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a Candy Hoover Group Srl, Eskişehir, Turkiye 
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A B S T R A C T   

In recent years, the cost-effective wire arc additive manufacturing (WAAM) method is increasingly replacing 
traditional production methods for Ni-based superalloys. However, the effect of high heat input and elemental 
segregation in the WAAM method on machinability has not yet been adequately investigated. For this purpose, 
drilling of wrought and WAAM Inconel 625 samples with thermal (i.e., die-sinking micro-EDM and micro-EDM) 
and mechanical drilling techniques (i.e., orbital and conventional drilling) was investigated in this study. It was 
observed that thermal drilling methods formed a white layer with a thickness of 20-25 μm and 35-50 μm in the 
cross-section of wrought and WAAM specimens, respectively, while no white layer was formed in the mechanical 
methods. The average surface roughness of the inside hole, Ra, obtained in the conventional drilling process has 
improved by 46.15 %, 94.62 %, and 92.82 %, compared to the orbital, die-sinking, and micro-EDM methods, 
respectively. Because the drill cutting form and helix angle used in this method facilitated chip evacuation. The 
best surface roughness was obtained respectively by conventional (0.27–029), orbital (0.51–0.53), die-sinking 
(4.54–5.88), and micro-EDM drilling (3.54–4.25) methods. In addition, a larger kerf angle is obtained in the 
WAAM sample compared to the wrought one due to higher residual stress and higher dislocation density in the 
WAAM alloy. On the other hand, the higher hardness value of WAAM samples provided better surface quality in 
mechanical drilling methods than wrought material. An increase in surface hardness values up to 25 μm from the 
surface was detected due to the recast layer formed in thermal drilling methods and the strain hardening 
occurring on the surface in mechanical drilling methods.   

1. Introduction 

Superalloys are traditionally produced through casting, forging, and 
machining processes. However, due to the complex and multiple pro
duction steps in the casting and forging processes, the production cycle 
is often long, and molds are required, which makes the process cost- 
inefficient [1]. Similarly, machining processes cause significant mate
rial waste [2,3], resulting in a much higher production cost of the final 
product [4,5]. This situation necessitates the production of superalloys, 
which find extensive applications in advanced engineering fields with 
innovative alternative methods [3]. Recently, additive manufacturing 
(AM), defined as an advanced material production method known as 3D 
printing technology, has provided the potential to create complex 

shaped components that are difficult to produce with traditional 
methods. Metal additive manufacturing (MAM) is an innovative alter
native manufacturing method that allows complex geometries to be 
produced by melting metal powders or wires using a focused heat source 
[6–9]. In this method, a final 3D component with the required size and 
configuration is created by growing 2D stacks on top of each other layer 
by layer, based on the design of the computer-aided design (CAD) 
model. Laser, electron beam, plasma, or electric arc can be used as a heat 
source in MAM methods [6]. 

The American Society for Testing and Materials (ASTM) has classi
fied MAM techniques as powder bed fusion, directed energy deposition, 
binder jetting, and sheet lamination [10,11]. Wire arc additive 
manufacturing (WAAM), one of the directed energy deposition methods, 
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is less complex than established systems, requires lower initial setup 
costs, has a higher deposition rate, and allows the production of larger 
parts [12]. In addition, it can provide better energy efficiency than 
powder-based laser/electron beam-assisted deposition methods [13]. 
Because of all these, it is generally accepted that it is a more advanta
geous method [12,13]. It can be seen from the open literature that many 
alloy groups such as stainless steels [14], titanium alloys [15], 
aluminum alloys [16], carbon steels, hot tool steels, super alloys 
[5,6,17] and high entropy alloys [18] have been successfully produced 
by WAAM. 

Ni-based superalloys maintaining their exceptionally high strength 
and oxidation resistance at relatively high temperatures (up to 980 ◦C) 
have made these alloys indispensable in many advanced engineering 
applications [19]. More than 40 % of the weight of advanced aircraft 
consists of components made of these alloys [20,21]. The applications of 
these alloys in aircraft include the main structural parts of aircraft, such 
as gas turbine components and gas turbine hot-end components 
[20,22,23]. Among the Ni-based superalloys, Inconel 625 and Inconel 
718 alloys are the most common commercially available Ni-based su
peralloys used in the aerospace industry due to their resistance to harsh 
environments [24]. However, their machinability is difficult due to their 
high strength and low thermal conductivity properties. It often results in 
poor quality in terms of cutting tool life and surface integrity of the 
workpiece. Therefore, it is crucial for sustainability to improve these 
alloys’ machinability by using a variety of techniques [26]. 

Karataş and Gökkaya [27] reported that there are approximately one 
hundred thousand assembly holes in small airplanes and more than one 
million in large airplanes. Therefore, it is crucial that these alloys used in 
the aviation industry can be drilled with cost-effective methods without 
sacrificing their mechanical properties and corrosion resistance. Because 
the time spent drilling into materials in manufacturing processes con
stitutes approximately 50–70 % of the entire manufacturing time [28]. 

Superalloys are considered to be “difficult-to-cut” materials [29]. In 
the manufacturing industry, machining operations such as milling, 
turning, and drilling are often the primary methods used to achieve low 
tolerances on the final part [30]. Due to their poor thermal conductivity, 
these alloys are subject to adverse thermal effects during conventional 
machining processes and are, therefore, difficult to drill with conven
tional machining processes [31]. Thus, non-traditional machining 
methods such as die sink EDM process, electric discharge machining, 
ultrasonic machining, etc., are used for the machining of superalloys 
because these techniques can drill hard alloys with high accuracy and 
excellent finish, regardless of hardness and melting temperature 
[31,32]. Furthermore, regardless of the hardness of the materials, suc
cessful results are obtained in drilling conductive materials with high 
mechanical properties by die-sinking micro-EDM, micro-EDM drilling 
method [31,32]. On the other hand, orbital and conventional drilling 
methods can be used in cases where dimensional accuracy and surface 
quality are preferred [33,34]. 

When the literature is examined, although there are studies on the 
drillability of superalloys produced by casting and forging methods, it 
has been seen that there has yet to be a comprehensive study in the 
literature on the drillability of the superalloys produced by AM methods. 
For example, Mishra et al. [35] drilled holes in Inconel 625 superalloy 
using a tubular hollow copper electrode in the Die-Sinking Micro-EDM 
method. In their study, the effects of processing parameters, such as peak 
current, pulse-on time, and gap voltage, on material removal rate 
(MRR), surface roughness (SR), surface crack density (SCD), white layer 
thickness (WLT), circularity, hole taper, and radial overcut (ROC) were 
examined. They reported that the increase in peak current causes an 
increase in hole circularity and hole taper. They also determined that the 
increase in pulse-on time gives rise to an increase in SR, SCD, circularity, 
and WLT, while an increase in spark gap voltage increases SR and 
circularity. In addition, they emphasized that with the TOPSIS inte
grated Taguchi application approach, the highest MRR (70.32 mm3/ 
min) and circularity (entry: 0.9842, exit: 0.9631) and the lowest surface 

roughness (Ra, 5.3 μm), SCD (0.0102 μm/μm2), WLT (10.25 μm), taper 
(0.49 deg), and ROC (entry: 0.011 mm, exit: 0.162 mm) were obtained 
when optimal operating parameters of 15 A current, 300 μs arc duration, 
and 20 V voltage were used. 

Ahmed et al. [36] examined the effect of the use of different elec
trodes, such as brass (70 % Cu; 30 % Zn), copper (99.9 % Cu), and 
copper tungsten (25 % Cu; 75 % W), in micro-EDM drilling Inconel 718 
alloy, on the MRR, electrode wear rate (EWR) and SR. They reported 
that the highest MRR was reached when brass electrodes were used, 
followed by Cu and CuW electrode types. They reported that the CuW 
electrode exhibited the lowest EWR, followed by brass and copper ones. 
The copper electrode has higher thermal conductivity (W/mK) and 
melting point (◦C) than the brass electrode, but the copper electrode 
wears faster due to the higher heating. They emphasized that CuW is the 
best electrode choice for machining Inconel 718, considering overall 
performance. 

Venkatesan et al. [37] drilled Inconel 625 material with a conven
tional micro-drilling method using different process parameters such as 
tool diameter, spindle speed, and feed rate, analyzed hole diameter, 
circularity, overcut, cylindricity, taper ratio, roundness, MRR charac
teristics of the holes obtained using Analysis of variance (ANOVA), 
Taguchi S/N ratio. As a result of the analysis, they reported that the use 
of high tool diameter reduces circularity error, overcut, taper ratio, hole 
damage factor, roundness, and hole diameter deviations. However, they 
also reported that the hole diameter and other output parameters 
increased when high feed rate and spindle speed parameters were used. 
As a result of the ANOVA analysis results, they recommended using a 
larger tool diameter with the lowest spindle speed and feed rate for 
minimum circularity error, taper ratio, overcut, and hole damage factor. 

Attanasio [38] drilled 500 μm diameter holes in AISI 310H stainless 
steel and Ni-based superalloys, namely Hastelloy C22 and Inconel 625 
materials, which are in the hard-to-cut materials class, using standard 
tungsten carbide micro drills. In this study, the effect of work material 
and hole depth on feed force, torque, and hole quality (diameter and 
chip sizes) was examined, and reported that the micro-drillability of 
hard materials was affected by the ductility of the material rather than 
the hardness. It has also been emphasized that the hardness of the 
workpiece and the hole depth mainly affect the tool’s life. A slight 
reduction in hole diameter occurs due to almost constant tool wear after 
an initial step in which the diameter of the holes is determined. In 
addition, it was also emphasized that the width and height of the chip 
removed from the material surface are affected by tool wear, but the 
material structure only affects the chip width. According to the drilling 
force results, higher torque values were measured for AISI 310H steel, 
while lower values were measured for harder materials (i.e., Hastelloy 
C-22 and Inconel 625). 

Tool wear is a severe problem in the machining process of superal
loys [25]. For example, Liu et al. [39] subjected Inconel 625 superalloy 
material to the turning process with PVD-TiAlN coated carbide tools, 
analyzed the wear morphologies and mechanisms of the tool under 
different parameters, and created a two-dimensional tool wear map. 
They reported that the primary wear morphologies of the cutting tool 
are build-up edge, crater wear, chipping, tipping, and fracturing. In 
contrast, abrasion, adhesion, and oxidation wear are the main wear 
mechanisms. Moreover, they also observed that adhesion wear under 
low-speed cutting yielded a build-up edge wear morphology. 

In contrast, adhesion and oxidation wear under high-speed cutting 
resulted in crater wear. As a result, they concluded that the tool peels, 
tips, and fractures with increasing cutting speed and feed rate. One of 
the significant concerns in machinery manufacturing of Ni-based su
peralloys is machining-induced surface integrity since the surface 
integrity is closely bound up with the service performance of machined 
components [40]. Surface metallurgy refers to the microstructural al
terations occurring in the machined surface layer, including white layer 
formation, plastic deformation, grain refinement, etc. [41]. 

Ni-based superalloys are used in many engineering applications such 
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as aerospace, biomedical, agriculture, marine, transportation, vehicle, 
automotive, railway, defense industry and mining, and they need to be 
drilled during use in these applications [1,42]. Moreover, 
manufacturing industries prefer high-quality products with high surface 
quality, dimensional accuracy, high metal removal rate, and low cost. In 
this direction, Jayakumar [43] studied the optimization of EDM process 
parameters such as current, voltage, pulse on time, and electrode profile 
while applying the Taguchi method to process Inconel 625 alloy with the 
lowest SR and highest MRR parameters in the EDM method. According 
to the analysis results, it was emphasized that the current and pulse on- 
time parameters were very effective on the metal removal rate and 
surface roughness. Therefore, it was recommended to use a flat electrode 
for low surface roughness and a fillet-type electrode for high MRR. 

Rajguru and Vasudevan [44] studied the processing of Inconel 625 
material using TiAlSiN ultra-hard coated solid carbide tool end mill in 
dry cutting conditions (without the use of coolant), aiming to maximize 
surface quality and minimize machining costs. In addition, they pointed 
out that by eliminating the cutting fluid used as a coolant, possible 
chemical damage to machine operators and the environment would be 
eliminated. As a result of their analyzes, in order to obtain an excellent 
SR value between 0.4 and 0.5 μm without using cutting fluid, they 
recommended machining using the following parameters: feed per tooth 
between 0.04 and 0.075 mm/tooth, cutting speed 60 to 80 m/min, 
radial depth of cut 0.2 to 0.7 mm and the radial rake angle in the range of 
9◦–12◦. 

In another study, Rajguru and Vasudevan [45] emphasized that 
Inconel 625 alloy tends to form a hardening layer on the machined 
surfaces during the end milling operation, which may cause a difficult 
situation in post-processing use. Therefore, the microhardness of the 
surface and the substrates up to 200 μm in depth from the surface under 
dry cutting conditions were analyzed. As a result of the analyses, they 
reported that the affected area under the machined surface was 70 μm to 
80 μm, and the machined surface reached a higher microhardness than 
the hardness of the base material due to the strain hardening caused by 
machining. 

Khan et al. [46] investigated the effect of magnetic field on MRR, 
EWR, and Ra when Inconel-625 alloy was processed using Cu electrodes 
with electrical discharge machining (EDM), namely magnetic-field- 
assisted EDM (MFA EDM) process. In the experiments, it was tried to 
create a magnetic field at 0.396 T and 0.665 T densities by using mag
nets. As a result, low surface roughness (Ra), high MRR, and EWR were 
obtained owing to less wearing particles (debris) remaining on the 
machined surfaces by processing in a magnetic field environment. They 
also reported that with SEM analysis, less cracking occurred on the 
surface, and they obtained a better-machined surface. 

In order to investigate the metallurgical characterization of the 
machined surface and subsurface, Imran et al. performed the micro- 
drilling experiments of nickel-base superalloy Inconel 718. These re
sults indicated that an increased cutting speed and feed rate resulted in a 
slight rise in the WLT [47]. 

As seen from the literature summary above, Ni-based superalloys are 
used in many engineering applications such as aerospace, aerospace, 
biomedical, agriculture, marine, transportation, vehicle, automotive, 

railway, defense industry, and mining, where perforated machine parts 
are used [1,42]. Besides, the high heat input and elemental segregation 
in the WAAM process [48] create differences in the mechanical prop
erties of WAAM alloys compared to wrought Ni-based alloys. When we 
look at the literature, the fact that a comparative study of the drillability 
of WAAM and wrought Inconel alloys has yet to be found in the open 
literature has triggered the emergence of this article. For this purpose, 
die-sinking micro-EDM, micro-EDM drilling, orbital and conventional 
drilling methods, and wrought and WAAM materials were compara
tively examined in this study. Moreover, the machining characteristics, 
such as the hole inlet-outlet diameters, dimensional accuracy, kerf an
gles, surface morphologies, SR of the hole, tool marks inside the hole, 
and formation of the white layer, which occur in the samples as a result 
of drilling of Inconel 625 alloys produced by wrought and AM methods 
with die-sinking micro-EDM, micro-EDM drilling, orbital and conven
tional drilling methods, have been studied comprehensively and 
comparatively in this study. 

2. Materials and methods 

2.1. WAAM process 

In this study, Inconel 625 alloy was deposited onto an S304 stainless 
steel substrate with the size of 12 mm thickness, 75 mm width, and 350 
mm length by the WAAM process. In addition, 1.2 mm diameter ER 
NiCrMo 3 (according to AWS A5.14 and AWS A5.18) filler wire was used 
in the deposition process. The chemical composition of the wire used is 
64.86 wt% Ni, 21.15 wt% Cr, 8.67 wt% Mo, 3.54 wt% Nb, 1.15 wt% Fe, 
and other impurities. 

GeKa-Tec WB 500 L machine with a water-cooled torch integrated 
into the 6-axis OTC Daihen D-V8L robot was used in the deposition 
process [17]. The surface of the substrate was cleaned with acetone 
before the deposition to remove unwanted substances such as oil, dirt, 
and rust. In the deposition process, the first layer was deposited in a 
clockwise direction, while the next layer was in a counterclockwise di
rection; in other words, the deposition directions of the successive layers 
were reversed. Since the WAAM process directly affects the temperature 
distribution of wall structures, a dwell time of 120 s was chosen after 
each layer is deposited to allow the component to transfer excess heat. 
The deposition process was carried out under 150 A, 15.8 V, and 500 
mm/s velocities using a shielding gas of 97.5 % Ar + 2.5 % CO2 with a 
flow rate of 15 L/min. Adding 2.5 % CO2 to the shielding gas for the arc 
is to stabilize and deeper penetration. 

2.2. Characterization of Inconel 625 wall structure fabricated by WAAM 

The chemical composition of the WAAM Inconel 625 samples (the 
average of 9 X-ray fluorescence (XRF) analyses conducted at three 
different locations, namely bottom, middle and top section, 3 analyses at 
each location) is given in Table 1. The chemical composition of Wrought 
Inconel 625 is given based on the quality certificate presented by the 
Bircelik (Turkey) company from which this alloy was purchased. 

Microstructural studies of both wrought Inconel 625 alloy and 

Table 1 
Typical chemical composition of the deposited WAAM and wrought Inconel 625.  

Wrought Ni Cr Mo Nb þ Ta Fe Ti Al Si 
min. 58 20–23 8–10 3.15–4.15 max.5.0 max. 0.4 max. 0.4 max. 0.5 
Cu Mn C P S Co – – 
0.01 max. 0.5 max. 0.1 max. 0.015 max. 0.015 max. 1.0 – – 

WAAM Ni Cr Mo Nba Feb Ti Al Si 
65.08 20.48 9.12 4.25 0.54 0.2 0.12 0.06 
Cu Mn C P S – – – 
0.23 0.0 – 0.051 0.073     

a Nb content was higher than the maximum limit (of the standard) in all the analyses conducted, and. 
b Fe content was only higher than the maximum limit in three analyses conducted at the bottom part of the wall structure. 
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Inconel 625 samples produced by the WAAM method were performed 
using a Nikon MA 200 optical microscope. In addition, a Thermo Sci
entific Apreo S scanning electron microscope (SEM) and energy 
dispersion spectroscopy (EDS) were used to investigate the microstruc
ture and chemical composition of Inconel 625 specimens. Microhardness 
measurements with an interval of 0.5 mm were carried out across the 
wall structure fabricated by WAAM along the building direction to 
determine the hardness distribution using the Future-Tech FM-700 
hardness device (the hardness Vickers (HV) method) under a load of 100 
gf and 15 s dwell time. Hardness values are reported based on each 
sample’s average of 20 hardness values. 

In order to determine the crystal structures of wrought and WAAM 
Inconel 625 samples, an X-ray analysis of the samples was performed. 
For XRD studies, the PANalytical brand, Empyrean model XRD device, 
which produces CuKα radiation in the range of 2θ = 20–90◦, at 40 kV 
and 30 mA values, was used (λ = 1.5418 Å). In addition, the crystal grain 
size (D), microstrain (ε), and dislocation density (δ) values of both 

wrought and WAAM samples were calculated. 
The equations given below (Eqs. (1)–(3)) were used to calculate the 

mean crystal grain size, microstrain, and dislocation density values of 
the samples [49–51]. Eq. (1) given below, known as the Debye-Scherrer 
equation, is used to determine grain size [49]. 

D =
0.94 λ
β cosθ

(1) 

In the Debye-Scherrer Eq. (1), λ: X-ray wavelength, β: the value of 
half-width of the corresponding most significant peak (FWHM) in ra
dians, θ: Bragg reflection angle of the corresponding peak [46]. 

Eq. (2) below is used to calculate microstrain [49]. 

ε =
β

4 tanθ
(2) 

Eq. (3) given below was used to calculate the dislocation density 
[50,51]. 

Fig. 1. Manufacturing methods: (a) Die-sinking micro-EDM, (b) Micro-EDM drilling, (c) Orbital drilling, and (d) Conventional drilling.  
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δ =
1

D2 (3) 

Here, D represents the average crystal grain size [51]. 

2.3. Machining methods 

In this study, a total of four different drilling methods, two of which 
were thermal processes, namely die-sinking micro-EDM, and micro- 
EDM drilling methods, and the other two being mechanical processes, 
namely orbital and conventional drilling, were used for machining of 
wrought and WAAM Inconel 625 alloy specimens, which are in the 
“difficult-to-cut” materials group and therefore present difficulties in 
machining. Materials with electrical conductivity can be processed by 
the EDM method [52]. This method removes chips due to high tem
perature, and melting is provided utilizing a series of electric sparks 
between the workpiece and the electrode [53]. The EDM method is 
sometimes suggested as an alternative process to milling [54]. There are 
several common types of EDM in the industry, such as die-sinking micro- 
EDM, wire EDM, and micro-EDM drilling [55]. 

The die-sinking micro-EDM method uses an electrode with a mirror 
appearance of the shape to be formed on the workpiece or the hole to be 
drilled. The erosion process continues until the electrode is fully inserted 
into the workpiece. Then, the electrode form is removed on the work
piece [52]. In this study, copper electrodes supplied in the form of Ø 10 
mm rod (shaft) were turned into rods with Ø 3 mm diameter and 20 mm 
length on the lathe and used as electrodes. As shown in Fig. 1(a), Eralube 
brand dielectric liquid was sprayed by spiral metal hoses to evacuate the 
chips generated between the electrode and the workpiece in the exper
iments. The erosion process was carried out under dielectric liquid using 
a Furkan brand EDM machine with 50 Amp power. Machining param
eters, 25A current, 60 V voltage, 6 μs arc time, and 6 μs dwell time, 
machine-safe operating parameters preferred in industrial applications, 
were used in all drilling operations. These parameters have been 
determined as relative values considering the following articles and the 
safe working conditions of the processing machines. The parameters 
used in previous studies can be summarized as follows. Jayakumar [43] 
used a 6 mm diameter Cu electrode, 15–25 A current, 50–80 V Voltage 
20–40 (μs) Ton parameters to process Inconel 625 alloy by EDM method. 
Baral et al. [56] tried to obtain optimum values by processing Inconel 
625 material in the range of 20–30 A and 10–30 V using copper elec
trodes. They obtained the highest MRR in the experiments with 25 
Amper A and 20 V. They stated that it was the optimum parameter, but 
this could differ according to the electrode diameter, material type, and 
bench calibration settings. Mishra et al. [35] used 15–25 A and 20–28 V 
parameters and a copper electrode with a 15 mm outer diameter and 12 
mm inner diameter to drill Inconel 625 with the electro-discharge 
machining method. 

In the micro-EDM drilling method, a tubular electrode connected to 
the chuck is rotated with the help of servo motors and brought closer to 
the workpiece. As a result, micro-level holes are obtained on the 
workpiece depending on the electrode diameter [52]. While deter
mining the parameters of the study, publications in the literature on the 
drillability of wrought alloys were used. Ahmed et al. used 50–140 A, 50 
V, 20 μs Ton, Toff parameters, and 3 different electrodes (Cu, brass, and 
CuW) for micro-EDM drilling of Inconel 718 alloy [36]. In this study, 
brass electrode tubes with Ø 3 mm outer diameter and Ø 1.5 mm inner 
diameter were used for all drilling processes. The experiments were 
carried out on an Oscarmax SD 400 ZNC PLUS 50 Amp fast-hole drilling 
EDM (electric discharge machining) machine. In order to evacuate the 
chips generated between the electrode and the workpiece, the erosion 
process was carried out under dielectric liquid by spraying dielectric 
liquid (pure water) from inside the electrode and outside the electrode 
with spiral hoses, as shown in Fig. 1(b). Considering the brass electrode 
and machine-safe operating parameters, 7 A current, 29 μs Ton, 3 μs Toff, 
and 3 V voltage values were selected and used as operating parameters. 

In the orbital drilling process, holes are obtained with the drill 
moving in the axial direction. In contrast, holes are obtained in the 
orbital drilling process using end milling cutters that remove chips with 
movement in both circumferential and axial directions [57]. Consid
ering the published study on the orbital drilling of Ni-based superalloys, 
Rajguru and Vasudevan [37] used 60–100 m/min cutting speed, 
0.04–0.12 mm/tooth feed rate parameters for the end milling of Inconel 
625. On the other hand, Venkatesan et al. [44] used 21,000–31,000 rpm, 
6–10 mm/min feed rates to drill Inconel 625 Ni alloy with tools in the 
range of 0.6–0.8 mm. In our study, a higher feed rate and lower spindle 
speed were used to prevent the tool from breaking since more precise 
holes were studied (the tool used was 2 mm in diameter). In this study, 
since WAAM and wrought Inconel 625 workpieces were desired to be 
drilled, a Ø 2 mm diameter carbide end mill with PF02 × 0.6 × 40 × Z2 
dimensions was used as a cutting tool. The workpiece fixed with a 
special clamp to the Makino S33 model CNC machine, which is used as a 
workbench, is precisely drilled, as shown in Fig. 1(c). Based on this, the 
machining parameters were determined as 1000 rpm spindle speed, 150 
mm/min cutting feed, and 0.05 mm step depth. 

In conventional drilling operations, Tandekar et al. [58] studied the 
drillability of Inconel 718 material by conventional drilling using 
800–1200 (rpm) spindle speed, 0.0375–0.0875 (mm/rev) peck depth, 
30–105 feed rate (mm/min) and TiN and TiAlN coated tungsten carbide 
drill bits. In another study, Khanna et al. [59] used spindle speed 1000 
(rpm), peck depth 0.02 (mm/rev), and 6 mm TiAlN coated carbide twist 
drill parameters, examining the cryogenic drillability of Inconel 718 
Superalloy. Considering these studies drilling operations were 
completed in a Makino S33 model CNC machine equipped with preci
sion clamping systems using Ø 3 × 16 × 46 mm carbide drills with a 
118◦ drill point angle, as shown in Fig. 1(d). A spindle speed of 500 rpm, 
a 10 mm/min-cut feed, and a peck depth of 0.3 mm was selected as 
machining parameters. For the evacuation of the abraded particles from 
the environment and the cooling of the workpiece in the experiments, 
hangsterfers S-500 was used as a coolant in orbital and conventional 
drilling processes, whereas eralube (eralube eraoil electron) and 
distilled water were used in die-sinking micro-EDM and micro-EDM 
drilling processes, respectively. In the selection of coolants, oxidation 
resistance, being completely harmless from a physiological point of 
view, being produced from unique hydrocarbon compounds, and thus 
not harming the personnel (operator) and the machine has been the 
reasons for preference. In addition, the selected coolants showed a better 
washing effect in very thin sections due to their low viscosity and easily 
removing the formed erosion particles from the erosion zone. Therefore, 
the working parameters used in all the experiments were primarily 
considered with respect to the literature studies on superalloys. Then the 
machine’s safe working conditions and the results obtained in the pre
liminary trials were determined according to these considerations. 

2.4. Analysis methods of machining quality 

All the test materials prepared after each drilling process were 
cleaned with dielectric fluid from slag residues using high-pressure air 
before kerf analysis. Then, the workpiece’s hole entry and exit di
mensions were determined using a Mitutoyo caliper. For each hole 
diameter, 3 measurements were made, and average values were re
ported. As a result of the measurements made, it was seen that the hole 
inlet diameters were larger than the hole outlet diameters. Thus the kerf 
angle was formed. The equation given in Eq. (4) was used to calculate 
the kerf angle formed [60]. 

Kerf Taper Angle ( T ) = Arctan
(

Hen − Hex

2.t

)

(4) 

In this equation, Hen is the hole entry diameter of the electrode/ 
cutting tool when entering the workpiece, and Hex is the hole exit 
diameter the tool creates when it exits the workpiece. The workpiece 
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Fig. 2. Measurements of the kerf taper angle: (a) hole section view and (b) hole top view.  

Fig. 3. OM views of Inconel 625 specimens: a) wrought and b) additively manufactured.  

Fig. 4. Cross-section SEM views and EDS analysis results of Inconel 625 alloys: a) wrought and b) additively manufactured.  
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thickness t is the same in all experiments and is 5 mm. The kerf angle, T, 
caused by the hole inlet and outlet differences is shown in Fig. 2. 

All test specimens drilled with different methods were cut into two 
halves from their mid-points on the WEDM workbench, and the SR 
values of the inner walls of the holes were measured by Huvitz HDS- 
58003D profiling (Republic of Korea) device at a speed of 0.1 mm/s 
and a length of 4.8 mm, and their 3D appearance was obtained. Ra (μm), 
Rz (μm), and Rmax (μm) values were determined for the roughness 
determination of each of the drilled surfaces. In addition, the final values 
were obtained by taking the average of five different measurement 
values for the SR of each drilled surface. 

The dimensional accuracy of the drilled holes was determined with 
an optical microscope. Then, the inner parts of the drilled holes were 
examined with EDS utilized on an SEM to determine the microstructure 
and chemical composition on the surface. Next, the drilled surfaces were 
examined in detail to determine the presence of cracks, voids, globules, 
craters, and debris. Finally, with the EDS analyses taken from different 
areas of the hole surfaces, the effect of different drilling methods on the 

material and the worn workpiece, electrode, and cutting tool residues on 
the machined surfaces were tried to be determined. 

The drilled holes were cut in two halves with WEDM right in the 
middle, and the cross-sectional surfaces of the holes were polished by 
grinding with 320–2500 SiC sandpapers. In order to determine the white 
layer or cold deformation effects occurring depending on the drilling 
method. The thickness of the formed white layer was measured using 
Image Pro Plus 6 software. 3 different cross-sectional SEM views were 
used, and 5 thickness measurements were taken from each SEM view to 
calculate the average white layer thickness. Moreover, the microhard
ness values of the samples were measured along a line starting from the 
surface down to 100 μm depth on the hole cross-section surfaces with a 
load of 100 gf and 15 s loading time with a Future-TECH brand FM-700 
Vickers microhardness device using a diamond tip. And then, the ob
tained hardness indentations were examined with an optical 
microscope. 

3. Results and discussions 

3.1. Microstructure and XRD analysis findings 

The optical microscope image of the commercially obtained wrought 
Inconel 625 alloy and the Inconel 625 sample fabricated by the WAMM 
process is presented in Fig. 3. The SEM image and EDS analysis results 
are shown in Fig. 4. 

As seen in Fig. 3, wrought Inconel 625 alloy has a homogeneous 
microstructure mainly composed of austenite matrix but also contains 
secondary phases in places (black areas). On the other hand, the 
microstructure of the Inconel 625 sample produced with WAAM is a 
columnar dendritic structure containing distinctive deposition layer 
lines (yellow arrows), and it is a more heterogeneous structure 
compared to that of the wrought alloy. It was reported by Yangfan et al. 
[61] that this heterogeneity in the microstructure of the specimen 
fabricated by the WAAM process may be caused by the cooling rate and 
heat dissipation during layer deposition. However, as seen in the EDS 
analyses shown in Fig. 4, the chemical compositions of the wrought and 
WAAM samples were found to be quite close to each other. This shows 
that the parameters used for the wall structure production process by the 
WAAM process and the wire selection are appropriate. 

Fig. 5 shows the X-ray (XRD) patterns of both wrought and additively 
manufactured Inconel 625 alloys. 

The XRD analyses conducted on the samples (Fig. 5) determined that 
both wrought and WAAM samples had only FCC γ Cr-Ni-Fe structure. 
However, the main dominant peak of the wrought material was the 
(1,1,1) peak at 43.66◦, while in the WAAM sample, the (2,0,0) peak at 

Fig. 5. X-ray diffraction patterns of Inconel 625 alloys: a) wrought and b) additively manufactured.  

Table 2 
Variables obtained from XRD images of wrought and additively manufactured 
Inconel 625 samples.  

Specimen 2θ 
(degrees) 

FWHM-β 
(radians) 

Average 
grain 
size, D 
(nm) 

Microstrain, 
ε 

Dislocation 
density, δ 
(nm− 2) 

Wrought  43.660 0,004886  31.95 3.049 ×
10− 3 

0.979 ×
10− 3 

WAAM  50.652 0,007923  20.23 4.185 ×
10− 3 

2.443 ×
10− 3  

Table 3 
Kerf measurement values.  

Drilling 
method 

Inconel 
625 

Hole entry 
diameter 
(mm) 

Hole exit 
diameter 
(mm) 

Thickness 
(mm) 

Kerf 
(degree) 

Die-Sinking 
Micro-EDM 

WAAM  3.30  3.15  5.00  0.859 
Wrought  3.18  3.08  5.00  0.572 

Micro-EDM 
Drilling 

WAAM  3.48  3.44  5.00  0.229 
Wrought  3.40  3.38  5.00  0.114 

Orbital 
Drilling 

WAAM  3.06  3.04  5.00  0.114 
Wrought  3.04  3.03  5.00  0.057 

Conventional 
Drilling 

WAAM  3.01  2.98  5.00  0.171 
Wrought  3.01  2.99  5.00  0.114  
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50.65◦ was found to be the highest intensity peak. Considering XRD 
results in Fig. 5, it is seen that the peak intensities of WAAM samples and 
wrought Inconel 625 showed differences due to the dominant crystal
lographic orientation of the grains. This situation can be explained as 
follows: Epitaxial growth is dominant in Inconel alloys produced by AM, 
in which {100} grain growth is the preferential orientation for FCC 
structures [62]. Therefore, after grain orientation stabilized in {100} 
direction, epitaxial growth promoted strong {100} crystallographic 
orientation, thus resulting in strong (200) peaks in the XRD pattern of 
WAAM samples. In Wrought samples, on the other hand, (111) 

orientation is more dominant since deformation-induced twin formation 
and subsequent recrystallization occurred [19]. These findings agree 
with the results reported in the open literature [19,62]. Therefore, ac
cording to the results of the microhardness values taken from the sam
ples, it was determined that the hardness of the WAAM sample was 402 
± 20 HV. In contrast, the hardness value of the wrought material was 
435 ± 47 HV. The hardness values of the samples produced with WAAM 
are slightly lower than the hardness of the forged samples may be due to 
the columnar dendritic structure because these structures cause regional 
discontinuities in the microstructure. This can also be understood from 

Fig. 6. Measurements of the kerf taper angle for all the drilling methods used.  

Additively produced Inconel 625 Wrought Inconel 625 
Hole Entry Hole Exit Hole Entry Hole Exit

Die-Sinking 
Micro-EDM

Micro-EDM 
Drilling

Orbital 
Drilling

Conventiona
l Drilling

Fig. 7. Hole entry-exit macro analysis by Nikon SMZ 745 T optical microscope.  
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the fact that the standard deviation in the hardness measurements of 
WAAM samples is higher than that of wrought. 

Information such as average grain size (D), microstrain (ε), and 
dislocation density (δ) values of the samples, which are of great 
importance for machinability, can also be obtained in XRD analysis 
besides obtaining information about the phase structure of the mate
rials. Table 2 was prepared using the XRD graphics presented in Fig. 5 
and the equations in Section 2.2. Table 2 summarizes the variables ob
tained from XRD images of wrought and additively manufactured 
Inconel 625 samples are summarized. 

When Table 2 is examined, it can be seen that the average grain size 
(20.23 nm) of the sample produced with WAAM is smaller than the 
wrought material (i,e, 31.95 nm). However, the microstrain and dislo
cation density values are higher. This situation is thought to be caused 
by the cooling-heating cycles between successive deposition processes in 
the WAAM method, as seen from the optical micrograph in Fig. 3. 

3.2. Cutting parameters and key findings 

The values obtained after the hole inlet and outlet measurements are 
given in Table 3. As seen in Table 3, it was observed that the hole inlet 
diameter values were larger than the hole exit diameters in all hole 
drilling methods. This is due to the wear of the electrode and cutting tool 
used in the drilling processes, as pointed out by [63]. On the other hand, 

it was determined that this difference was higher in samples produced 
with WAAM, resulting in higher kerf angles (Table 3). This results from 
the severer cutting tool wear due to the higher hardness value of the 
WAAM-produced samples compared to the wrought samples. 

Similarly, it has been stated in Ref. [64,65] that tool wear was 
detected on the cutting tips and edges of the cutting tool (lateral face and 
frontal plane) as a result of drilling hard-to-cut materials, such as Ni- 
based superalloys, and the wear of the cutting tool increased with the 
increase in workpiece hardness. In addition, it has been reported that the 
hard second-phase particles in the drilled material increase the material 
strength and hardness. However, they also cause tool wear in methods 
such as milling, orbital and conventional drilling [65]. 

The lowest kerf angle was obtained in orbital drilling due to end mills 
with butt and edge cutting capability. Conventional drilling, micro- 
EDM, and die-sinking methods respectively followed this. The highest 
kerf values were determined due to copper and brass electrode wear in 
the holes drilled with EDM methods based on the thermal hole drilling 
principle. The reason for this situation is the intense sparking between 
the electrode and the workpiece and the discharge (removal) of the 
electrode form in the workpiece by melting and evaporation in EDM 
methods. Therefore, the electrode measurements at the beginning of the 
erosion and the end of the process are not the same. Due to thermal 
effects, the electrode tips wear more, which increases the Kerf formation 
on the workpiece [63]. In the die-sinking method, the kerf angle is at the 

Fig. 8. SEM images of the machined surfaces by the die-sinking micro-EDM method: (a) wrought and (b) additively manufactured. (Note: yellow arrows indicate 
microcracks formation, pink arrows indicate voids formation, and green lines indicate globule formation.) (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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highest value because the processing current and processing time are 
high. In micro-EDM drilling, the tube-shaped electrode is connected to 
the system with the help of the chuck and rotates at about 1000 rpm 
[66]. Since the electrode material connected to the chuck rotates 
continuously, the hole inlet-outlet diameters are high due to the balance. 
However, the electrode wear and naturally the kerf angle are lower than 
the die-sinking method because the processing time is very short as 
shown Fig. 6. 

The macrographs of the hole entrance and exit regions obtained by 
optical microscope (Nikon SMZ 745 T) from the samples drilled with 
four different drilling methods employed are given in Fig. 7. 

Since heating and melting with an arc are used for chip removal in 
die-sinking micro-EDM and micro-EDM drilling methods, molten ma
terial residues were observed at the hole entry and exit edges. Molten 
material residues are shown with white arrows in Fig. 7. On the other 
hand, in orbital drilling and conventional drilling method, cutting chips 
and cutting tool traces were present on the hole-entry and exit edges, as 
the chip is mechanically removed from the workpiece in these methods 
by using the sharp edges of the cutting tool. These cutting tool marks 
(deformations) are shown with black arrows in Fig. 7. When the mac
rographs of the samples produced with WAAM and the wrought mate
rials are compared, it is noteworthy that the hole qualities obtained in 
the wrought material are higher. This can be attributed to the wrought 
material’s lower hardness, making it easier to undergo plastic 

deformation in orbital drilling and conventional drilling methods 
compared to the WAAM specimens. The lower microstructural homo
geneity of the samples produced with WAAM may have caused this 
situation since the drilling process can be conducted without being 
affected by hardness in die-sinking micro-EDM and micro-EDM drilling 
methods. It is seen that the samples produced with the WAAM process 
have higher strain and dislocation density (Table 2). 

In order to examine the hole surface morphologies of the samples 
drilled with different methods, the cut surfaces of the samples were 
investigated in detail by SEM and EDS analyzes (Fig. 8-Fig. 15). 

When the images taken from the hole surfaces of the samples drilled 
by die-sinking micro-EDM and micro-EDM drilling methods were 
examined (Fig. 8 and Fig. 9), crack and void formations were observed 
on the surface in both methods, it was observed that globules formations 
were only detected in the samples drilled by the die-sinking micro-EDM 
method. The fact that globules formations were not observed in the 
micro-EDM drilling method, while the melting and solidifying layer 
(black zone) were formed in a larger area on the surface, is because the 
micro-EDM drilling method causes higher temperature formation in the 
material than the die-sinking micro-EDM method [67]. Because, in the 
micro-EDM drilling method, there is a certain speed of rotation of the 
electrode and at the same time, pure water is sprayed inside and outside 
the electrode. Therefore, the melted material immediately solidifies and 
is evacuated from the environment [67]. High heat, sparks, melting, gas, 

Fig. 9. SEM images of the machined surfaces by the micro-EDM drilling method: (a) wrought and (b) additively manufactured. (Note: yellow arrows indicate 
microcracks formation, pink arrows indicate voids formation, and green lines indicate globules formation). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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smoke and pure water spraying in the method cause the formation of 
blackened areas on the hole edges. 

On the other hand, the formation of globules, craters, and voids on 
the surface directly affects the surface morphology [68]. The gases 
trapped during the solidification of the metal melted at high- 
temperature form ‘globules’. If these globules burst during solidifica
tion, they form voids. These voids and globules formed on the surface 
are larger than craters and debris, and these defects form as a result of 
the solidification of the melted material on the machined surface before 
it is completely removed from the surface. When the SEM surface mi
crographs given in Figs. 8 and 9 were examined, and it was determined 
that cracks, voids, globules, craters, and debris formations were 

observed in both the wrought and WAAM samples, but especially the 
microcracks and voids formations were more intense in the WAAM- 
produced sample. This resulted from the higher strain and dislocation 
density of the samples produced by the WAAM process. Because the 
heating-cooling cycles that occur during the successive deposition of 
layers in the WAAM process are higher than that of wrought alloy, 
causing irregularities during drilling. 

The oxide layer (re-cast layer) on the workpiece and the electrode is 
known to be formed by the conversion of water-based dielectric fluids 
into hydrogen and oxygen as a result of chemical reactions, which are 
used to evacuate the workpiece and electrode material debris that are 
abraded and/or evaporated under high temperatures during drilling 

Fig. 10. Recast layer formation in die-sinking micro-EDM: (a) wrought and (b) additively manufactured alloy.  
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with thermal methods such as EDM (electro discharge machining) [36]. 
In EDM methods, molten debris breaking off the workpiece surface may 
not be evacuated with dielectric liquid from the environment, due to the 
fact that the dielectric liquid cannot reach the cutting area quickly. In 
this case, the eroded particles (debris) re-solidify in the ‘recast layer’ and 
form this region [69]. In the micro-EDM drilling method, it was deter
mined by analytical measurements in Table 3 and Fig. 6 that the hole 
entrance and exit dimensions of the work material are the highest 
compared to other methods. This is due to the sudden cooling of the 
debris braking off the melted workpiece surface by the coolant and 
solidifing by adhering to the inner wall of the hole (Figs. 10 and 11). As 
can be seen in Figs. 10 and 11, a recast layer of 35 and 50 μm thick was 
formed in the hole sections of the wrought and WAAM samples drilled 
by micro-EDM drilling method, respectively, while the recast layer was 
measured as 20 and 25 μm, respectively, for the wrought and WAAM 

samples drilled by die-sinking micro-EDM method. The fact that the 
black region that melted and solidified in the micro-EDM drilling 
method was formed in a larger area, was also supported by the EDS 
analyzes. Due to the higher dislocation density of the samples produced 
with WAAM (Table 2), a higher rate of cracks detected on their surfaces 
(Figs. 8 and 9) were also seen in the cross-sectional views, and it was 
determined that the vertical cracks in the WAAM samples continued 
throughout the white layer. (Figs. 10b and 11b). This is related to the 
higher dislocation densities of WAAM samples detected from XRD an
alyzes as mentioned before (Table 2). 

In Figs. 12 and 13, SEM images and EDS analyses taken from the 
surface of the holes drilled with orbital drilling and conventional drilling 
methods are presented, while SEM micrographs and EDS analyses of the 
cross-sections of these holes are presented in Figs. 14 and 15. 

As seen in Figs. 12 and 13, the surfaces of the holes drilled with 

Fig. 11. Recast layer formation in micro-EDM drilling: (a) wrought and (b) additively manufactured alloy.  
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orbital drilling and conventional drilling methods are much cleaner and 
clearer than those obtained in die-sinking micro-EDM and micro-EDM 
drilling methods (Figs. 8 and 9). A melted and solidified structure 
(black region) was not observed in Figs. 12 and 13, and the surface had a 
smoother appearance. In addition, abrasive wear lines and wear debris 
were observed along the surface. This difference in the surface is a result 
of the fact that the orbital drilling and conventional drilling methods are 
based on the mechanical removal of chips from the workpiece through 
the sharp edges of the cutting tools, and therefore, the melted and so
lidified zone called the re-cast layer is not formed in these methods. For 
this reason, no recast layer was observed in the SEM images (Figs. 14 and 
15) taken from the cross-sectional view of the samples. In these methods, 
chips are removed by mechanical force generated by linear and circular 
motion of the tool on the material, generally by creating plastic defor
mation and shear stresses in the material [53]. Therefore, the surfaces 
are shiny and smooth as shown in Figs. 12 and 13. There are helical 
grooves on the drill and milling cutter to remove the chips from the 
workpiece during drilling. If the chips coming out of these channels rub 
against the inner surface of the hole, they will scratch the surface, and 
tool marks will form as shown in Figs. 12 and 13. 

When the wrought and WAAM samples are compared, it is clearly 
seen from Fig. 12 that these scratches are deeper on the surface of the 
wrought samples. This is related to the higher hardness values of the 
samples fabricated by WAAM. Because the harder the material, the 
higher the plastic deformation resistance to the abrasive that tries to 
scratch (worn) it [70,71]. Another proof that a recast layer does not form 
in orbital drilling and conventional drilling methods is that the oxygen 
values in the EDS analyses on these samples were determined as “0” in 
areas other than polluted spots (Pt2 in Fig. 14a and Pt2 in Fig. 15b). 
When orbital drilling and conventional drilling are compared, it has 
been observed that the abrasive wear marks on the wrought material are 
deeper as a result of the application of more force during the conven
tional drilling method compared to the orbital drilling process. On the 
other hand, although the surface was smoother in the conventional 
drilling method in the WAAM sample, it was observed that fractures 
occurred in some areas. This is thought to be due to the lower fracture 
toughness of the WAAM specimen due to its higher hardness and higher 
dislocation density [72]. 

The SR values (Ra, Rz, Rmax) measured from the hole surfaces of the 
samples drilled with four different methods are summarized in Fig. 16. 

Fig. 12. SEM image of the machined surface by the orbital drilling method: (a) wrought and (b) additively manufactured alloy.  
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The arithmetic mean deviation, Ra, of the profile evaluated here, the 
mean of the profile’s greatest height values, Rz, and the maximum 
roughness depth, Rmax, are given as the SR parameters defined in ASME 
B46.1-2002 [73]. 

As shown in Fig. 16, since the die-sinking micro-EDM and micro- 
EDM drilling methods are thermal methods, the surfaces have higher 
SR, as also seen in the SEM views (Figs. 12 and 13) due to melting and re- 
solidification of the material during the drilling process. Since orbital 
drilling and conventional drilling methods are mechanical, the surfaces 
obtained in these processes are smoother than die-sinking micro-EDM 
and micro-EDM drilling methods. The increase in SR values in thermal 
machining processes is a result of the fact that the chips removed by 
melting from the surface adhere to the surface again, forming a rough 
machined surface in these processes [74–76]. When the samples 
wrought and WAAM samples are compared, die-sinking micro-EDM and 
micro-EDM drilling methods caused higher Ra values in the WAAM- 
fabricated sample due to the high hardness and high dislocation den
sity of this sample. In contrast, orbital drilling and conventional drilling 
methods, based on mechanical chip removal, resulted in lower SR of the 
WAAM sample compared to the wrought material. When all drilling 
methods used in this study were compared, the SR of the holes obtained 
with orbital and conventional drilling methods varied depending on the 
evacuation of removed chips. In these methods, the removed chip 

particles are evacuated from the helixes on the end mill and the drill, 
which serve for chip evacuation, respectively. Generally, the SR value 
generated in conventional drilling was lower than in orbital drilling, 
since the drill cutting form and helix angle improve chip evacuation, as 
shown in Fig. 16. Ra values obtained in die-sinking micro-EDM and 
micro-EDM drilling methods varied depending on the evacuation of the 
molten debris. However, in general, Ra roughness values were higher in 
die-sinking method than micro-EDM drilling method. Similarly, the 
average maximum roughness depth Rmax values were higher in the 
micro-EDM drilling method than in the die-sinking method, since 
sparking, that is, local breaking off from the surface of the workpiece, is 
more in the micro-EDM drilling method. By obtaining the SR within the 
range of appropriate values, the fatigue-fracture strengths and corrosion 
resistance of the material increase as well as an aesthetically good 
appearance on the surface can be achieved [77]. 

The measurement locations and values of microhardness tests across 
the cross-sections of all test specimens drilled by thermal and mechan
ical drilling methods are shown in Figs. 17 and 18. 

As discussed earlier, the formation of a recast layer on the surface of 
the samples drilled with die-sinking micro-EDM and micro-EDM drilling 
methods was shown in detail in SEM and EDS analyses. In thermal 
methods, the recast layer has higher hardness values than the substrate 
material due to rapid cooling due to direct contact of the molten 

Fig. 13. SEM image of the machined surface by the conventional drilling process: (a) wrought and (b) additively manufactured alloy.  

F. Ceritbinmez et al.                                                                                                                                                                                                                            



Journal of Manufacturing Processes 89 (2023) 150–169

164

material with the water during drilling. For example, in the die-sinking 
micro-EDM method, the hardness value of the recast layer was deter
mined as 570 HV and 552 HV for wrought and WAAMs. In comparison, 
these values were determined as 628 HV and 635, respectively, for 
micro-EDM drilling. This results from instantaneous sparking and heat 
input and then the rapid cooling that occurs in thermal methods as a 
result of spraying pure pressurized water from inside the electrode tube 
and outside the electrode with spiral hoses. 

On the other hand, in mechanical drilling methods, drilling is applied 
with the effect of mechanical cutting forces without causing any melting 
in the sample. Therefore, no recast layer was formed in the samples 
drilled with these methods. However, as seen in the cross-sectional 
surface hardness indentations of the drilled region, it was observed 
that the hardness values reached approximately twice the hardness 
values of the substrate material due to the strain hardening effect of the 
mechanical cutting forces in the regions 5–15 μm away from the surface. 
Rajguru and Vasudevan [45] suggested that Inconel 625 alloy has a high 
tendency to hard layer formation on machined surfaces during the end 
milling operation. In this context, it has also been reported that the re
gion affected by machining, where the hardness increases, is in the range 
of 70 μm to 80 μm from the surface, and the machined surface exhibits a 

higher hardness than the base material due to the strain hardening 
caused by machining. 

It can be summarized that in the cross sections of the holes obtained 
in both wrought and WAAMs with four different drilling methods, the 
microhardness value changes in the region, which is approximately 
5–35 μm in depth from the surface. In other words, it has been deter
mined that the hardness of the machined surface reaches a higher value 
than the base material due to thermal effects and/or strain hardening as 
it approaches the machining surface. Drilling with thermal methods 
caused a lower increase in hardness values than with mechanical drilling 
methods. This situation can be attributed to the fact that the recast layer 
is brittle because it is an oxide layer. 

4. Conclusions 

In this study, the orbital and conventional drilling methods, which 
are widely used in the production of precision holes in mass production, 
and die-sinking micro-EDM and micro-EDM drilling methods, which are 
used for drilling parts where hard cutting tools such as drills and milling 
have difficulty in drilling, were investigated to perforate the wrought 
and WAAMed Inconel 625 samples. The effect on the drillability of the 

Fig. 14. Recast layer formation in the orbital drilling process: (a) wrought and (b) additively manufactured specimen.  
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parts is presented as a comparative study. The obtained results are 
briefly summarized as follows: 

1- The mechanical (hardness, residual stress) and characteristic prop
erties (grain size, XRD orientation) of Inconel 625 alloys produced by 
forging and WAAM have a great influence on the dimensional ac
curacy, surface roughness, microhardness, and surface integrity of 
the holes obtained by thermal drilling and conventional drilling 
methods.  

2- It has been determined that the hole entrance diameters obtained in 
the workpieces are larger than the hole exit diameters due to the 
wear of the electrode and cutting tool used in all drilling methods.  

3- The difference between hole inlet and outlet diameters was greater in 
the WAAM Inconel 625 alloy than the wrought one due to the less 
homogeneity (microstructure and hardness), high residual stress, 
and high dislocation density. This caused the hole kerf angle ob
tained in WAAM specimens to be larger than that of the wrought 
alloy.  

4- Kerf results showed that the samples produced by WAAM caused 
more wear on the cutting tool than the wrought Inconel samples due 
to their higher hardness value.  

5- While the re-cast layer (white layer) is detected on the inner walls of 
the holes drilled with die-sinking micro-EDM and micro-EDM dril
ling methods, which are drilling methods based on the thermal 
principle; no white layer was observed in the methods which are 
based on mechanical chip removal, namely orbital and conventional 
drilling. In die-sinking micro-EDM, the white layer was 25 μm and 
20 μm thick in WAAM and wrought samples, respectively, while 
these values increased to 50 μm and 35 μm in micro-EDM drilling, 
respectively.  

6- Since wrought Inconel alloy with lower hardness can be drilled more 
easily in thermal processes, molten residues (debris) that break off 
during drilling are less adhered to the surface. This resulted in a 
lower amount of re-cast layer (white layer) on the surfaces of the 
processed wrought alloy compared to WAAM.  

7- According to the results of all experiments, the best surface condition 
in terms of SR was obtained in the order of conventional, orbital, die- 
sinking, and micro-EDM drilling methods.  

8- In mechanical machining, WAAM samples show higher surface 
quality due to their high hardness, while in thermal processing 
methods, the surface quality of the wrought material is better due to 
its more homogeneous structure (less residual stress and dislocation 

Fig. 15. Recast layer formation in the conventional drilling method: (a) wrought and (b) additively manufactured sample.  
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density). 
It was determined that the microhardness value increased from the 

surface to a depth of 25 μm in the regions processed by thermal and 
mechanical drilling methods. However, the increase in hardness 
values obtained in mechanical methods is higher than in thermal 

methods. This is due to the fact that strain hardening occurs on the 
surface in mechanical processing, whereas the recast layer formed by 
thermal methods is more fragile because it is oxide-based and formed 
as a result of a rapid heating-cooling cycle. 

The results showed that orbital and conventional drilling methods 

Fig. 16. Comparison of SR values of both wrought and WAAM-produced Inconel 625 alloy specimens drilled by die-sinking micro-EDM, micro-EDM drilling, orbital, 
and conventional drilling methods. 

Fig. 17. Microhardness indentations across the cross-sectional surfaces of the samples drilled by thermal drilling methods from the surface to inner sections: a) Die- 
sinking micro-EDM of wrought specimen, b) Die-sinking micro-EDM of WAAM sample, c) micro-EDM drilling of wrought sğecimen, and d) micro-EDM drilling of 
WAAM sample. 
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will be more advantageous than die-sinking micro-EDM and micro- 
EDM drilling methods in areas where dimensional accuracy is very 
important such as in the aerospace industry. Because in the holes 
obtained by using end mill and drill bit, the inlet and outlet di
mensions are closer to the desired hole diameter and kerf formation 
is almost non-existent. On the other hand, die-sinking micro-EDM 
and micro-EDM drilling methods can be used to remove tools such as 
reamer, drill, bolt, which are difficult to remove due to the fact that 
they are often broken in the workpiece for repair purposes in the 
industry since they give results close to orbital and conventional 
drilling methods. 

Nomenclature and abbreviations 

ANOVA analysis of variance 
AM additive manufacturing 
ASTM The American Society for Testing and Materials 
CAD computer aided design 
CNC Computerized Numerical Control 
D crystal grain size (nm) 
EDM electrical discharge machining 
EDS energy dispersive spectroscopy 
EWR electrode wear rate 
Feed rate (mm/min) 
MAM metal additive manufacturing 
MFA EDM magnetic-field-assisted electrical discharge machining 
MRR material removal rate (mm3/min) 
P density (g/cm3) 
Peck depth mm/rev 
ROC radial overcut 
rpm revolutions per minute 
SCD surface crack density 

SEM scanning electron microscope 
Spindle speed rpm 
SR surface roughness 
XRD X-ray diffraction 
XRF X-ray fluorescence 
WAAM wire arc additive manufacturing 
WEDM wire electrical discharge machining 
WLT white layer thickness 
ε microstrain 
δ dislocation density (nm− 2) 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors thank Mr. Batuhan Turgut and the R&D Center of the 
Gedik Welding, Istanbul-Türkiye, for their technical support while 
manufacturing the WAAM component. They are also grateful to the 
personnel of the Molding Department of Haier Europe, Candy-Hoover, 
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