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Abstract

Previous research had validated the machinability of the new machining method of electrical discharge assisted milling
(EDAM). However, the EDAM tool has shortcomings, such as its inability to compensate for the electrodes and small
discharge area, which restricted further popularization and applications of the method. So, this research introduced a high
frequency EDAM (HF-EDAM), based on a novel tool with flexible electrodes. Notably, the material removal mechanism
of HF-EDAM under different machining parameters was deeply explored in this study. In particular, the discharge signal,
electrode and workpiece surface topographies, cutting force, tool wear, and machined-surface integrity of HF-EDAM were
analyzed to find the machining mechanism of HF-EDAM under different machining parameters. At the same time, a two-
dimensional cutting force model of HF-EDAM was also established, and a series of experiments showed that the model had
good prediction accuracy for cutting forces. Furthermore, the experiments also showed that the HF-EDAM greatly reduced
the cutting force and tool wear, and improved the machined-surface integrity as compared to those under CM, respectively.
In essence, the excellent machinability of HF-EDAM was verified by experiments and modeling. Hence, HF-EDAM is an
effective method for high-quality and efficient machining of titanium alloys, which are difficult to machine.
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1 Introduction

Titanium alloys are attractive materials because of their cor-
rosion resistance, high specific strength, low density, and
good mechanical properties, and widely used in high-end
fields, such as aerospace, chemical energy, and medical
devices [1, 2]. However, a titanium alloy has a low heat
transfer coefficient, high chemical activity, and large fric-
tional coefficient, which easily produce temperature gra-
dients within the alloy during its conventional machining.
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Consequently, the temperature gradients result in low
machining-efficiency and poor machined-surface-integrity.
In addition, titanium alloys are typically difficult-to-machine
materials [3]. In this context, various hybrid machining
methods have emerged to improve the machinability of tita-
nium alloys during the machining.

Generally, hybrid machining can improve the machining
efficiency, tool life, and machined-surface integrity as com-
pared to those under any conventional machining, respec-
tively [4, 5]. Relatedly, Niu et al. [6] investigated a longi-
tudinal torsional ultrasonic vibration milling of titanium
alloys (Ti6Al4V) and conducted orthogonal experiments to
evaluate the effect of machining parameters on the machined
material. Studies have also shown that ultrasonic-vibration
assisted milling is an effective way to machine titanium
alloys. In particular, the machining efficiency and machined-
surface quality of the milling have improved with ultrasonic
vibration assistance to a certain extent as compared to those
under CM, respectively, especially to result in machined-
surface compressive stresses.
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Yadav and Yadava [7] proposed an electrical discharge
drilling (EDD) to machine aerospace titanium alloys and
used new hybrid modeling to determine the material sur-
face removal rate (MRR), average machined-surface rough-
ness (Ra), average drilled-hole-roundness (Ca), and other
parameters of the EDD for the machining optimization. In
particular, the MRR, Ra, and Ca of the EDD had increased
by 30.80%, 24.81%, and 26.09% as compared to those under
conventional EDM, respectively. Likewise, Ayed et al. [8]
investigated laser-assisted machining (LAM) of Ti6Al4V
and compared the experiments and simulations on the
machining. This investigation showed that the LAM could
effectively reduce the cutting force and significantly improve
the productivity by optimizing the cutting conditions, com-
pared to those under any conventional machining, respec-
tively. However, ultrasonic-vibration assisted machining has
disadvantages, such as simultaneous high machined-surface-
roughness and poor machining-accuracy.

Meanwhile, EDM hybrid machining has significantly
improved the machining efficiency and accuracy of difficult-
to-machine materials, compared to those under conventional
machining [9—11]. For example, EDM hybrid machining is
widely used to machine titanium alloys because of its high
machining-efficiency, indirect contact between the electrode
and the workpiece, and longer tool life, and has more advan-
tages as compared to laser-assisted machining [12]. Relat-
edly, Kurniawan et al. [13] proposed an ultrasonic-assisted
dry discharge machining (USEDAM) in a gaseous medium.
Their machining showed that the ultrasonic vibration by
USEDAM resulted in a higher burr-removal rate (BRR) of
the machining than that of dry EDM. Likewise, Li et al.
[14] proposed hybrid machining (EDM and end milling) as
effective machining for difficult-to-machine materials. In
particular, the machined-surface quality had improved in
the hybrid, EDM and end milling as compared to that in CM.

Lietal. [15, 16] proposed an electrical discharge assisted
milling (EDAM). Further, Xu et al. [17] systematically stud-
ied the machined-surface integrity in EDAM of titanium
alloys, under multi-parameters, including the machined-
surface morphology, roughness, residual stress, and micro-
hardness. Their study showed that the machined-surface
integrity in the EDAM had improved effectively compared
to that under CM. However, EDAM tools based on ordinary
electrodes have some disadvantages, such as their inability
to match the electrode surfaces in real-time according to
the changes in the machining parameters and compensate
the electrodes in real-time according to the electrode con-
sumption. Additionally, the small electrode-area and low
discharge ratio of the EDAM tool also inhibit the promo-
tion of EDAM.

A new, HF-EDAM, based on a novel tool with flexible
electrodes, is presented in this article. Notably, the unique
properties, flexibility and mesh structure, of the flexible

electrodes had been used in designing a special, new EDAM
tool for HF-EDAM. Furthermore, the machining mechanism
of the flexible electrodes in HF-EDAM is discussed in depth
in this article. Subsequently, a comparison of HF-EDAM
with CM and HF-EDAM with non-flexible electrodes
was made in terms of the discharge signal, electrode and
workpiece surface topographies, cutting force, tool wear,
and machined-surface integrity, under different machining
parameters.

Meanwhile, the machining characteristics of the complex
discharge process and the short reaction time in HF-EDAM
make it difficult to understand the machining mechanism of
HF-EDAM through experiments. Therefore, a cutting force
model of HF-EDAM was also developed. The subsequent
model predictions showed that simultaneously the discharge
process was more stable, the discharge time was longer, the
cutting force was effectively reduced, and the machined-sur-
face integrity was improved in HF-EDAM as compared to
those under the other two machining methods, respectively.
Furthermore, the experimental results of this study on the
HF-EDAM and the other two machining methods were con-
sistent with the corresponding model predictions. Hence,
this study provides new hybrid machining (HF-EDAM) for
titanium alloys, and has improved the promotion and appli-
cation of HF-EDAM.

2 Experimental Details

2.1 The Principle of HF-EDAM

Figure 1 shows the discharge process and structure of a flex-
ible electrode EDM. In particular, Fig. 1a shows a schematic
EDM using the flexible electrode. Relatedly, the flexible
electrode and the workpiece are connected to the negative
and positive poles of the power supply, respectively. Also,
the flexible electrode and workpiece are separated by a die-
lectric to form a discharge gap and apply a voltage between
them. As the voltage between the flexible electrode and
workpiece increases, the electric field strength between
them increases, causing the dielectric to break down and
arcing between the flexible electrode and workpiece. The
workpiece is then melted by the high temperature of the
discharge to form small fragments of the workpiece, which
are removed subsequently. Finally, the machined-material
surface has a heat-affected layer and a recast layer.
HF-EDAM tool is a new, specially manufactured tool
with a flexible electrode, for the first time. Notably, the flex-
ible electrode improved the discharge frequency and machin-
ing performance in HF-EDAM significantly compared to
those in any conventional machining or the HF-EDAM with
non-flexible electrodes, respectively. Also, Fig. 1b, ¢ show
that the flexibility of the copper foam flexible electrode helps
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Fig. 1 Flexible electrode EDM discharge process and structure: a Schematic, flexible electrode EDM discharge process, b the copper foam flex-
ible electrode structure, and ¢ a photo of the copper foam flexible electrode

create a perfect discharge condition by adjusting the shape of
the electrode surface. In addition, the unique mesh structure
of the copper foam flexible electrode allows the dielectric to
be integrated into the electrode during the machining pro-
cess, improving the EDM efficiency greatly.

The new tool for HF-EDAM was fabricated, and the
specific parameters and part details of the tool are given in
Fig. 2. In particular, electric conduction between the insert
holder and tool body was prevented using a plastic insula-
tor separating them, increasing the service life of the insert
significantly. In addition, the axial depth of the flexible elec-
trodes can be adjusted using elastic gaskets.

Meanwhile, the flexible electrode of this study was
fabricated with the copper foam made by Suzhou Jashide
Metal Foam Co., and the insert was tungsten carbide fab-
ricated by Taegu Tec Ltd. (SPMX050204SM). During the
experiments, the porosity and pore size of copper foam
were chosen to be moderate (copper foam with a porosity

Flexible
electrode

Insert

Insulator

Fig.2 The HF-EDAM tool

Electrode

of 95.7% and aperture is 100 ppi) in order to maintain
the flexibility and porosity of the electrode, while taking
into account the stiffness and service life of the electrode.
Mathematically, the electrode surface geometry can be
expressed as:

: _ J rsin(wt) + xp,t 1
electrode — rcos(wt) + yfeett W

where r, t, and w are the cutting radius, time, and angular
speed of the tool rotation, respectively.

Also, the electrodes do not touch the workpiece during
the EDM in HF-EDAM because a discharge gap between
the electrodes and workpiece is required to generate sparks
for the EDM. Therefore, the outer diameter of the elec-
trode (D)) is kept smaller than that of the milling insert
(D,) to generating the discharge gap. So, the relationship

between the discharge gap (L,,,), D, and D, is:

Insert Yy
holder

holder
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N —

Generally, the discharge gap in the EDM is determined
by various factors, including the discharge energy, electrode
and workpiece materials, and the type of dielectric of the
EDM. In addition, the discharge time can be adjusted by
adjusting the flexible electrode surface area. Meanwhile, the
new HF-EDAM tool was designed to avoid the interaction
between milling and EDM during machining. Likewise, the
discharge time and energy can be adjusted conveniently and
accurately with this tool. Additionally, this design eliminates
the galvanic loss of the cutting edge caused by the discharge
energy.

Figure 3 shows a schematic HF-EDAM process. In par-
ticular, Fig. 3a shows the EDM in the HF-EDAM process.
Relatedly, the flexible electrode forms a stable discharge gap
with the workpiece surface, and the workpiece is softened
by the EDM and converted into a free-cutting layer (recast

Flexible

and heat-affected layers). Also, Fig. 3b shows the milling in
the HF-EDAM process. In particular, the free-cutting layer
and a small amount of workpiece matrix are removed by
the milling. Further, Fig. 3¢ shows that the cutting depth of
each tooth is closely related to the workpiece-surface crater
depth after the discharge. Also, the EDM assistance in an
EDAM can effectively reduce the cutting force and extend
the tool life [15].

The following equations give the relationship between

the spindle speed (N), and the activation time (7., ) and
discharge time (7;4,4,.)> TESPeCtively.
ax60
tchange = 27XN (3)
_ px60
tdischarge T 2axN (4)

where o is the angle between the carbide insert and the dis-
charge electrode, and f is the angle between the electrodes.
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Fig.3 Schematic HF-EDAM process: a the EDM in the process, b the milling in the process, and ¢ the cutting depth definition
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Therefore, the adjustment of the discharge time is insepa-
rable from the electrode size. Further, the EDM time in the
HF-EDAM process is fully improved, and the problems of
tool chip removal are accounted for in the process by choos-
ing an electrode ratio of about 75% for the HF-EDAM tool.
In addition, the electrode ratio of the HF-EDAM is increased
by about five times compared to that of the ordinary-elec-
trode based EDAM tool previously designed by Li et al. [15].

Figure 4 shows the photographs of a half discharge cycle
of the HF-EDAM process taken by a high-speed camera.
Notably, the photographs were captured with a frame rate
of 10° frames/s. In particular, Fig. 4 (1)—(9) shows the EDM
and milling in the process, respectively. The photographs of
the EDM in the process show that when a stable discharge
gap is formed between the flexible electrode and the work-
piece, the dielectric is broken down, and then the spark is
generated continuously. Subsequently, the insert contacts the
workpiece and cuts the denatured layer, as seen in the pho-
tographs of the milling in the process. So, the photographs

Fl%lc
clectrgdc
-

t=4.73 ms

t=5.52 ms

of the EDM in the process show that the discharge of the
flexible electrode is stable without any short-circuits.

The HF-EDAM tool is divided into three parts: tool
body, plastic insulator, and insert holder. Plastic insulators
are used to isolate the tool handle from the tool holder to
prevent electric conduction between them. Meanwhile, the
photographs of the milling in the HF-EDAM process show
that the HF-EDAM tool protects the insert well due to the
unique design insert of the tool that does not discharge dur-
ing the machining. Further, the discharge time and efficiency
significantly improved when the HF-EDAM tool was used
for discharge in the machining as compared to those of the
previous research [15].

Figure 5 compares the (previous) ordinary copper and
copper foam flexible electrodes of HF-EDAM. In particular,
Fig. 5 (al), (a2), (bl), and (b2) show that when the dielec-
tric is in contact with the ordinary copper electrode surface,
the dielectric forms small water droplets on the electrode
surface. On the other hand, when the dielectric is in contact

Fig.4 Photographs of a half discharge cycle of the HF-EDAM process, taken by a high-speed camera
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Fig.5 Comparison of the ordinary copper and copper foam flex-
ible electrodes of HF-EDAM.: al and a2 show the schematic of the
dielectric in contact with ordinary copper and copper foam flexible
cathodes; b1 and b2 show the microscopic diagram of the contact
between the dielectric, and the ordinary copper and copper foam flex-

with the copper foam flexible electrode surface, the water
droplets penetrate into the mesh structure of the electrode (as
shown in Fig. 5 (b2)). Also, Fig. 5 (c1) and (c2) show that
when the ordinary copper electrode is used in HF-EDAM to
discharge, and if the electrode is in contact with the work-
piece surface, a short circuit occurs. But, the dielectric pen-
etrating into the mesh structure of the copper foam flexible
electrode used in HF-EDAM for discharge makes sure the
electrode contact with the workpiece surface does not affect
the normal discharge (as shown in Fig. 5 (c2)).

Meanwhile, the softness of the copper foam flexible elec-
trode allows the adjustment of the electrode surface curva-
ture by adjusting the HF-EDAM tool, even if the electrode
collides with the workpiece surface. Also, Fig. 5 (d1) and
(d2) show that the discharge stability and time of the copper

@ Springer KE ;]E

ible electrodes; ¢l and ¢2 show the schematic EDM with ordinary
copper and copper foam flexible electrodes; and d1 and d2 show the
discharge signal of ordinary copper and copper foam flexible elec-
trodes, respectively

foam flexible electrode were better than those of the ordinary
copper electrode, respectively. Finally, since a flexible elec-
trode can be reused by adjusting the electrode surface cur-
vature, the service life of the electrode is also much longer
than that of ordinary electrodes.

Figure 6 shows the trajectory of the tool tip of the insert
and the electrode, and the machined-material surface for-
mation in HF-EDAM. In particular, Fig. 6a shows that the
displacements of the abscissa and ordinate of the tool tip of
the insert, x1 and y1, respectively, are:

xl=vxt+rl xsin(oXt+®)), 5)

yl =rlxcos(oxt+®), ©)
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Fig.6 a The trajectory of the tool tip of the insert in HF-EDAM, and b the machined-material surface formation in HF-EDAM

where Vs r1, and @, are the feed rate, insert radius of the HF-
EDAM tool, and the angle between the line connecting the
tool center point and the tool tip and the Y axis, respectively.

Similarly, the displacements of the abscissa and ordinate
of the flexible electrode, x2 and y2, respectively, are:

X2 =v xt+r2Xsin(oXt+d,), 7)

y2 =12Xcos(w Xt + D), @®)

where r2 and @, are the electrode radius of the HF-EDAM
tool and the angle between the line connecting the tool
center point and the electrode tip and the X axis, respec-
tively. However, the following values were used for the dif-
ferent parameters to plot the trajectory given in Fig. 6 (a).
The range of time was [—2mx, 2x], and the insert radius of
the HF-EDAM tool was 15 mm. Since there is normally
a discharge gap between the electrode and the workpiece
(the discharge gap was 100 pm in this study), the electrode
radius of the HF-EDAM tool was 14.9 mm. And the angular
speed of the tool rotation was 3000 rpm. Also, the inter-tooth
angles, @, and ®@,, were 0 and 47°, respectively. Finally, the
feed rate was 10 mm/min.

Figure 6 (b) shows in detail the process of machined-
material surface formation in HF-EDAM. Notably, the
copper foam flexible electrodes are not in contact with the
machined-material surface, and there is a certain discharge
gap. In essence, the feasibility of the machining mechanism
of HF-EDAM is further verified by the trajectory of the tool
tip of the insert in HF-EDAM.

2.2 Cutting Force Modeling of HF-EDAM

The complex discharge process of the EDM and the
extremely short reaction time in HF-EDAM make it hard

to find the machining mechanism of HF-EDAM under the
combined action of EDM and milling by experimental
methods. Therefore, this research developed, the machining
mechanism of HF-EDAM by using the cutting force model
of HF-EDAM. In particular, the cutting force modeling
involved the following steps. First, the surface heat source of
the EDM was simplified, the multi-pulse point heat-source
was simplified into a uniform surface-heat-source, and the
longitudinal temperature distribution curve of the workpiece
material was established. Second, the cutting force coeffi-
cients affected by temperature (shear and ploughing force
coefficients) were solved based on the JC constitutive model
and by considering the temperatures caused by the EDM and
plastic deformation of the workpiece, and the cutting force
model of HF-EDAM was finally established.

2.2.1 Temperature in EDM

This research assumed that the heat generated in EDM was
by the uniform heat flux in the plasma channel, as shown
in Fig. 7. Notably, Fig. 7 shows that the uniform heat flux
produces a microcrater on the machined-material surface.
Temperature can affect the strength of materials, espe-
cially during EDM. Relatedly, the relationship between
Vickers hardness of a material and temperature is a linear
function (see Fig. 8). Therefore, Vickers hardness, H, ;.

can be described in terms of temperature, 7, by the follow-
ing equation [18]:

H

vickers

= —0.3855(T) + 350.56[HV]. )

Meanwhile, the uniform heat flux in the plasma channel
can be used to find the analytical solution for the micro-
crater temperature distribution given by the following equa-
tion [20].

@ Springer KE ;]E



388 International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:381-408

Plasma Channel
E 90 I E Convection
r
EDM
Crater
Rp
Melting
Channel
VA

Fig. 7 Illustration of the heat generation in EDM by the uniform heat
flux in the plasma channel
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Fig.8 Ti6Al4V Vickers hardness depending on temperature. The
hardness value is a close approximation from the literature [19]

V2 +Ry
— ierf] —————

T(z) =

2qJap - 1y

zqo \/ ap - tdis ‘erf v
1

Ay 2q/ap - 1y

(10)

where z is the microcrater depth,g,, is the uniform heat flux
density rate, @, is the thermal diffusivity of the workpiece
material, 7, is the discharge time of a single plasma spark,
A, 1s the thermal conductivity of the workpiece material,

ierf(z) is the integral complementary error function, which
can be represented by the McLaughlin series:

. 1 1 7
ierf(z) = ﬁ(zz + ﬂnf + %ﬂzzs + ) an

and R}, is the maximum radius of the microcrater (as shown
in Fig. 7). Further, the thermal diffusivity of the workpiece
material can be defined as:

@ Springer KE;E

A

p-C,

(XD=

12)

where C,, and p are the specific heat capacity and density of
the workpiece material, respectively. Table 1 lists the ther-
mal properties of Ti6AI4V.

Also, the RC and transistor combined circuit in the EDM
in HF-EDAM has the discharge energy (E)) expressed in
the following form [20]:

1
Ep=5CpVp’, (13)

where Cj, and V), are the discharge capacitance and gap volt-
age, respectively. In addition, the discharge time of a single
plasma spark can be used to express the corresponding heat
flow rate, O, as:

Op (14)

B tdis
Typically, the anode or workpiece does not absorb all
the heat during the discharge. Heat is also transferred to the
cathode or flexible electrode and air medium. Therefore, the
rate of heat absorption by the anode, Q,,, can be expressed as:

0,=¢&-0p, (15)

where € is the percentage of heat absorbed by the anode.
Jithin et al. [21] proposed different £ values according
to different discharge energy conditions. However, the
0 < E;, < 50mJ lead to the assuming of & to be 10.9% or
0.1009 in this research. Further, the complex process of EDM
can be simplified by considering the heat input as a uniform
disk-heat-source, and the spatial distribution of heat flux
density rate of the source is given by,

2,

Ry

9o = 7 (16)
Finally, the maximum radius of the microcrater predicted
by previous research [22] is given by:

Rp(tg) = 0.788 - £/ [um], (17)
where 0.788 um is the radius of the plasma channel heat
source [22].

Table 2 shows that the temperature of the microcrater
can be predicted by the input parameters given in the

Table 1 Thermal properties of Ti6A14V [23]

Thermal conductivity [A,] W/m/°C 6.7
Specific heat capacity [C,] J/kg/°C 542

Density [p] kg/m* 4430
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Table 2 Input parameters for the prediction of the microcrater tem-
perature distribution [23]

Discharge voltage, V,, 180-80 V (chosen as 100 V)
10,000 pF

40, 60, and 80 us

Discharge capacitance, C,

Discharge time, t,;,

30000

= = =tdis=40us

25000 = = =tdis=60us

—tdis=80us

20000

15000

10000

Temperature (T(0,z,t)) (°C)

5000

Fig.9 Microcrater temperature distribution as a function of the
microcrater depth

table. In addition, Fig. 9 shows the microcrater tempera-
ture distribution as a function of the microcrater depth.
Notably, the temperature decreased exponentially with
increasing microcrater depth. Also, an increase in 7,
increased the temperature for every microcrater-depth
studied.

) Flexible electrode

inter-tooth angle of
the electrode ¢,

Insert

X

Inter-tooth angle
of the insert &,

Fig. 10 Merchant's model of cutting forces

2.2.2 Cutting Force in HF-EDAM

Figure 10 shows the Merchant’s model of cutting forces.
Also, the cutting force in HF-EDAM (considering the influ-
ence of EDM on the material parameters of Ti6Al4V) can
be solved by combining the temperature after discharge with
the Johnson—Cook constitutive model of Ti6Al4V into the
cutting force model of HF-EDAM. Further, the radial posi-
tion angle of the cutting edge element in the HF-EDAM tool
is denoted as @(t, z), where z is axial height of cutting edge
element. And k(t, z) denotes the axial position angle of the
cutting edge element in the HF-EDAM tool, which is the
angle between the tangential direction at the tool tip and the
feeding direction. Since the helix angle of the shoulder mill-
ing cutter used is 0°, the axial position angle of the cutting
edge element was chosen as 90°. Specifically, the up-milling
to machine Ti6Al4V has the angles of cutting entry and exit,
@,, and @, respectively, determined by the following equa-
tion at a specific radial depth of cut a,.

18

®,, = cos™! (%) + @,

In particular, since the axial depths of cut used in micro
milling are small, this research developed a two-dimensional
cutting force model of HF-EDAM, the axis cutting force
dF, is negligible, thus axial height of cutting edge element
zis constant. Meanwhile, the two-dimensional cutting force
model of CM has the micro-element tangential and radial
cutting forces on the cutting edge, dF, and dF,, respectively,
determined by the following equation.

@ Springer KE ;]E
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{ dF (t,7) = K, h,(t,2)db + K,,db 19)

dF .(t,2) = K, h,(t,2)db + K,,db

where K,. and K, are the tangential and radial shear force
coefficients, and K,, and K,, are the tangential and radial
ploughing force coefficients, respectively. The plough-
ing force coefficient can be calculated and determined
by Eq. (22). In addition, &, is the instantaneous unde-
formed chip thickness of the cutting edge element, with
h,=f. - sing - sink, where f; is the feed per tooth. Finally,
db is the cutting width of the cutting edge element, with
db = dz/sink.

Converting the micro-element tangential and radial cut-
ting forces on the cutting edge to the workpiece coordinate
system OXY gives the following expression.

[dFXa, 9] _ [cos((pm ~ @) SINQ() — @) ] [ dF (t.2) }
dFy(t,2) | | sin(@(j) = @u,) —cos(@() = @) | | dF,(t,2)

(20
where dFy and dFy are the micro-element cutting forces on
the cutting edge, along the X and Y directions, respectively.
Subsequently, the micro-element cutting forces of all cutting
edges participating simultaneously in cutting with a respec-
tive axial depth of cut of [0, ap] can be summed to get the
two-dimensional cutting forces in the X and Y directions,
Fy and Fy, respectively, as follows.

{ Fy(=[ ;"de(r, 2)

Fy(t) = [ dFy(t.2) @D

According to the classic bevel cutting model proposed by
Armarego and Brown [24], K,. and K,,. are determined by the
following equation.

K = T, cos(f,—a,)
€ Sin @,c05(@,+,~a,)
sin(f,—a,) (22)

= L SUPaT%)
KTC sing, cos(@,+p,—a,)

where 7, is the shear flow stress on the main shear plane,
closely related to the cutting temperature and the key break-
through aspect of the HF-EDAM cutting force model. Also,
p,, a,, and @, are the friction, rake, and shear angles on
the micro-element normal plane of the cutting edge, respec-
tively. The friction angle is the correlation function of the
cutting speed and friction coefficient, f, = tan‘l(fOVP),
with the selected values in this research of f, = 0.704 and
P = —0.248, and the cutting speed V = 2zr,N [25], where
N is spindle speed.

Subsequently, the rake angle on the micro-element nor-
mal plane of the cutting edge is replaced by the effective
rake angle on the micro-element normal plane of the cut-
ting edge, a,, according to the average rake angle model
proposed by Manjunathaiah [26]. So, the effective rake

angle on the micro-element normal plane of the cutting
edge can be calculated as:

(2—%—”)(%—”)—31’}19/ n
iy . - , = <1+ sina,
rt',’

tan
g’_ﬁ +cos0,—1

a = (23)
-1 ( %" -1 )tanao—secan +sinb; h, .
tan , = > 1+ sinay

¢h .
Tj‘+c039f-—l e

where r, is the radius of the cutting edge of the tool, and «
is the nominal rake angle of the tool. And ¢ is an empirical
constant, generally taking the value 2. Finally, 6, is the sepa-
ration angle between the tool and the chip, taken as 37.6°
in this research.

Further, the shear angle model proposed by Merchant
can be used to approximate the shear angle on the micro-
element normal plane of the cutting edge [27]:

Ba

+ % 24)
> .

D, = >

138

Likewise, the slip line field model proposed by Waldorf
[28] can be used to determine the tangential and radial
ploughing force coefficients as follows.

K, = (apsin(Q,, + 1 — yo) + rpcos(Qn + 1y — yo))lp

K,, = (0,c08(@, + 1y — 7o) — 7,510(B, + g — vo)l,  (25)

where o, and 7, are the normal and shear stresses on the
micro-element ploughing surface of the cutting edge, respec-
tively, and can be solved by the following equation. In addi-
tion, 7, and y, are the sector angles in the slip line field
model, 7, = %COS_I(MO), Yo=to + D, — sin_l(\/isinposinno),
and y, was taken as 0.8 in this research. Relatedly, p, is
another sector angle in the slip line field model. Finally, /, is
the length of the plow section, /, = Ry/sinn,. R, is the sector
radius, which can be determined by Eq. (27). Meanwhile,

{ o, = 7,(1 + 20, + 2y, + sin(2n))

7, = 7,c08(2n)

(26)

where 6, = % — po — D, 1s the bow angle, and its selected
value was 10° in this research. Also,

a, \/ERosinpo
2)t T m

2
R, = sinn, |:rg X tan(% + > ) ] + 2(Rosinp0)2.

4 2
@7

The shear flow stress on the main shear plane is affected
by the preheating temperature of the spark discharge and
temperature of heat generation by the plastic deformation
during the cutting process. Therefore, the parameters in
the Johnson—Cook constitutive model can be adjusted and
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7, can be solved in combination with the spark tempera-
ture, T;. So,

= L asBen(1+amE (LY
= svsen(ean(2))(a-(225) )
(28)

where A, B, C, m and n is the Johnson—Cook constitutive
parameter of titanium alloys. For specific values, please refer
to Table 3. where € and € are the equivalent stress and strain
rates on the principal shear plane, respectively, and can be
determined from Eq. (29) [29]. In addition, £, =1, T, is
the melting point of the workpiece material, and 7 is the
temperature of the main shear plane of the cutting edge ele-
ment in HF-EDA. Subsequently, the non-bisected shear band
model proposed by Tounsi [30] can be used to determine the
temperature of the main shear plane of the cutting edge ele-
ment in HF-EDAM as given in Eq. (30). Meanwhile,

cocosa,

E=— """
\/gcos D,—q, )sind,
. chnm“) (29)

E=—F/—/——"—""=
\/gt“cas(ﬂn—a”)

cy(27, + 1y)cosa,
Ts — Tsl + 0.( K O) n ,
3psin@,cos(@, — a,)

(30)

Table 3 Parameters used and their respective values for the cutting
force prediction

Spindle speed (N) 3000 rpm

Feed rate (f) 10, 40, and
70 mm/
min

Radial depth 0.15 mm

Axial depth 1.5 mm

Edge radius 0.005 mm

Helix angle 0°

Nominal rake angle 5°

Shear strength under quasi-static loading 480 MPa

Capacitances (C) 10,000,
100,000,
and
1,000,000
pF

Voltage 220V

A 905 MPa

B 835 MPa

C 0.028

n 0.28

m 1

T, 1676 °C

T, 25°C

where ¢ is the non-equal division coefficient, which is cal-
culated and determined by Eq. (31). Also, £, is the thickness
of the main shear zone, t, = h,/2. Finally, 7, is the initial
pure shear yield strength of the workpiece material and can
equal the material shear strength under quasi-static loading.
Relatedly,

2®n_ n
NGl @31)

1
o= =
L) 2cosa,,

The simultaneous Eqs. (28) and (31) can solve the shear
flow stress on the main shear plane and the shear plane tem-
perature 7. Substituting the solved z, into Eqgs. (18)—(27),
the two-dimensional cutting force in HF-EDAM can be
obtained.

After the HF-EDAM cutting force modeling, the distribu-
tion of cutting force for one revolution was predicted, i.e.,
with @ € [r,37]. Table 3 gives the parameters used for the
cutting force prediction. In addition, a comparison of the
respective influence of different machining parameters on
the cutting force was made by selecting three values of feed
rate: 10, 40, and 70 mm/min. Finally, three different capaci-
tances (10,000, 100,000, and 1,000,000 pF) were selected to
find the respective effect of different discharge parameters
on the cutting force.

Figure 11 shows the CM and HF-EDAM cutting forces
predicted by modeling for the machining of Ti6Al4V. Nota-
bly, Fy is the cutting force in the feed direction. In addition,
an increase in the feed rate increased the magnitude of the
cutting force. At the same time, an increase in discharge time
decreased the magnitude of the cutting force. Additionally,
the feed rate of 10 mm/min had more cutting force drop rate
after the HF-EDAM than that after the CM. This difference
in cutting force drop rate was because the EDM assistance
time is usually longer when the feed rate is lower.

2.3 The Experimental Equipment

Figure 12 shows the schematic HF-EADM system, which
includes a simplified resistance-capacitor (RC)-transistor
hybrid circuit, a three-axis micro-benchtop machine, a
cutting force data collector, an oscilloscope, and a charge
amplifier. The negative and positive poles of the EDM power
supply are connected to the tool and workpiece, respectively.
Notably, the discharge control RC-transistor hybrid pulse
generator can charge and discharge normally even when
the discharge gap is smaller than the normal discharge gap
or when a short circuit occurs, as opposed to conventional
discharge control RC pulse generators. Consequently, the
discharge control RC-transistor hybrid pulse generator can
make the charging and discharging voltage more regular,
providing favorable conditions for a stable EDM.

@ Springer KE;E
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Charge amplifier

Fig. 12 Schematic HF-EDAM system

Figure 13 shows a photo of the HF-EDAM system and
tool. The HF-EDAM tool was designed and manufactured
specially. The tool is divided into three parts: (from left to
right) the handle, plastic insulator, and tool holder. The plas-
tic insulator is used to connect the tool handle and holder so
that they are not energized. Moreover, one end of the tool

| { g \ 'k
e = = 7_:1 » _i_r b1l
— B :Spindle

acquisition &

-

Dscilloscope

Fig. 13 The HF-EDAM system and tool

Spindle|rotation

Dynamomete sm—

Discharge
signal

e

Driver _| :1

holder is fixed on the spindle of the machine tool and con-
nected to the EDM power supply, and the other end is used
to fix the copper foam flexible electrode for EDM. Function-
ally, the tool holder is used to fix the milling insert.

Since the plastic insulator is in between the handle and
tool holder, the spark current on the tool holder will not

Insulator Electrode

\.
Tool / ’

handle
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Table 4 Chemical composition H N C
of Ti6Al4V (%) [32]

o Fe A\ Al Ti

0.0053 0.01 0.02

0.18 0.22 4.02 6.08 89.464

Table 5 Physical and mechanical properties of Ti6Al4V [33]

Physical/mechanical property Value
Modulus of elasticity 113 GPa
Melting point 1660 °C
Density 4.43 g/cm?
Electrical resistivity 178 pQ cm
Thermal conductivity 6.7 W/m/K
Vickers hardness 330-340 HV
Yield strength 835 MPa
Tensile strength 905 MPa
Poisson’s ratio 0.33

discharge the milling insert, greatly increasing the tool life.
Generally, copper electrodes and inserts can be fixed with
ordinary steel bolts without insulation treatment. At the
same time, the bottom screw can adjust the fastening of the
copper foam flexible electrode to control the radial depth of
the electrode. Compared to the previous EDAM tool [15],
the HF-EDAM tool had a huge improvement in design, mak-
ing up for many shortcomings in the machining.

Tables 4 and 5 give the chemical composition, and the
physical and mechanical properties of Ti6Al4V, respec-
tively. Meanwhile, the yield strength of a titanium alloy is
about 1000 MPa higher, but its tensile strength decreases
to 500 MPa at high temperatures [31]. Finally, the effect
of metallurgical changes on the machined-material surface
integrity was avoided by conducting experiments using the
same batch of Ti6Al4V samples.

The parameters used during the experiment are shown
in Table 6. Notably, the effect of different discharge ener-
gies on the experimental results was studied by choos-
ing three different capacitances (10,000, 100,000, and

1,000,000 pF). Further, the RC-transistor hybrid circuit
specifies T,,_ime OF the time to turn on the transistor within
its usage range of 35 ps. In particular, the experiments of
this study chose T,_ine as 4 ps. Likewise, Top¢_ime Of the
RC-transistor hybrid circuit is the turn-off time of the tran-
sistor. Generally, an experiment requires enough 7 ¢
to charge the capacitor. The usage range of T g ime 1S
usually 0.5-3 times the time constant 7. Relatedly, the
time constant varies with the resistance and capacitance
according to,

T(s) = R(Q) x C(F). (32)

In addition, the resistance of the RC-transistor hybrid
circuit was chosen as 1 kQ in this study. Accordingly, cal-
culations show that T ¢_;. has a range of 5-30, 50-300,
and 500-3000 ps when the capacitance is 10,000, 100,000,
and 1,000,000 pF, respectively. Hence, this study chose a
T o¢5 —time Of 20, 200, and 2000 ps corresponding to the three
capacitances. Likewise, the influence of different machin-
ing parameters on the experimental results was studied by
choosing three different feed rates (10, 40, and 70 mm/
min).

Further, the surface morphologies of the machined
workpiece were studied using a 3D optical surface pro-
filing device (NV-2000). Likewise, in order to check
the detailed surface after machining, SEM (S-4800,
HITACHI) was used. Additionally, energy dispersive spec-
troscopy (EDS) associated with SEM was used to study
the respective species and amounts of elements present on
the HF-EDAM-machined-material surface. Also, the high-
speed camera used in the experiment was a Phantom miro
C110. The phases present on the machined-material sur-
face were then studied using an X-ray Powder Diffraction

Table 6 Experimental

. Experimental parameter Unit Values

parameters of Ti6Al4V

machining Milling conditions Method of milling CM and HF-EDAM
Spindle speed (N) rpm 3000
Feed rate (f) mm/min 10, 40, and 70
Radial depth mm 0.15
Axial depth mm 1.5

EDM conditions Capacitance (C) pF 10,000, 100,000, and 1,000,000

Voltage A% 220
On-time us 4
Off-time us 20, 200, and 2000

Pulse generator type RC-Transistor
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(XRD) machine. Finally, the surface hardness (HV) of the
machined material was measured using a microhardness
tester (MMT-X7B, Matsuzawa). In particular, the accuracy
of the measurement was improved by conducting three
microhardness measurements at different places on the
machined-material surface, and the average of the three
measured hardnesses was taken as the machined-material
surface microhardness.

3 Results and Discussion
3.1 Cutting Force and Tool Wear

Figure 14 shows the cutting force in CM and HF-EDAM of
Ti6Al4V, respectively. In particular, the cutting force com-
ponents (Fx, Fy, and Fz) and their resultant (Fr) are given
in Fig. 14. Notably, the noise interference from the chatter
of the machine tool to the cutting force measurement was
reduced by using a filter method. Further, the cutting force
measurement accuracy was improved by measuring the cut-
ting force under each parameter three times, and the average
of the three measured cutting forces was taken as the cutting
force.

Particularly, the cutting force measurement was carried
out for three different feed rates (f=10, 40, and 70 mm/
min), the intermediate capacitance 100,000 pF, and a spindle
speed of 3000 rpm. The measured cutting forces in CM and
HF-EDAM of Ti6Al4V, respectively, were then analyzed
and compared. Figures 14 (al), (bl), (cl), and (d1) show
that as the feed rate increased, the cutting force components
and resultant cutting force increased. This correlation is
because the shear velocity in the shear plane increases with
the feed rate, resulting in a concomitant increase in the shear
force during machining. In addition, the increase in feed rate
also increases the cutting amount per tooth so that the tran-
sient cutting area increases and the cutting force increases
gradually.

In particular, the cutting force in HF-EDAM of Ti6Al4V
was smaller than that in the CM due to the EDM assistance
in HF-EDAM. This difference in cutting forces was more for
lower feed rates. Further, this higher cutting force reduction
at lower feed rates is because lower feed rates have a longer
time of the EDM in HF-EDAM.

Figure 14 (a2), (b2), (c2), and (d2) show the cutting force
waveform of CM and HF-EDAM of Ti6Al4V, respectively,
for a feed rate of 10 mm/min. Meanwhile, the cutting force
measurement error was reduced by starting the cutting pro-
cess of the machining only after the measurement signal
was stable. Also, the cutting force was measured first in the

CM, and subsequently, the EDM power was turned on for
the HF-EDAM when the same milling reached the middle
position of the workpiece, and the corresponding cutting
force was measured. Further, the cutting force waveforms
show that the sinusoidal cutting force in the CM fluctuated
more violently than that in the HF-EDAM.

Figure 15 shows the experimental and theoretical (model
predicted) cutting forces in CM and HF-EDAM of Ti6Al4V
for a capacitance of 100,000 pF. Meanwhile, the cutting
force measurement accuracy was also improved by per-
forming an analysis of the cutting force waveform by using
the root mean square method to keep the waveform fluctua-
tions within acceptable limits. Figure 15 also shows that the
experimental and theoretical cutting forces were generally
consistent. However, as the feed rate increased, the error
between the theoretical and experimental cutting forces
increased. This correlation can be attributed to disregarding
the vibration and noise of the machine tool in the cutting
force modeling.

Meanwhile, the tool wear in CM and HF-EDAM (for a
capacitance of 100,000 pF) of Ti6Al4V, respectively, was
studied after different lengths of machining for a feed rate of
10 mm/min. Figure 16 shows that an increase in the machin-
ing length made the tool wear in CM relative to HF-EDAM
of Ti6Al4V more severe. This increased severity is because
the severe friction between Ti6Al4V and the cutting edge
in the CM creates scratches on the cutting edge, and the
consequent peeling of the cutting edge coating increases the
radius of the blunt circle in the cutting edge. Next, the blunt
cutting edge leads to severe mechanical interaction between
the tool flank and the workpiece, leading to a rapid tool wear
increase. In particular, a machining length of 4000 mm had
the tool in the CM fracture, while the corresponding HF-
EDAM tool could still be used normally.

3.2 Discharge Signal

Figure 17 shows the charging and discharging voltage sig-
nals of each plasma spark pulse in HF-EDAM. In particu-
lar, the total time required to generate a plasma spark in a
charging-discharging cycle (T,) includes the charging time
(t.), idling time (t;;), and discharging time (z,,):

T, =ty +1tig+ 1t (33)

Also, each HF-EDAM discharge includes multiple
charging and dischargings, so the total discharge time for N

plasma spark pulses, 7,,,,;, is:

Tlotal = Tp XN. (34)
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«Fig. 14 Cutting force in CM and HF-EDAM of Ti6Al4V for a capac-
itance of 100,000 pF: al, b1, cl, and d1 show the variation of the
cutting force components (Fy, Fy, and F,) and resultant cutting force
(F,) with the feed rate; and a2, b2, ¢2, and d2 show the waveform of
cutting force components and resultant cutting force for a feed rate of
10 mm/min, respectively

In addition, several factors, such as the parameters
T on—time> Toff—time» and capacitance, affect the discharge fre-
quency in HF-EDAM.

Further, the RC-transistor hybrid circuit in HF-EDAM
has the relationship between the charging voltage (V) and

time of the capacitor as follows.

Ich

V,=1-¢T. (35)

C

In particular, V,, is the maximum voltage during the
charging of the capacitor, and 7T is the time constant equal
to the product of resistance and capacitance (RC). Subse-
quent to reaching the maximum voltage during the charging
of the capacitor, idling occurs for the idling time. Finally,
the discharging of the capacitor at the discharging voltage
(V) can be expressed as:

Idh

th = 6_7. (36)

The EDM discharge voltage waveform measured in HF-
EDAM for different capacitances by using an oscilloscope is
shown in Fig. 18. Unlike in typical discharge voltage wave-
forms, the discharge and open-circuit states alternated in that
of HF-EDAM. So, there is no charging and discharging of
the capacitor in the RC-transistor hybrid circuit during the
open-circuit state, and correspondingly there is no milling.
Figure 18 shows that the interval between two discharges
was 10 ms, consistent with the spindle speed of 3000 rpm
(20 ms per revolution with two copper foam flexible elec-
trodes) used in the experiment. Figure 18 also shows that
the discharge time of the copper foam flexible electrode was
about 5.5 ms for a capacitance of 100,000 pF, which is about
five times that reported in the previous research [15].

Further comparisons with the previous research [15]
showed that a capacitance of 10,000, 100,000, and 1,000,000
pF with off-time of 20, 200, and 2,000 ps in HF-EDAM
resulted in 235, 23.5, and 2.35 times discharge time increase
as compared to those reported in the previous research,
respectively. However, a limitation on the acquisition rate
of the oscilloscope led to the capture of only part of the
discharge pulse signal in HF-EDAM for a capacitance of
10,000 pF.

3.3 Discharge Crater

The experiment found that the capacitance of the RC-tran-
sistor hybrid circuit in HF-EDAM affected the size of the
crater on the workpiece after discharge (discharge crater).
Figure 19 shows the discharge craters formed on Ti6Al4V
after 3 turns of the copper foam flexible electrode for dif-
ferent capacitances (10,000, 100,000, and 1,000,000 pF).
In particular, the discharge crater depth increased as the
capacitance increased. However, the number of discharge
craters reduced with increased capacitance, due to the longer
off-time required for higher capacitances. An increase in the
capacitance also made the crater distribution more dispersed.
Also, a decrease in the capacitance made the craters overlap
due to the increased number of discharge pulses.

Figure 20 shows a graph of a single discharge crater depth
of Ti6Al4V after three turns of the copper foam flexible
electrode for different capacitances. Notably, a comparison
of these crater depths is helpful as a reference for the for-
mulation of discharge parameters in the HF-EDAM process.

3.4 Surface Morphology of Electrode
and Workpiece After the Machining

The morphological changes of the flexible electrodes and
workpiece in HF-EDAM of Ti6Al4V were analyzed using
the surface SEM images, and the same analysis in 3D was
performed using a 3D optical surface profiler. Figure 21
shows the SEM and EDS images, and 3D topography of the
copper foam flexible electrode before and after the machin-
ing, respectively, for a feed rate of 10 mm/min and capaci-
tance of 100,000 pF. In particular, the SEM image of the
copper foam flexible electrode before the machining shows
the electrode having a network structure.

Scratches and molten workpiece material were also
observed on the copper foam flexible electrode surface
after the machining. Generally, scratches are formed on an
electrode surface during machining because the electrode
inevitably contacts the workpiece surface during the machin-
ing. However, the molten workpiece material was mostly
distributed inside the flexible electrode.

Notably, the energy dispersive X-ray spectrometer (EDS)
was used to study the change of elemental species and con-
tent of the copper foam flexible electrode before and after the
machining, respectively. The EDS image of the copper foam
flexible electrode before and after the machining, respec-
tively, shows that the carbon (C) content on the electrode
surface after the machining increased compared to that on
the electrode surface before the machining, and Ti and Al
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Fig. 17 TIllustration of the charg- Voltage(V)
ing and discharging voltage
signals of each plasma spark
pulse in HF-EDAM
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Fig. 19 SEM image and 3D topography of the discharge craters formed on Ti6Al4V after three turns of the copper foam flexible electrode and
for a capacitance of: a 1,000,000 pF, b 100,000 pF, and ¢ 10,000 pF, respectively

elements were generated during the machining. Such an
increase in C content is normally due to the dielectric in
HF-EDAM, and the discharge effect of the EDM in HF-
EDAM also aggravates the penetration of the dielectric into
the electrode surface. On the other hand, the generation of Ti
and Al elements is normally caused by the contact between
the electrode and the Ti6Al4V surface.

Figure 22 gives the SEM image, 3D topography, EDS
image, and EDS maps of the machined-Ti6Al4V surface
in CM of Ti6Al4V for a feed rate of 10 mm/min. Likewise,
Fig. 23 gives the same details in HF-EDAM of Ti6Al4V

@ Springer KE_:E

for a feed rate and capacitance of 10 mm/min and 100,000
pF, respectively. Notably, the SEM image of the machined-
Ti6Al4V surface in the CM shows that the surface defects
included: adhered chips, debris, and feed marks. On the
other hand, the surface defects of the machined Ti6Al4V
in the HF-EDAM mainly included adhered chips, debris,
and melt. In particular, adhered chips were the main rea-
son for the high surface roughness of the corresponding
machined Ti6Al4V.

Obviously, the chip adhesion in the CM was significantly
greater than that in the HF-EDAM due to the greater heat
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Fig.20 A single discharge crater depth of Ti6Al4V after three turns
of the copper foam flexible and for a capacitance of 10,000, 100,000,
and 1,000,000 pF, respectively

generation in the CM. Also, the generation of melt in the
HF-EDAM was by the EDM in the HF-EDAM, and the
generated melt remained on the machined-Ti6Al4V sur-
face. Importantly, there were obvious burrs on the edge of
the machined-Ti6Al4V surface in the CM and not in the
HF-EDAM.

The EDS image of the machined-Ti6Al4V surface in the
CM and HF-EDAM, respectively, shows that the machined-
Ti6Al4V surface elements in the CM mainly included Ti,
Al, C, and V, and those in the HF-EDAM mainly included
Ti, Al, C, and Cu. Generally, the Ti, V, and Al are from
Ti6Al4V, and the C in the case of HF-EDAM is from the
dielectric infiltration into Ti6Al4V. Further, the Cu is nor-
mally produced by the discharge between the copper foam
flexible electrode and the workpiece (Ti6Al4YV, in this study)
during the EDM in HF-EDAM.

The EDS map of the machined-Ti6Al4V surface in the
CM and HF-EDAM, respectively, shows that the surface was
almost covered by Ti elements, and the V and Al contents
were relatively low and overlapped each other. In addition,
the C content was mainly distributed on the adhered chips
on the machined-Ti6Al4V surface in both the CM and HF-
EDAM. Also, Fig. 23 shows that a noticeable Cu element
distribution was observed on the substrate of the machined-
Ti6Al4V surface in the HF-EDAM. This Cu element distri-
bution is normally because of the inevitable contact of the
copper foam flexible electrode with the workpiece (Ti6Al4V,
in this study) surface in HF-EDAM, and the remaining of
the electrode surface Cu element on the machined-material
surface when the spark discharges rapidly.

Figure 24 shows the machined-Ti6Al4V surface rough-
ness in CM and HF-EDAM of Ti6Al4V, respectively, for

different feed rates. Notably, the machined-Ti6Al4V surface
roughness (Ra) in the HF-EDAM was lower than that in
the CM. This difference in the surface roughnesses is nor-
mally due to the auxiliary action of the EDM in HF-EDAM
effectively reducing the generation of cutting force and
heat, thereby reducing excessive bonding of the workpiece
(Ti6Al4V, in this study) and tool during chip formation. At
the same time, the advantages of the HF-EDAM, in terms of
the machined-Ti6Al4V surface roughness, were even greater
for lower feed rates. These greater advantages are generally
because of the longer EDM assistance time in HF-EDAM
for lower feed rates.

3.5 Micro-hardness

This study measured the machined-Ti6Al4V surface hard-
ness in CM and HF-EDAM (with a capacitance of 100,000
pF) of Ti6Al4V, respectively, for different feed rates by using
the microhardness tester. In particular, the load applied by
the indenter of the tester to the machined-Ti6Al4V surface
was 200 g, and the load was held for the 10 s of the test.

Figure 25 shows that the machined-Ti6Al14V surface hard-
ness increased with an increasing feed rate in the CM and
HF-EDAM, respectively. However, the machined-Ti6Al4V
surface hardness in the CM was greater than that in the HF-
EDAM for every feed rate. This difference in the machined-
Ti6Al4V surface hardnesses is mainly due to the strain hard-
ening of Ti6Al4V with an increasing feed rate in the CM.
At the same time, the EDM in the HF-EDAM reduces the
cutting force and heat, thereby reducing the strain hardening
to a certain extent.

3.6 Plastic Deformation

Figure 26 shows the machined-Ti6Al4V subsurface plas-
tic deformation in CM and HF-EDAM (with a capacitance
of 100,000 pF) of Ti6Al4V, respectively, for a feed rate of
40 mm/min. In particular, the § grains below the machined-
Ti6Al4V surface were significantly deformed, and the
direction of plastic deformation caused by the machining
was rotated along the cutting direction in the CM. How-
ever, almost no plastic deformation was observed in the
machined-Ti6Al4V subsurface in the HF-EDAM. Gener-
ally, the changes in a machined-material subsurface grain
structure are inseparable from the changes in mechanical
and thermal loads on the workpiece (Ti6Al4V, in this study)
during cutting. Since the EDM in HF-EDAM softens the
workpiece surface into a free-cutting layer (which is then
removed by the milling process) to eventually reduce the
cutting force, the corresponding smaller mechanical load
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Fig. 22 Machined-Ti6Al4V
surface in CM of Ti6Al4V
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Fig. 23 Machined-Ti6Al4V sur-
face in HF-EDAM of Ti6Al4V
for a feed rate and capacitance
of 10 mm/min and 100,000 pF,
respectively: surface a SEM
image; b 3D topography; ¢ EDS
image; d analogous elemental
mapping of the C element; e
analogous elemental mapping
of the Al element; f analogous
elemental mapping of the

Ti element; and g analogous
elemental mapping of the Cu
element
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Fig. 24 Machined-Ti6Al4V surface roughness (Ra) in CM and HF-
EDAM (with a capacitance of 100,000 pF) of Ti6Al4V, respectively,
for a feed rate of 10 mm/min
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Fig. 25 Machined-Ti6Al4V surface hardness in CM and HF-EDAM
(with a capacitance of 100,000 pF) of Ti6Al4V, respectively, for dif-
ferent feed rates

on the workpiece reduces the plastic layer thickness of the
machined-material subsurface.

4 Conclusions

This article presented new hybrid machining, HF-EDAM
(based on a novel tool with flexible electrodes). Meanwhile,
the feasibility of machining Ti6A14V by HF-EDAM was
deeply studied through experiments and modeling, and the
following conclusions were drawn from the study.

(1) The copper foam flexible electrode fitted perfectly
with the HF-EDAM tool due to the unique flexibility

@)

3)

“4)

S

and network structure of the electrode. So, the flexible
electrode could effectively adjust its surface shape to
match the workpiece surface in HF-EDAM, thereby
achieving perfect discharge conditions. As a result, the
flexible electrode effectively avoided the occurrence
of short-circuit discharge during machining, and the
discharge efficiency and time in the machining signifi-
cantly improved compared to those reported in previous
studies, respectively.

The comparison of the discharge signal and crater
under different capacitances between previous research
that used an ordinary electrode and HF-EDAM showed
that the discharge time in HF-EDAM, based on flexible
electrodes, was 5 times that reported in the previous
research. In addition, the larger the capacitance, the
lesser the number of craters after discharge, and the
more dispersed the distribution of craters was for any
discharge time in HF-EDAM of Ti6Al4V.

Comparing the cutting force and tool wear in different
machining methods showed that an increase in the feed
rate increased the cutting force in all the methods. In
addition, lower feed rates had a more significant cutting
force reduction effect in the HF-EDAM as compared to
that in the CM. According to the measurement results,
when the feed rate is 10 mm/min, compared with CM,
the cutting force Fy in the feed direction after HF-
EDAM is relatively decreased by 77.6%, and the total
cutting force Fr after HF-EDAM is relatively decreased
by 80.5%.

Comparing the experimental measurements and model
predictions of cutting force in the HF-EDAM showed
that the theoretical (model predicted) cutting force
was consistent with that of the experimentally meas-
ured one. Also, the cutting force in the HF-EDAM was
effectively reduced compared to that in the CM. Hence,
the high effectiveness of HF-EDAM in machining diffi-
cult-to-machine materials (Ti6Al4V, in this study) was
theoretically demonstrated.

The research on the machined-material surface integrity
in different machining methods showed that the HF-
EDAM could effectively improve the surface integrity
as compared to those in the other methods. In addi-
tion, the reduction of cutting force in HF-EDAM led
to a small plastic deformation layer thickness of the
machined-material subsurface. Also, an increase in the
feed rate increased the machined-material surface hard-
ness in both the CM and HF-EDAM, and the surface
hardness in the CM was greater than that in the HF-
EDAM for all the conditions studied.

@ Springer KE;E
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Fig.26 Machined-Ti6Al4V subsurface plastic deformation in CM and HF-EDAM (with a capacitance of 100,000 pF) of Ti6Al4YV, respectively,

for a feed rate of 40 mm/min
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