
Vol.:(0123456789)

The International Journal of Advanced Manufacturing Technology (2024) 130:4513–4528 
https://doi.org/10.1007/s00170-023-12924-7

ORIGINAL ARTICLE

Wire‑EDM performance and surface integrity of Inconel 718 
with unique microstructural features fabricated by laser powder bed 
fusion

Ozkan Gokcekaya1,2  · Ali Günen3 · Ferhat Ceritbinmez4 · Abdollah Bahador5 · Takayoshi Nakano1,2 · Melik Çetin6

Received: 10 May 2023 / Accepted: 28 December 2023 / Published online: 17 January 2024 
© The Author(s) 2024

Abstract
Inconel 718 alloy is difficult to machine using conventional methods due to its physical properties. Thereby, additive manu-
facturing (AM) of IN718 components with near-net shapes has been extensively studied. Even though AM processes pro-
vide shape and size accuracy, there is still the need for the machining of the AM-processed components to achieve the final 
shape of a component. Laser powder bed fusion (LPBF) has been successfully utilized to fabricate near-net shape IN718 
components; moreover, the microstructure of LPBF-IN718 was unique owing to the AM processing, resulting in differences 
in grain size, grain boundary characteristics, and grain orientations. Furthermore, these microstructural characteristics are 
expected to alter the machining performance of IN718. Therefore, this study investigated the wire electro-discharge machin-
ing (WEDM) performance of LPBF-718 samples compared to wrought IN718 while focusing on the unique microstructure 
characteristics of LPBF-IN718 samples (lamella, single-crystal, ploy-crystal). Three different cutting strategies (rough, 
semi-finish, and finish) were implemented to understand the performance of the multi-pass cutting phenomenon and its effect 
on the surface of IN718. For all samples, rough (single pass) cutting displayed high roughness, while finish (three passes) 
cutting exhibited good surface quality. Compositional analyses on the machined surface showed debris formation including 
Zn and Cu-containing recast material, indicating wire erosion. The surface of single-crystal LPBF-IN718 after the WEDM 
process was smooth owing to its large grain size and less amount of grain boundary, resulting in slow cutting speed but a 
good surface finish. Thus, this study, for the first time, investigated the effect of unique microstructural characteristics of 
LPBF-fabricated IN718 on WEDM performance and machined surface quality.

Keywords Inconel 718 · LPBF · WEDM · MRR · Surface roughness

1 Introduction

Ni-based superalloys with various alloy compositions have 
a wide range of industrial applications as cast, wrought, 
and powder metallurgical forms, particularly in aerospace, 
automotive, and energy industries, owing to good creep and 

fatigue properties with oxidation resistance at high opera-
tion temperatures [1–4]. Structural stability at high tempera-
tures and good weldability while preventing defect formation 
have been achieved with new Ni-based superalloy develop-
ments with the realization of fast-cooling techniques of the 
alloy powders [5]. Moreover, Inconel 718 (IN718) has been 
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widely preferred for engine components, nuclear reactors, 
and combustor applications owing to its high-temperature 
strength and corrosion resistance at high operating tempera-
tures [6].

Recently, laser-based additive manufacturing (AM) meth-
ods have been widely used to fabricate complex geometries 
with near full density from 3D CAD models, thus allowing 
design freedom while avoiding material waste [7]. Due to 
the advantages of AM methods, laser powder bed fusion 
(LPBF) has been applied to produce near-final shape IN718 
alloy parts [1]. The LPBF offers tunable microstructure 
with the control of process parameters [8, 9], improving the 
hardness, yield, and ultimate strength of IN718, exhibiting 
comparable or even better performance than forged or cast 
IN718 alloy [10]. Moreover, the LPBF process is capable of 
forming unique crystallographic textures in IN718 owing to 
epitaxial growth, realizing anisotropy in mechanical strength 
[11]. Besides, in a recent study, the formation of the single-
crystal-like, lamella, and poly-crystal microstructure in 
IN718 has been reported with the variation time of LPBF 
process parameters [8], resulting in strengthening via texture 
effect.

Even though the parts fabricated by LPBF are near-net 
shape [12], they still require post-process machining for 
critical industrial applications. Besides, most of the machin-
ing processes apply significant heat, vibration, chemical 
reaction, and/ or electrochemical energy on the surface, 
which can be detrimental to the performance of the com-
ponent. Therefore, electric discharge machining, which is a 
non-contact machining process, has been widely employed 
for the precise processing of final components for aero-
space, defense, and automotive applications [13, 14]. Wire 
electro-discharge machining (WEDM) has been widely used 
for the machining of electrically conductive materials as a 
cost-efficient and optimum machining process in terms of 
its non-contact cutting with cooling media resulting in mini-
mal thermal effect and no mechanical cutting force on the 
surface of the product compared to conventional machining 
processes [15, 16]. As a result, WEDM has been accepted 
as a primary machining technique for various industrial 
applications.

However, the limitations of the WEDM process are 
the machining time compared to other processes and the 
surface finish of the final product [17, 18]. Many stud-
ies have been conducted to optimize the process param-
eters of WEDM in terms of material removal rate (MRR), 
roughness, eroded residuals, etc. [15, 19–22]. However, 
there is still a lack of understanding of the effect of micro-
structural features of additively manufactured IN718, 
including crystallographic orientation, grain size, and 
grain boundary, on WEDM performance and machined 
surface properties. The previous key studies focusing on 

WEDM cutting of Inconel groups, which are in the class 
of alloys that are difficult to machine, are briefly sum-
marized below.

Ramakrishnan and Karunamoorthy [23] used artificial 
neural network analysis to find the best parameters and 
evaluate the effect of each parameter on the quality of 
the machined surface to cut Inconel 718 material by the 
WEDM method, reporting that all input parameters used in 
the study affected the processing quality at different rates. 
Dabade and Thejasree [24, 25] experimented with machin-
ing IN718 by WEDM in separate studies considering the 
variation of process parameters while considering MRR, 
surface finish, and kerf width by Taguchi technique. They 
reported that an increase in discharge current increases 
surface roughness. Dhale and Deshmukh [26] investigated 
the cutting of Inconel 718 alloy with wire electrodes of 
different thicknesses in the WEDM method and investi-
gated the effect of electrode wire thickness on dimensional 
deviation, wire consumption, and surface quality. They 
found that with the decrease in wire electrode diameter, 
cutting precision increased, and wire and workpiece waste 
decreased, resulting in lower environmental impacts, 
reduction in craters on the machined surfaces, reduction 
in microhardness change, and reduction in recast layer 
thickness value. Karataş [27] machined Inconel 718 alloy 
via the WEDM method, considering changes in MRR and 
kerf by process parameters using gray relational analy-
sis (GRA) and analysis of variance (ANOVA) methods. 
It was concluded that wire tension significantly affected 
the MRR while the effect of dielectric fluid pressure was 
insignificant.

When the published studies in the literature are examined, 
it has been determined that the cutting of additive manufac-
turing Inconel alloys, which are replacing wrought Inconel 
alloys day by day, with WEDM has not been systematically 
studied yet. Therefore, this study has been planned to pro-
vide valuable information for the WEDM process of addi-
tively manufactured metal materials.

Moreover, in addition to WEDM cutting parameters, the 
repetition of cutting passes also affects the surface integ-
rity seriously due to the difference in MRR for each cut-
ting pass. Considering published studies, there has been 
no report discussing the effect of the unique microstruc-
ture of the IN718 fabricated by LPBF on cutting speed, 
MRR, and surface integrity. LPBF method which is a fast-
cooling process induced continuous grain growth from the 
previously solidified layer to the subsequent layer, thus 
promoting columnar grains with crystallographic texture 
control, such as strong < 100 > texture in terms of print-
ing metal materials with cubic crystal lattice due to (100) 
preferred epitaxial growth [28–30]. Furthermore, the crys-
tallographic texture of IN718 fabricated by LPBF varied 
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depending on process parameters, with microstructures 
of < 100 > / < 110 > lamella, < 100 > single-crystal-like, 
and randomly oriented poly-crystal-like being produced 
depending on the applied laser energy density. The relation 
between grain orientation and finished surface roughness 
after micromachining and orthogonal cutting of cp-Ti has 
been recently reported by Kieren-Ehses et al. [31], show-
ing the correlation between grain orientation and machining 
performance as well as surface roughness, thus highlighting 
the importance of crystallographic orientation control via 
LPBF and its effect on WEDM performance as discussed 
in this study.

Therefore, this study investigated the effect of IN718 
fabricated by LPBF with different microstructural charac-
teristics considering grain orientation, grain size, and grain 
boundary on its WEDM performance and its comparison 
with wrought IN718. For this purpose, three different 
WEDM processes were implemented, which were rough cut, 
semi-finish cut, and finish cut to process LPBF-fabricated 
IN718. Since most failures such as fatigue, corrosion, and 
wear are sensitive to the surface quality of the material, this 
study presented an understanding of WEDM performance 
on different surface characteristics that are highly important 
in order to increase the service life of IN718 parts.

2  Materials and methods

2.1  Fabrication of IN718 by LPBF

IN718 samples were fabricated by LPBF (EOS M290), using 
gas-atomized IN718 powder exhibiting the same chemical 
composition as the wrought IN718 (Table 1) while contain-
ing visible satellites (D50 = 32.3 µm), as shown in Fig. 1a, 
although representing good powder quality for LPBF [32]. 
The fabrications were carried out at 80 °C base tempera-
ture to prevent disturbance of temperature fluctuations. The 
LPBF process was performed in a high-purity argon gas 
atmosphere to avoid in-situ oxidation.

A bidirectional scan strategy (X scan) was applied to 
fabricate 10 × 10 × 30 mm samples for WEDM experiments 
(as illustrated in Fig. 1b), which promoted unique crystal-
lographic orientations with changing process parameters 
[28–30].

To develop crystallographic texture, LPBF laser power 
(P = 180 W, 360 W) and scan speed (V = 1000  mm/s, 
1400  mm/s) varied while powder layer thickness 
(h = 0.040 mm) and hatch space (d = 0.080 mm) was fixed 
[8]. According to these process parameters, the laser 
energy density (E) of the LPBF-fabricated IN718 samples, 

Table 1  Chemical composition 
of IN718 for powder used in 
LPBF and wrought material

Ni Cr Nb Mo Ti Al Co Cu C Si Mn P S B Fe

Min 50 17 4.75 2.8 0.65 0.2
Max 55 21 5.5 3.3 1.15 0.8 1.0 0.3 0.08 0.35 0.35 0.015 0.015 0.006 bal

Fig. 1  SEM image of (a) IN718 
powder; (b) schematic presenta-
tion of X scan strategy and 
LPBF build size with the setting 
of (c) LPBF-IN718 sample on 
WEDM apparatus to cut along 
xy plane
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calculated by E =
P

V×h×d
 , was in the descending order as 

ELPBF-1 > ELPBF-2 > ELPBF-3, in which notations, process 
parameters, and microstructure characteristics of the LPBF-
718 samples are given as follows:

The wrought IN718 were subjected to a heat treatment 
process where they were heated from 980 to 1095 °C for 
1 h and then rapidly cooled by immersing them in water 
until they reached room temperature. Afterward, the samples 
underwent a two-step aging treatment. In the first step, they 
were held at 720 °C for 8 h and then slowly cooled in a fur-
nace to 620 °C at a rate of 50 °C per hour. In the second step, 
they were held at 620 °C for another 8 h and then allowed 
to cool naturally in the surrounding air until they reached 
room temperature.

2.2  Machining methods

The IN718 specimens were cut by WEDM to observe 
the effect of machining on the perpendicular surface (xy 
plane) to the build direction (BD). In this study, four dif-
ferent Inconel 718 materials were cut by connecting to the 
“Charmilles Robofil 290P” WEDM workbench using a ver-
tex precision vice and combined supported perforated flat 
shoes as shown in Fig. 1. “Bedra topas plus X” brand zinc-
rich brass-coated 0.25-mm-thick copper wire was used as the 
wire electrode material. Pure water was used as the dielectric 
fluid for the evacuation of the abraded workpiece and wire 
electrode residues from the environment [33]. The dielectric 
liquid was sprayed from the upper and lower nozzles in the 
inlet and outlet areas.

WEDM was performed to obtain three types of surface 
finish, which are roughing with a single pass of cutting wire, 
semi-finish, and finish with two and three passes of wire cut, 

P = 360 W and V = 1000 mm∕s (LPBF − 1, lamella texture)

P = 360 W and V = 1400 mm∕s (LPBF − 2, single − crystal − like texture)

P = 180 W and V = 1400 mm∕s (LPBF − 3, poly − crystal texture)

respectively [34]. Parameters of WEDM used in this study 
are given in detail in Table 2.

2.3  WEDM performance

WEDM was applied to three types of IN718 products with 
different microstructures produced by LPBF and a wrought 
standard IN718 purchased from Acciaierie Valbruna (Italy). 
The cutting speed and material removal rate (MRR) with 
upper and lower nozzle pressure values obtained after cut-
ting processes using different cutting regimes are given in 
Table 4. Considering Table 4, the MRR is high and the cut-
ting speed is low in rough cutting because there is a risk of 
the wire breaking in rough cuts [22]. On the other hand, 
MRR is low and cutting speed is high in finishing cuts since 
only 5 µm is removed from the material surface. Upper 
and lower nozzle pressure values are set to zero in order to 
increase wire stability and improve cutting quality in the 
finish-cutting processes. The surface roughness of the sam-
ples after WEDM cutting was determined by using a Profilm 
3D profilometer (Filmetric, USA) at a speed of 0.1 mm/s and 
scanning an area of 1  mm2.

2.4  Characterization

The XRD studies were carried out to confirm the texture 
formation in as-built IN718 samples according to the exem-
plary study [8] by utilizing Malvern Panalytical EMPY-
REAN operated at 60 kV and 60 mA with CuKα radiation 
in scan range from 10 to 100° and scan rate 1°/min. The den-
sity measurements were carried out by Archimedes’ method 
(LA310S, 147 Sartorius, Germany). Microstructural char-
acteristics of as-built IN718 and WEDM-processed IN718 
samples were investigated by field-emission scanning elec-
tron microscopy (FE-SEM; JSM-6500, JEOL, Japan) with 

Table 2  Machining parameters 
used in the WEDM

Cutting mode Roughing Semi-finishing Finishing

Pass 1st 1st 2nd 1st 2nd 3rd

Gap voltage (V) 80 80 120 80 120 120
Pulse on time (μs) 1 1 2 1 2 2
Pulse off time (μs) 21 21 23 21 23 23
Wire speed (m/min) 12 12 8 10 8 8
Discharge current (A) 40 40 99 48 99 99
Wire tension (kg) 1,1 1,1 1,6 1,2 1,6 1,6
Feed rate (mm/min) 75 75 100 100 100 100
Wire-offset (μm) 0 40 0 40 5 0
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an electron backscatter diffraction (EBSD) and energy dis-
persive spectroscopy (EDS) systems (NordlysMax3, Oxford 
Instruments, UK). The measurements were performed with 
a 2-µm step size at 20 kV operating voltage. Data curation 
for microstructural features, such as grain orientation map 
(inverse pole figures, IPF), crystallographic texture strength 
(multiples of uniform distribution, MUD), and mapping of 
high-angle grain boundaries (HAGBs), was performed by 
HKL Channel 5 software (Oxford Instruments, Cambridge, 
UK). The quantitative analyses of HAGBs were given by 
HAGB length per area (µm/ µm2) collected from EBSD 
measurements.

3  Results and discussion

XRD patterns and SEM microstructure images of wrought 
and LPBF-IN718 samples are presented in Figs.  2 and 
3, respectively. According to the XRD patterns, both the 
wrought and LBPF samples exhibited solely the FCC 
Cr-Ni–Fe structure (ICDD Card No: 00–031-0619) with no 
other phase formation or precipitation. However, the most 
dominant peak of the wrought-IN718 was the (111) peak 
at 43.66 degrees, whereas the highest intensity peak in the 

LBPF sample was indicated to be the (200) peak at 50.65 
degrees. Owing to the epitaxial growth during layer-by-layer 
fabrication of the LPBF process, IN718 grains grew along 
(100) preferential growth directions and the LPBF process 
promoted (100) dominant grains with unique microstructural 
characteristics depending on laser energy density [8].

The detailed microstructural analyses were presented in 
Fig. 4, and quantitative data was included in Table 3. While 
LPBF powders showed random (mix) orientation, low 
energy density fabrication (LPBF-3) also varied in grain 
orientation (mix of (200), (111), and (220)). However, with 
the increase in laser energy density, the microstructure of 
LPBF-2 exhibited only (200) oriented grains, indicating 
a single-crystal-like microstructure. Further increase in 
laser energy density (LPBF-1) demonstrated major (200) 
and minor (220) grain formation, indicating (100)//(110) 
lamella-oriented microstructure. The reason for different 
microstructure formation with the change in laser energy 
density was attributed to the melt pool size and shape, as 
explained in detail in our previous report and supported by 
the literature studies [8, 35–37]. The well-established control 
over the microstructure of LPBF-IN718 with laser energy 
density resulted in variations in grain size and the HAGB 
length per area. While the LPBF-3 sample had an average 
grain size of 12.64 µm, with the increase in laser energy 
density, the grain size of LPBF-2 and LPBF-1 increased to 
20.58 µm and 21.34 µm, respectively (Table 3). Note that the 
electrical and thermal conductivities of the material, which 
affect machinability, are altered by the grain size, grain 
boundary, and grain orientation; thus, the microstructural 
characteristics of the samples are critical for determining 
the machining performance [31, 38–41].

Considering SEM observations of wrought and as-built 
samples, the wrought IN718 sample has a homogeneous 
microstructure appearance, while LBPF-IN718 samples 
have a microstructure appearance reminiscent of dendritic 
and interdendritic structures. It has been reported in the lit-
erature that the direction of dendritic growth depends on 
the direction of heat flow and is mostly perpendicular to 
the substrate material due to a steep thermal gradient along 
the build direction [1]. However, as seen in the EDS analy-
ses in Fig. 3 taken over a dendritic and interdendritic struc-
ture on the SEM microstructure view, the chemical com-
positions of the dendritic and interdendritic regions of the 
LBPF-IN718 samples were found to be close to each other 
owing to the high cooling rate of LPBF process limiting the 
segregation and resulting similar elemental distribution to 
the wrought IN718. Considering the grain size of wrought 
(6.5 µm), LPBF-IN718 samples consisted of larger grains 
(12.64–21.34 µm) due to epitaxial growth [42].

Figures 5, 6, 7, and 8 show the SEM views and EDS 
point analyses of the rough, semi-finish, and finish cut 
surfaces of four different IN718 samples exposed to high 
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Fig. 2  XRD patterns of wrought and LPBF-fabricated IN718 samples 
with variation of laser energy-induced grain orientations
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Fig. 3  SEM and EDS analysis of IN718 used in experimental studies: (a) wrought, (b) LBPF-1, (c) LBPF-2, and (d) LBPF-3
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discharge energy during the WEDM process. WEDM is a 
thermal process for removing unwanted material via erod-
ing based on the formation of intense sparks generating 
high temperatures reaching over the melting point of the 
material [43, 44]. For a successful application of WEDM, 
the electrical, thermal conductivity, specific heat capacity, 
and thermal expansion properties of the machined material 
play a critical role in obtaining a good surface finish [45]. 
Moreover, the grain boundaries and segregations in the 
material can alter these material properties [46, 47]. The 
surface morphology of all machined samples in this study 
looked similar, revealing the presence of globules, craters, 
and debris. However, the microstructural characteristics 
of LPBF-IN718 and wrought samples showed significant 
differences, which influenced the WEDM performance 

(MRR, cutting speed) and quality of the machined surface 
(residuals, roughness).

With the increase in the number of cutting passes from 
rough (one pass) to finish cut (three passes), the debris and 
globules on the surface of each sample decreased notably 
(Figs. 5, 6, 7, and 8a–c). This phenomenon correlated with 
EDS analyses recorded on the surface of each sample. The 
compositional analyses on the machined surface of wrought 
IN718 detected the existence of Cu and Zn in the range 
of 17.20–36.62 wt.% and 7.68–14.24 wt.%, respectively 
(Fig. 5a), indicating the existence of recast material formed 
on the surface due to the erosion of brass-coated Cu wire.

The amount of recast material on each sample sur-
face decreased with semi-finish and further decreased 
with finish cut, as well as corresponding to the decrease 

Fig. 4  IPF maps, {100} pole figures, and HAGB maps showing the variation in grain orientation, average grain size, and HAGB distribution

Table 3  Characteristics of wrought and LPBF-fabricated IN718 with unique microstructural features

IN718 theorical density = 8.19 ~ 8.22 g/cm3

Sample (IN718) Density (g/cm3) HAGB length 
per area (µm/
µm2)

Grain size (µm) Electrical resist-
ance at XY plane 
(Ω)

Texture characteristics

LPBF-1 (E = 112.5 J/mm3) 8.22 0.056 21.34 2.42 ×  10–5 Bi-crystal
Major {100} and minor {110}

LPBF-2 (E = 80.4 J/mm3) 8.22 0.053 20.58 2.02 ×  10–5 Single-crystal
{100}

LPBF-3 (E = 40.2 J/mm3) 8.20 0.117 12.64 2.32 ×  10–5 Poly-crystal
Major {100} and mix of {110} and {111}

Wrought 8.19 - 6.5 2.55 ×  10–5 Poly-crystal
Mix of {111}, {100}, and {110}
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in MRR value (Table 4). However, it is noteworthy to 
mention that the debris and globules were less on the 
LPBF-IN718 samples compared to wrought samples, 
especially after rough cutting, which was also identified 

by EDS analyses resulting in low Cu and Zn contamina-
tion (Figs. 5, 6, 7, and 8a). The less debris formation 
is attributed to the lower amount of grain boundary in 
LPBF samples owing to larger grains, possibly resulting 

Fig. 5  SEM and EDX analysis of wrought after (a) rough, (b) semi-finish, and (c) finish cut
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in less fluctuation in discharge pulse during the WEDM 
process.

The surface roughness distribution on wrought and 
LPBF samples after rough, semi-finish, and finish cuts 

was observed by a 3D profilometer, and the findings were 
reported in Fig. 9, besides the overall machining perfor-
mance (surface roughness, cutting speed, and MRR) of 
IN718 was summarized in Fig. 10. The surface morphology 

Fig. 6  SEM and EDX analysis of LPBF-1 after (a) rough, (b) semi-finish, and (c) finish cut
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after WEDM is irregular compared to the machined surfaces 
by conventional methods. The WEDM surface was not cre-
ated by contact with the cutting tool, but rather formed by 
irregular craters [48], such as recast material and remelted 

IN718 [49], as a result of the eroding process reaching over 
melting temperature of the IN718 sample and brass-coated 
Cu wire. Moreover, the amount of debris on the machined 
surface correlates with the thickness of the machined surface 

Fig. 7  SEM and EDX analysis of LPBF-2 after (a) rough, (b) semi-finish, and (c) finish cut
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layer [50]. Therefore, the surface roughness of each sample 
was the highest after the rough cut and lowest after the finish 
cut, which correlated with the MRR value, indicating that 
the high MRR during the rough cut eroded the brass-coated 

Cu wire significantly and formed a high amount of recast 
material on the surface. However, the finish cut performed 
with 3 passes showed a low MRR value and allowed the 
removal of the residues via dielectric fluid.

Fig. 8  SEM and EDX analysis of LPBF-3 after (a) rough, (b) semi-finish, and (c) finish cut
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The main consideration for the machining performance of 
IN718 samples in this study was the effect of highly oriented 
big grains due to the strong thermal gradient of the LPBF 
process forming (100) epitaxial growth [8]. It has been 
reported that microstructural characteristics can be tuned 
with the formation of crystallographic texture, resulting in 
grain growth along multiple build layers and fewer grain 
boundaries [32]. In this study, LPBF-3 showed poly-crystal 
microstructure, resulting in a smaller grain size and more 
HAGB length per area compared to LPBF-1 and LPBF-2 
with strong crystallographic orientation. These microstruc-
tural characteristics of LPBF-3 influenced its machining per-
formance, exhibiting higher surface roughness even after the 
finish cut compared to other LPBF-IN718 samples (Fig. 9).

It has been reported that the thermal and electrical con-
ductivity of poly-crystal materials were influenced by the 
amount of existing grain boundaries (as referring to grain 
size) composed of defects and impurities [38]. Therefore, 
grain boundaries are easier to be eroded by discharge pulse 
compared to the grain. LPBF-IN718 samples with larger 
grain than wrought consisted of 0.056 µm/µm2, 0.053 µm/
µm2, and 0.117 µm/µm2 HAGB length per area for LPBF-
1, LPBF-2, and LPBF-3, respectively. This indicates that 

LPBF-IN718 samples with large grains and less grain 
boundary require more machining time, thus resulting in 
lower MRR and slow cutting speed, as shown in Table 4 
and Fig. 10. Intriguingly, LPBF-1 exhibited relatively high 
cutting speed and MRR compared to LPBF-3 which had 
smaller grains and more grain boundaries. It can be assumed 
that LPBF-1 samples fabricated with higher laser energy 
density than LPBF-3 retained more residual stress due to the 
formation of a bigger melt pool during the LPBF process. 
Residual stress can result in misorientation inside a grain 
and form dislocations which act like a grain boundary and 
possibly increase the removal rate of IN718. However, this 
prediction requires further observations, thus planned as a 
future study.

In this study, LPBF-2 with (100) single-crystal-like 
microstructure exhibited low MRR, slow cutting speed, 
and comparably less surface roughness after the WEDM 
process (Fig. 10). These results were mainly attributed to 
bigger grain size and less grain boundary. However, it has 
been reported that crystallographic orientation control for 
LPBF-fabricated samples can enhance the structural and 
functional properties of materials [8, 9, 51]. Besides, the 
influence of crystallographic anisotropy on the WEDM 

Table 4  WEDM performance of IN718 depending on machining parameters

Inconel 718 Cutting mode Pass Cutting speed 
(mm/min)

Material removal rate 
(MRR,  mm3/min)

Upper nozzle 
pressure (bar)

Lower nozzle 
pressure (bar)

Wrought (poly-crystal) Roughing 1 5.20 23.64 3.40 6.20
Semi-finishing 1 5.40 24.18 3.40 6.10

2 16.10 18.02 0.00 0.00
Finishing 1 5.40 24.39 3.40 6.00

2 20.60 12.29 0.00 0.00
3 22.70 1.74 0.00 0.00

LPBF-1 (lamella) Roughing 1 4.50 20.43 3.70 6.10
Semi-finishing 1 4.50 20.36 0.00 0.00

2 21.80 13.15 0.00 0.00
Finishing 1 4.60 20.55 3.60 6.00

2 22.50 13.36 0.00 0.00
3 22.60 1.68 0.00 0.00

LPBF-2 (single-crystal) Roughing 1 3.50 15.91 3.50 5.90
Semi-finishing 1 3.40 15.44 3.50 6.10

2 16.47 9.97 0.00 0.00
Finishing 1 3.50 16.09 3.50 6.00

2 17.10 10.49 0.00 0.00
3 22.60 1.73 0.00 0.00

LPBF-3 (poly-crystal) Roughing 1 4.20 18.81 3.50 6.10
Semi-finishing 1 4.10 17.90 1.50 4.20

2 19.80 11.52 0.00 0.00
Finishing 1 5.50 24.20 3.60 6.20

2 21.40 12.55 0.00 0.00
3 22.60 1.66 0.00 0.00
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performance of monocrystalline Si has been studied [39], 
discussing variations of WEDM performance (MRR and 
roughness) depending on the crystallographic orientation. 
In this reference study, (100)-oriented Si displayed differ-
ent MRR and surface roughness with changes in machin-
ing direction because of different physical characteristics of 
the crystal orientations. LPBF-IN718 samples with differ-
ent microstructural characteristics exhibited differences in 
WEDM performance regarding grain size, HAGB length 
per area, and crystallographic orientation.

According to the aforementioned results, the effect of 
microstructural features of IN718 fabricated by LPBF, such 
as grain size, amount of grain boundary, and grain orien-
tation, exhibited significant differences in WEDM perfor-
mance and surface morphology of machined samples. Thus, 
this study highlighted the importance of considering the 
crystallographic orientation of LPBF-fabricated samples 
formed by columnar grains along building directions with 

specific grain orientations on its WEDM performance and 
surface integrity.

4  Conclusion

This study investigated the effect of three different WEDM 
strategies (rough, semi-finish, and finish cutting) on IN718 
samples fabricated by the LPBF process while comparing 
the results with wrought IN718. While the microstructural 
aspect of LPBF IN718 samples exhibited differences in grain 
orientation, this aspect of the study should be evaluated in 
detail by eliminating the effect of grain boundaries to solely 
focus on the effect of crystallographic orientation, such as 
floating zone fabrication of single-crystal IN718 samples. 
In this study, the WEDM strategies showed a decrease in 
MRR and surface roughness while increasing cutting speed 
from rough cutting to finishing cut, as well as displaying 

Fig. 9  3D average surface roughness of wrought and LPBF-IN718 samples for rough, semi-finish, and finish cut
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less residue (recast material formed by eroded Cu and Zn 
from the wire) on the machined surface. Although the effect 
of machining strategies presented significant differences in 
surface integrity and machining performance of each IN718 
sample, the microstructural differences in wrought and 
LPBF-IN718 samples showed notable variations in residue 
formation and surface roughness. The key findings of this 
study regarding the WEDM performance of LPBF-IN718 
can be listed as follows.

1. Less residue (recast material) with a low amount of Cu 
and Zn was detected on LPBF-IN718 samples compared 
to wrought-IN718. LPBF-IN718 samples were com-
posed of bigger grains due to epitaxial growth during 
the LPBF process and thereby contained fewer grain 
boundaries. However, with the higher area fraction of 
grain boundary, it is easier to remove the material by 
WEDM. Thus, LPBF-IN718 with less grain boundary 
resulted in low MRR but less residue on the surface and 
lower surface roughness compared to the wrought sam-
ples.

2. Machining of LPBF-3 samples resulted in the highest 
surface roughness (17.17 µm) among LPBF-IN718 sam-
ples, which was expected due to its high HAGB length 
per area accelerating erosion of brass-coated Cu wire.

3. Single-crystal LPBF-2 sample exhibited better surface 
quality (5.74 µm roughness) but low MRR and cutting 

speed after machining, which is explained by its unique 
microstructure having strong crystallographic orienta-
tion and big grains resulting in less grain boundary on 
the IN718 surface.
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