlikely attributed
to metallic vapor because of the high melting points of all the
main elements of the Ni625 alloy. It is known that spherical
pores with diameters < 130 um have negligible detrimental
effects on the mechanical properties of the material [3].
Moreover, as illustrated in Fig. 10(a), sample S1 displayed
satisfactory tensile properties, despite the presence of
spherical pores.

Low-energy input cannot completely melt the metallic
powder in the previously deposited layer, thus leading to
irregularly shaped lack of fusion pores, as shown in Fig.
4(b). Samples S2 and S3 produced with lower energy input
contained irregularly shaped pores with sizes over 100 mm;
these samples exhibited lower elongation tensile properties,
as shown in Fig. 10(a).

Insufficient overlap among laser tracks can also cause a
lack of fusion pores, which may be attributed to a large
hatch distance and/or layer thickness [40]. However, in this
study, the primary cause of the lack of fusion pores was

identified as low-energy input, predominantly due to low P.

4.2. Effects of P and V on Grain Size and Morphology

P and V are the primary process parameters used to adjust
the energy density to tailor the microstructure, and they
significantly affect the MP solidification process parameters
G and R [27], [32], [33]. Therefore, a comprehensive under-
standing of G and R is crucial for predicting or explaining the
microstructural features observed in experimental samples,
and simulations are an effective tool for their calculation [27],
(411, [42].

As shown in the solidification map in Fig. 5(b), G X R is
the cooling rate that determines the size of the grain,

whereas (G/R) is the morphology factor that determines the
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shapes of the grains. In this study, a maximum cooling rate
of 3.5 x 10" K/s was achieved for sample S3, which is close
to the intrinsic cooling rate of LP-DED, which ranges from
10° to 10* K/s [21].

At increasing P and decreasing V values, the PDAS
increased while the grain shapes shifted from being pre-
dominantly ED-dominant to CD-dominant, as shown in Fig.
6(b). It is believed that these behaviors can be attributed to
the changes in G X R and G/R, as illustrated in Fig. 12.

15
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Fig. 12 Simulated (a) average G x R and (") G x R contours, and
(b) average G/R and (b’) G/R contours

As shown in Fig. 12(a), the impact of P on G X R is minor
at low V values but becomes significant at high V. Therefore,
the G X R values of the samples are almost the same at V =
5 mm/s, and the PDASs of these samples do not change
significantly, as shown in Fig. 6(a). Conversely, G X R
increased as a function of V as also proven by other
researchers [27], [41], [42], and the highest and lowest G x
R values were obtained for S3 and S7, respectively; accord-
ingly, S3 and S7 respectively exhibited the lowest and high-
est PDAS values equal to 1.7 + 0.3 mm and 3.7 £ 0.1 mm,
as shown in Fig. 6(a).

As shown in Fig. 12(b), G/R is less affected by P but is
significantly affected by V; additionally, G/R decreases as V
increases, thus suggesting that CD increases with decreas-
ing V. Correspondingly, the directional grain growth along
the zdirection with the {100} crystallographic orientation is
most significant in the samples with the lowest V of 5 mm/
s, as shown in Fig. 9.

As shown in Figs. 12(a)) and 12(b’), higher G/R and lower
G X R values are observed at the bottom of the MP; in con-
trast, lower G/R and higher G X R were obtained at the top
of the MP [27], [41], [42] and these behaviors are most
significant at low V, thus indicating that the morphology of
the microstructure is prone to CD. Correspondingly, the
texture strength measure MUDs were higher in fabricated

samples with the lowest V, as shown in Fig. 9.
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4.3. Verification of Tensile Properties

Although there were no dramatic differences in the tensile
behavior of each sample in this study, the results were still
comparable to the tensile results from other existing studies.
As illustrated in Fig. 13 and as listed in Table 3, the UTS and
yield strengths (YS) of samples exhibited minor changes,
with UTS changing from 1008 + 2 to 941 = 9 MPa and YS
changing from 682 = 11 to 640 = 7 MPa. However, in the
samples fabricated with the lowest P of 100 W, the elonga-
tion noticeably decreased as V increased owing to the higher
porosity caused by the lack of fusion, as shown in Fig. 4.
Conversely, according to the reference data in Table 3, it is
known that the Ni625 alloy can be fabricated using a broad
range of process parameters (for example, P may change
from 220 to 1500 W and V from 8.3 to 33.3 mm/s) yielding
higher tensile properties than casting.

In addition, based on the literature data listed in Table 3,
the UTS decreases at increasing P. A higher P not only
increases the evaporation [21] of Al, Cr, Fe, and Co in the
Ni625 alloy by increasing the MP temperature, but also
accelerates precipitation growth owing to a lower cooling
rate, thus leading to a degradation of mechanical properties.
Therefore, using P values as small as possible is advanta-
geous for the microstructure and mechanical properties of
the material and machine maintenance. In this study, tensile
properties similar to those reported in other research stud-
ies [71,[13],[14],[18] were obtained by using a lower P com-
bination with a small hatch space, as shown in Fig. 13. A
small hatch space increases remelting, which reduces the

lack of fusion [43] and increases the ED grains [3].

This study is believed to be the first report on the optimi-
zation of the strength and ductility of Ni625 alloys using a
relatively low P value, thus demonstrating that high-perfor-

mance Ni625 alloys can also be fabricated with lower P.

1200 : r . . . 50
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Fig. 13 Comparison of tensile properties in this study with those

obtained in other research studies

5 conclusion

Extensive empirical testing on the Lasermeister was per-
formed with common AM materials, including Fe-, Ni-, and
Ti-based alloys. Herein, to develop process maps for the
Ni625 alloy specific to this machine, the processability,
microstructure, and mechanical properties of the alloy were

experimentally and numerically investigated under various

Table 3 Comparison of process parameters and tensile properties in this study with those obtained in references

Label P %4 Q d Ep=P/(Vd) UTs YS El
W) (mm/s) (g/min) (mm) (J/mm?) (MPa) (MPa) %)
S1 100 5.0 2.0 0.5 40.0 951+7 655+15 42+2
S2 100 10.0 4.0 0.5 20.0 1008 =2 682+11 36=x1
S3 100 15.0 4.0 0.5 13.3 10057 674+13 28+4
S4 120 5.0 2.0 0.5 48.0 941+9 640+7 42£2
S5 120 10.0 4.0 0.5 24.0 959+ 3 666 7 41+1
S6 120 15.0 4.0 0.5 16.0 989+4 669+12 37+1
S7 160 5.0 2.0 0.5 64.0
S8 160 10.0 4.0 0.5 32.0 944 +4 67010 42+1
S9 160 15.0 4.0 0.5 21.3 960+ 6 672+9 40=1
[7] 220 8.3 2.3 0.4 66.0 1020.9 675.8 23.1
[14] 330 33.3 7.0 0.4 14.1 1073+5 723+23 26+2
[15] 500 12.5 2.5 1.2 33.3 882+7 480+ 20 36+£5
[19] 1500 15.0 7.5 5 20.0 733.7 500.4 29.4
[29] Casting 485.0 275.0 25.0
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fabrication parameters. Key findings include:

1. A simulation model was established to predict the MP
thermal history, including the dimensions and G and R
rates.

2. The dimensions and highest temperatures of the MP were
considerably affected by P but less affected by V, leading
to high P values and increased size and maximum tem-
perature of the MP.

3. Fully dense Ni625 alloy parts (> 99.5%) were fabricated
under conditions where P was > 100 W and V was in the
range of 5-15 mm/s.

4. As P increased and V decreased, a corresponding increase
in the dendritic structure and texture was observed. Nota-
bly, the sample synthesized with the highest P value of
160 W and lowest V value of 5 mm/s exhibited the most
pronounced dendritic structure and texture.

5. A positive correlation was observed between the micro-
structure and tensile properties with lower elongations for
finer microstructures. In particular, sample S3, which had
the finest microstructure and highest porosity, exhibited
the lowest elongation.

6. P ranged from 100 to 160 W, V varied between 5 and 15
mm/s, and a corresponding process map for Ep was
established.

7. The samples showed tensile strength values comparable
to those in other research studies, with UTS and YS rang-
ing from 1008 + 2 to 941 = 9 MPa and from 682 = 11 to
640 = 7 MPa, respectively.

This study demonstrated that a combination of lower P
values and smaller hatch spacings can effectively strengthen
Ni625 alloys. It was also found that there several parameters
can be set to achieve similar outcomes. Indeed, these find-
ings pave the way for the formulation of various “recipes” in
the future tailored to the shape and complexity of different

parts, thus opening new avenues for part development.
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