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High-intensity electrical discharges are used in the unconventional technique known as electrical discharge
machining (EDM) to machine metals of any hardness. Due to their extraordinary conductivity and strength,
carbon nanotubes (CNTs) have recently been explored in EDM too. However, material removal with CNT
yarn (CNTY) has not been studied thoroughly. This work advocates the use of a pristine CNTY as an EDM
tool. The feasibility is examined through characterization and material removal experiments. The mea-
surements show that the CNTY (< 100 um in diameter) has an electrical conductivity and current carrying
capacity of 2.66 X 10* S/m and 1.76 X 10* A/cm?, respectively. Steel and aluminum are the workpieces for
machining experiments conducted in air and hydrocarbon oil dielectrics, respectively. Significant material
removal and extended tool life are obtained in the air dielectric. It is suggested that the oxidation of steel
increases material removal in the air while reducing tool life. The effect of tool thickness is also investigated.
Thicker (> 100 um) multi-ply tools extend tool life and, therefore, machining time by more than 14 s in the
air and nearly 2.5 s in the oil. Other factors that restrict machining include intensified discharges and the
shielding effect of the carbide layer formed on the workpiece.

Keywords CNT, carbon nanotube, CNT yarn, EDM, electrical

discharge machining, material removal

1. Introduction

Advanced engineering materials have specific properties,
such as high strength and stiffness, low thermal expansion, and
low weight. However, their high hardness or reinforcing
materials make their machining difficult and therefore compli-
cate achieving high precision and surface quality. Thus, non-
conventional machining techniques should be employed (Ref
1). Electrical discharge machining (EDM) is a non-conven-
tional method that can machine electrically conductive mate-
rials of any hardness without friction or physical contact (Ref
2).

The EDM method involves repetitive short-duration electri-
cal discharges between the tool electrode (cathode) and
workpiece (anode). The process is carried out in a dielectric
that allows conductive plasma generation between electrodes
subjected to high voltage. During these high-intensity dis-
charges, the workpiece quickly melts and evaporates. The
procedure is repeated until the desired shape is obtained (Ref
3). Metallic tools with high electrical and thermal conductivities
are utilized in this technique (e.g., Copper: 107 S/m, 393 W/
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mK; Brass: 10%-107 S/m, 26-233 W/mK; Graphite: 10* S/m-
25 W/mK (Ref 4, 5)).

Lately, carbon nanotube (CNT) is also studied in EDM. Its
excellent electrical and thermal conductivities (10%-10% S/m,
20-3500 W/mK (Ref 6-12)) give a strong impression that it
may be well suited for such material removal tasks. In this
respect, researchers investigated the influence of the powdered
or particulate CNTs in EDM by fusing them with the tool
electrode material or introducing them into dielectric fluid, also
known as powder-mixed EDM (PMEDM).

The PMEDM is an improved EDM technique in which
various powders, including silicon, aluminum, chrome, and
graphite, are added into the dielectric fluid to obtain a better
surface quality, a longer tool life, and a higher material removal
rate (MRR) (Ref 13, 14). However, there are concerns about
flushing the gap between electrodes due to their high specific
gravity and nonuniform dispersion. As a result, the CNTs were
mixed with dielectric fluid because of their unique electrical
and thermal characteristics, nanoscale size, and strength (Ref
14, 15). For instance, Mohal and Kumar (Ref 14) mixed CNT
with dielectric fluid and investigated its effect during the EDM
of the Al6061/SiC composite. The primary positive outcomes
were higher MRR and surface quality with a widely scattered
and more uniform electrical arc. They concluded that the main
factor behind those benefits was the improved current transfer
due to the high thermal and electrical conductivity of the CNTs
in the dielectric. Another study on PMEDM with CNTs
revealed that surface quality and machining efficiency im-
proved by 70 and 66%, respectively, compared to conventional
EDM. Better results were obtained with CNT powder than with
other powders (Si, Al, Graphite). In addition, well-dispersed
and homogeneous electrical arcs across the spark gap and, thus,
improved discharge performance have been reported as other
advantages of CNT use in EDM (Ref 16).
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The CNTs were also studied in composite EDM tools as a
reinforcing material. The aim was to reduce of tool wear and
surface roughness. In this regard, Suzuki et al. (Ref 17)
investigated the effect of CNT utilization and size on tool wear
for pure copper, copper-plated stainless steel, and CNT/Cu-
plated EDM tools. Composite electrodes were the least worn
tools, with a 50-72% reduction in tool wear ratio. It was also
proposed that exposed CNTs on the tool surface prevented
further spark erosion of the tool, similar to the effect of
turbostratic carbon deposition on the discharge zone.

Besides CNTs, CNT yarn (CNTY), a macroscale thread
made of CNT bundles, also has potential for the EDM process.
Its wire-like form and small diameter make it suitable for
micromachining complex shapes from difficult-to-machine
materials, similar to wire-EDM (WEDM). As the EDM method
requires electrically conductive tools, several studies show
promising results regarding the conductivity of the CNTYs. For
example, Choi presented a CNTY-based flexible, lightweight
thermo-electric (TE) generator. The results showed enhanced
TE properties and indicated that the CNTY had a powerful
potential as a TE element. It was emphasized that the CNTYs
were used as electrodes to minimize circuit resistance (Ref 18).
Furthermore, the CNTYs are even expected to replace metal
conductors (Ref 19).

The strength and electrical conductivity of the CNTYs are
lower than those of the individual CNTs due to weak inter-
tubular interaction among adjacent nanotubes. However, they
can carry as much current as graphite, another widely preferred
EDM tool material. The electrical conductivity of the graphite
is around 10* S/m, while the CNTYs conductivity ranges from
10% to 10° S/m (Ref 7, 20). In addition, the advantages of using
graphite tool electrodes are high MRR and low tool wear rates.
Therefore, the motivating questions of this study are if the
CNTYs are suitable for material removal and whether they
provide similar benefits to CNTs and other tool materials in
EDM.

As presented above, there are several studies in the literature
about EDM with CNT (as an auxiliary material), such as
dielectric additive or reinforcement for tools. And for the
CNTYs, the research mainly focuses on the conductive
properties. However, there are no reports addressing the
machining performance of the pristine CNTY tool for EDM
on different workpiece materials (Ref 21). Therefore, this study
aims to fill this gap by evaluating material removal possibilities.
For this purpose, the physical properties of a pristine CNTY
were measured through a characterization process and com-
pared with those of another EDM tool material. Then, the
feasibility of the material removal with the CNTY was
investigated experimentally for different workpieces, dielec-
trics, and CNTY formations. Finally, obtained results are
discussed in detail, considering previous works in the literature.

2. Materials and Methods

This work investigates the feasibility of material removal
with a CNTY tool in two phases. In the first stage of the study,
the CNTY is characterized in terms of microstructure, mechan-
ical strength, current carrying capacity, and thermal properties.
Then, the results are evaluated to determine whether the CNTY
possesses the physical qualities required by the EDM process.
In the second stage, the machining capability of the CNTY is

investigated through preliminary material removal experiments
performed in air and hydrocarbon oil dielectrics separately.

2.1 Materials

The electrical resistance of a tool electrode is significant in
EDM because high resistivities result in low metal removal
rates (Ref 5, 22). As previously stated, the CNTY’s resistivity is
comparable to that of graphite, a popular tool material in EDM,
due to benefits such as higher MRR and lower tool wear. From
the point of view, the CNTs can be assumed as tubular graphite
layers (Ref 23). Besides these similarities, the CNTs have
specific advantages in EDM, such as higher surface quality and
machining efficiency (Ref 16). In addition, the thin and wire-
like structure of the CNTY could enable it to cut complex
micro-geometries out of hard materials, as in the case of
UEDM. Therefore, CNTY was chosen as a tool material to
investigate whether it could be used with similar advantages as
CNTs and graphite.

On the other hand, various elements, such as changes in the
diameter of CNT filaments, impurities, voids, doping material,
and twist angle, can significantly affect the overall physical
properties of the CNTYs (Ref 24, 25). Therefore, a pristine
CNTY was preferred to reduce such external factors. The same
approach has been adopted for the brass wire selection in the
characterization section. Also, carbon steel and aluminum were
chosen as workpiece materials because these are the most
favored conductive materials in engineering applications. Air is
used as a dielectric medium since it has certain benefits, such as
lower tool wear and higher material removal rates (Ref 26). In
addition, conventional EDM oil is also utilized, as it can limit
and eliminate oxidation, which can accelerate the decomposi-

Table 1 Test materials and specifications

CNTY (Nanoworld Lab of
University of Cincinnati—-USA)
Single-ply (~ 100 pm), multi-plies
(various)

Single-ply (1), multi-plies (2, 3, 5,
10)

Double and triple-walled CNTs
Brass (OB-PZN series—OKI Elec-

Tool material
Tool thickness, um
Ply quantity of tool, pcs

CNT types of the CNTY
Reference material for charac-

terization tric Cable Co., Ltd.—JAPAN)
Reference material thickness, ~ 100 ym
um

Carbon steel, aluminum

?1.3 mm (steel), @4 mm (alu-
minum)

Air, hydrocarbon oil (CAS no:
64771-72-8, C5-20)
OscarMax S550 NC

Workpiece materials
Workpiece thickness, mm

Dielectrics

EDM machines

Table 2 Test devices

Microscope Jeol JCM-6000 Plus SEM (w
EDX)

Microbalance Mettler Toledo MX5

Tensile tester Instron 4411

Multimeter Keithley 2450 SourceMeter, Agi-

lent 34405A
Power supply Agilent E3642A
IR Camera FLIR
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Fig. 1 Thickness measurements (a) Diameter of the CNTY at different locations (top 98.4 um, middle 90.3 um, bottom 91.5 um), (b)

Thickness of a flyaway fiber (bundle-580 nm) on the CNTY

tion of the CNTY. Preferred materials and test devices are given
in Table 1 and 2.

2.2 Characterization

Several measurements were performed to reveal the
CNTY’s features. Firstly, scanning electron microscopy
(SEM) was utilized to obtain the apparent thickness and
microscale properties. Chemical composition was also charac-
terized by energy-dispersive x-ray spectroscopy (EDS). After
that, the tensile strength was measured. The maximum
electrical current carrying capacity was also determined, along
with electrical resistance. In addition, all the results were
compared to a commercial wire-EDM electrode for a more
consistent interpretation.

2.2.1 Microscopic Properties and Chemical Composi-
tion. The cross-sectional thickness measurements of the
CNTY were made at ten different locations. The gold plating
was not applied as the CNTY has sufficient conductivity.
General appearance and thickness measurements can be seen in
Fig. 1(a). Individual fiber or bundle thickness was also
measured (Fig. 1b). The results are presented in Table 3.
Energy-dispersive x-ray spectroscopy (EDS) revealed that most
of the yarn was composed of carbon. In addition, the twist
angle (x) was measured as approximately 28°, Fig. 2.

2.2.2 Linear density. The cross section of a CNTY is
neither a basic shape (for example, a perfect circle) nor is it
longitudinally constant (Ref 27), resulting in different physical
property measurements on the same yarn. As a result, it is not
straightforward to determine the cross section and, thus, the
physical properties (Ref 24, 28). Therefore, material-specific
properties, such as linear density, were preferred over general
non-specific properties (Ref 29, 30). The linear density was
calculated as Tex =4.133 (mg/m). This property was also
utilized for strength calculations.

2.2.3 Mechanical Properties. The tool should be
stable during the EDM process. Otherwise, the machining
precision cannot be maintained. Tensioning the tool electrode is
a common practice in WEDM. It reduces undesired movements
and improves machining stability (Ref 31). However, the
mechanical strength of a tool must be known to apply the
tension safely. For this reason, a tensile tester was utilized at a
strain rate of 0.1 min~'. The initial length of the CNTY
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Table 3 Measured thickness values of the CNTY

Min Max  Average  Std. Dev., ¢
Overall thickness, um 90.3 111 96.95 6.5
Flyaway fiber (bundle)  44.6 1480 460.36 285.54

thickness, nm

Fig. 2 Twist angle of the CNTY

specimens was 50 mm. The obtained load-extension behavior
of the yarn is shown in Fig. 3. The numerical data for the
tensile test results are presented in Table 4.

CNTYs have high porosity, dramatically affecting the yarn
strength. Therefore, even a small amount of load can easily
change the diameter of the CNTY specimen as the spaces
among the CNT bundles disappear with a tensile load. This
effect was observed as scatter values in the initial part of the
test. Therefore, yarn-specific stress was preferred (N/tex). By
using the tex value (4.133 mg/m) and average tensile load
(1.08 N), the specific strength of the CNTY was calculated as
0.26237 N/tex. In addition to the results presented above, the
average strength of the CNTY was also determined, assuming
the material was continuous and its cross section was circular.
This was preferred to be able to make a rough comparison. As a
result, the average tensile load at break was calculated as
1.0845 N. The cross-sectional diameter was accepted as
96.95 um, and the corresponding tensile strength was calcu-
lated as 146.91 MPa.



1.2

1.0

0.8

A
//
0.6 ,::////

\\
L
AN

Load(N)

L1 —F

0.2} 4?//,//,,/.. P

L
0.0}=4#7

00 02 04 06 08 10 12 14 16 18 20 22 24 26 2.8
Extension (mm)

Fig. 3 Load-extension behavior of CNTY specimens

Table 4 General tensile test results

Min Max Average Std. Dev., ¢
Tensile load (N) 1.08 1.13 1.08 0.038
Strain (%) 2.34 5.26 3.97 0.95

2.2.4 4 Electrical Properties. The resistivity of the tool
electrode is critical because it dramatically affects EDM
performance (Ref 32). Therefore, four-probe resistance mea-
surements were performed on multiple specimens. After that,
electrical resistivity p (Q2.m) and conductivity ¢ (S/m) were
calculated by using Eq 2.1 and 2.2, respectively:

A

p:R7 (Eq 2.1)
1
a:;:é (Eq 2.2)

where R is the measured electrical resistance (Q), [ is the
specified length (in this case, / = 0.05 m), and 4 is the yarn’s
cross-sectional area (m?). The measured average resistance (R)
of the CNTY was 254.38 Q. The average resistivity was
calculated as 3.756 x 10° Q.um, and the corresponding
electrical conductivity was calculated as 2.66257 x 10* S/m.
Besides conductivity, the maximum current that the conductor
can withstand is also important. Thus, the current carrying
capacity (ampacity) of the CNTY was measured, Fig. 4(a). A
simplified test setup can be seen in Fig. 4(b). During the test,
the electrical load was gradually increased. At each step, the
voltage was kept constant until the temperature was stabilized.
When a test specimen reaches a critical temperature, it begins to
degrade, and its resistance increases until it breaks. This
temperature was also recorded, Fig. 4(c). The minimum current
at rupture was recorded as 0.1259 A at 25.336 V, while the
maximum was 0.1471 A at 24.41 V. The rupture temperature
due to extreme heat varied between 499.15 K (226 °C) and
536.15 K (263 °C). Moreover, the CNTY is a novel material,
not a commercial EDM tool. For this reason, a brass wire-EDM

electrode was used as a reference to evaluate the measurement
results of the yarn consistently. The brass wire has undergone
the same characterization process as seen in the section below.

2.2.5 Characterization Results. The physical properties
of the CNTY and the brass wire obtained through the
characterization process are given in Table 5. The electrical
resistivity of the CNTY corresponds to a conductivity of
2.66 x 10* S/m. A comparison with other EDM tool materials
is shown in Fig. 5. The CNTY has a conductivity slightly
higher than graphite’s (1.67 x 10* S/m) and lower than the
conductivity levels of brass, molybdenum, tungsten, and
copper, which vary between 10° and 107 S/m (Ref 4, 5). In
addition, during the ampacity test, the maximum temperatures
at the break for CNTY and brass wire were recorded as 513.15
and 533.15 K, respectively. Consequently, the CNTY seems
suitable for material removal regarding electrical conductivity
and thermal resistance. On the other hand, experimental work is
necessary to confirm its applicability. In the next section,
material removal tests are presented.

3. Experimental Procedure

Preliminary material removal experiments were performed
on carbon steel and aluminum workpieces in air and hydrocar-
bon oil dielectrics, respectively. The electrical polarity was
negative for the CNTY and positive for the workpiece. The
CNTY was used in single-ply (~ 97 um) and in thicker multi-
ply formations to observe the effect of yarn thickness on
machining. The multi-ply structure was obtained by winding a
single CNTY on two parallel pins several times, then twisting it
to reduce newly created voids and increase stiffness. The multi-
ply formation also increased the number of adjacent fibers in a
unit volume and improved heat dissipation from the spark zone.
In this way, the machining period was aimed to be extended.

A steel wire of 1.3 mm in diameter was used as workpiece
material. The EDS detected Fe, C, and Al as the primary
alloying elements. Average mass fractions were 94.79, 4.07,
and 1.15, respectively. Moreover, single-ply CNTY was
relatively thin (97 um) compared to common wire-EDM

Journal of Materials Engineering and Performance
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Table 5 Measured properties of CNTY and brass wire

Measured Physical Properties (Average) CNTY Brass wire-EDM tool
Diameter, & 96.95 um® 101.68 um
Tensile strength, ¢ 146.91 MPa®™ (0.26 N/tex) 1268 MPa

Electrical resistivity, p
Ampere, voltage, and temperature at rupture
Ampacity, A/em?

3.756 x 10 Q.m
0.13 A, 2427 V, ~ 513.15K
1.76 x 10° A/em?

8.168 x 108 Q.m
1.85 A, 390 V, ~ 533.15 K
2.2782 x 10* A/em?

(a): The CNTY’s cross section might not be perfectly circular, (b): The strength value in Pascal is calculated for rough comparisons by assuming the

cross section is circular and continuous.

electrodes (generally, 0.15-0.25 mm wires are preferred (Ref
31)). In addition, CNTYs do not have the thermal and
mechanical strength of individual CNTs, so they are vulnerable
to extreme heat and pressure increases where the electrical
discharge takes place. Therefore, the EDM machine was set to a
low ampere level (1 A).

In the first material removal experiment, the CNTY was
placed between the brass clamping plates of an electrode
holder. The required tension was applied manually and
stabilized by tightening the screws (Fig. 6). At the beginning
of the test, the CNTY was positioned close to the workpiece
(Fig. 7a). Then, the machining was started in an air dielectric.
An electrical spark was observed when the gap between the tool
and the workpiece decreased to a critical level (Fig. 7b). This is
noteworthy as the electrical arc generation between the tool and
workpiece is the first and most essential step of the EDM.
During machining, the machine periodically stopped the pulsed
current application (spark operation) by moving the CNTY up a
few millimeters in the z-axis to facilitate cooling. Finally, it
returned to the original point where the spark occurred and
continued the process. These spark-up-down (SUD) cycles
were repeated until the rupture of the yarn.
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In experiments with thick multi-ply yarns, the spark process
varied between about 208 (milliseconds) and 530 ms, with an
average of 370 ms. A peak current of 1 A was applied during
each spark period. On-time was 25 us, off-time was 90 us, and
the corresponding duty cycle of the pulsed current was
calculated as 21.74%. The CNTY endured a spark period of
approximately 14.43 s (seconds). This period corresponds to 39
SUD cycles (pulse-on and pulse-off times are included in this
sum, but intermittent cooling periods are excluded). The
machined area on the workpiece is shown in Fig. 8a. The
extent of the material removal can be seen in Fig. 8(b) and (c)

For the second experiment, an improved holder with
tensioning was manufactured. A simplified diagram can be
seen in Fig. 9a. The CNTY was attached to the holder. A spring
applied the required axial force on the yarn, and the tensioning
grip was then fixed to stabilize it. The liquid dielectric was also
utilized to remove excess heat and re-solidified particles with
this particular setup. Another benefit of hydrocarbon dielectric
was less oxidation possibility during machining. A cylindrical
aluminum alloy was used as the workpiece. Similar to the first
experiment, single and multi-ply CNTY tools were used. The
thicknesses of multi-ply yarns are not specified in Table 6 as
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Fig. 5 Electrical conductivity comparison of the CNTY and other metallic materials

CNT yarn

Cross-section of workpiece

Fig. 6 Schematic for the first material removal setup

they do not have a regular cross section. However, the
estimated cross sections are presented in Fig. 10 for illustrative
purposes. The tests were carried out with nine different
parameters and five yarn formations, Table 6. The experiment
was started with a single-ply CNTY tool and a peak current of
0.5 A. Then, yarn formations and peak currents were modified.
Higher peak currents were also tested to create a larger
discharge gap between the tool electrode and the workpiece.
Thus, the dielectric could dissipate excess heat more efficiently,
and less heat would be transferred to the tool.

With multi-ply yarns, the spark time was longer than the
time obtained with single-ply yarn, as in the first trial. This
time, a maximum of three SUD cycles were performed. The
total successful spark period was 2472 ms. When the machin-
ing zone of the workpiece was examined, carbon deposition on
the surface was evident (Fig. 9b). Once this carbon soot was
cleaned, a small heat-affected zone was revealed (Fig. 9(c), yet
the material removal was negligible. Consequently, increasing
the thickness of the CNTY by adding more plies improved the
EDM spark period in the first and second material removal
experiments. The results are summarized in Table 7. The
following section discusses possible reasons for the results,
encountered problems, and necessary improvements.

4, Discussion

This study investigated the suitability of the pristine CNTY
tool for material removal with electrical discharges and verified
it experimentally. The results indicated that the thickness of the
tool was critical in terms of tool life and, thus, machining time.
In addition, the oxidation improved material removal from
steel, but it also limited tool life. Intensified discharges and
carbide layer formation were other limiting factors. Details are
discussed in two subsections below.

4.1 Evaluation of the Characterization Results

The mechanical properties of the CNTY match previous
research results (Table 8). The electrical conductivity of the
CNTY was found as 2.66 x 10* S/m, which is consistent with
the range of 1.5 x 10* S/m-4.1 x 10* S/m reported previously
(Ref 33). In addition, a comparison with other EDM tool
materials (Fig. 5) suggests that the CNTY has sufficient
conductivity for EDM. Besides, the CNTY and the brass
EDM wire had similar thermal strengths under electrical load
during the ampacity test, Table 5. Consequently, these electrical
and thermal property similarities are considered as indicators of
the CNTY’s suitability for EDM.

4.2 Evaluation of the Material Removal Experiments

At the first test performed in air, the maximum machining
depth and spark time achieved on the steel workpiece were
around 0.2 mm (Fig. 8c) and roughly 14.5 s, respectively. The
spark time was found to be directly proportional to the tool
thickness. In addition, the oxidation of the CNTY is proposed
as the main factor limiting tool life. Then, the second test was
conducted in an oxygen-free hydrocarbon oil. Contrary to
expectations, less tool life (~ 2.5 s) was obtained. A heat-
affected zone was observed on the aluminum workpiece
without any noticeable material removal (Fig. 9¢). This is
attributed to a smaller working gap due to the higher dielectric
strength of the oil compared to air and, thus, more intensified
discharges. The key factors and their effects are summarized in
Table 9 and discussed in the following subsections.

Journal of Materials Engineering and Performance
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shielding effect of the carbon-deposited surface (blackened area) (b). When this carbon soot was cleaned, a circular heat-affected zone was

exposed (c)

4.2.1 Ply Quantity (Tool Thickness). The experiments
showed that the tool thickness significantly affects tool life.
Thicker multi-ply yarns increased the tool life, and thus the
spark time, by more than 14 s in air and nearly 2.5 s in the oil
dielectric. Other process modifications were not as effective as
increasing the CNTY thickness. This is because the thinner
electrodes are affected by more discharges per unit area. As a
result, more heat is concentrated in a smaller zone (Ref 34),
causing faster destruction of the EDM tool.

4.2.2 Oxidation. At the first machining test (applied in air
dielectric), higher material removal and longer tool life were
observed due to the extra heat from the oxidation of the steel.
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Electrical discharges during machining generate heat, increas-
ing the oxidation rate of the workpiece (Ref 35). Since
oxidation is generally exothermic, it generates additional heat
in the spark zone (Ref 26). Hence, discharge intensity increases
(Ref 35), and more material removal per pulse is achieved (Ref
36). The MRR is also directly proportional to the oxygen
concentration in the air. Furthermore, very low tool wear is
another advantage of EDM in an oxygen-containing gas (Ref
37).

Oxidation adversely affects the integrity of the CNT.
Oxygen breaks down CNTs and creates CO and CO, when
the temperature exceeds ~ 600 K. This phenomenon results in
the opening of closed CNTs and thinning (layer-by-layer



Table 6 Parameters of the second material removal experiment

Test code CNTY ply number and thickness, ;m Workpiece Voltage, V Ampere, A
S1P1 1 ply (~ 97 um) Al 50 0.5
S2P1 1 ply (~ 97 um) 45 3

S3P1 1 ply (~ 97 um) 40 6
S4pP2 2 plies* 50 0.5
S5P2 2 plies* 45 3

S6P3 3 plies* 45 3

S7PS 5 plies* 50 0.5
S8P10 10 plies* 30 6
S9P10 10 plies* 50 0.5

"Multi-ply CNTYs that do not have circular cross sections. Therefore, the proper diameter or thickness measurements could not be performed for

those threads.

|
|
|
® 00
|
|
|
|

&

w &

1-ply 2-ply 3-ply 5-ply 10-ply

Fig. 10 Estimated cross sections of yarns having different ply numbers

Table 7 Machining parameters and results of the material removal experiments

Test Dielectric CNTY formation Peak ampere, A SUD cycles Spark time, s

Ist Air Single-ply 1 .. ..
Multi-ply 1 39 14.43*

2nd EDM oil Single-ply 0.5
Multi-ply 0.5 3 2.47%

* The spark times show the maximum value obtained during the test. They were calculated by adding separate spark periods from the best test run.

Intermittent cooling times are excluded.

destruction) of MWNTs, as demonstrated by Ajayan and
Kunieda (Ref 38, 39). The degradation temperature could be as
low as 623 K (350 °C) (Ref 40, 41). Therefore, oxygen in the
air dielectric probably accelerated the breakdown of the CNTY
during our experiments.

The oxidation has a significant influence on the current
carrying capacity (or ampacity) as well. In this study, the
ampacity of the CNTY was measured as 1.76 x 10° A/em?
which is lower than a recent measurement performed in a
vacuum (~ 1.78 x 10* A/em?) (Ref 42). This is common for
CNT-based conductors subjected to current-induced Joule
heating. The CNT-based fibers generally fail at lower temper-
atures in the air due to oxidation compared to tests performed in
an inert atmosphere or vacuum (Ref 43, 44). As a result, the
destructive effect of oxygen limited the tool life and machining
time in the first experiment.

In the second material removal experiment, an oxygen-free
hydrocarbon oil was used instead of air to eliminate the effect
of oxygen and improve cooling. However, less tool life and
negligible material removal were obtained, suggesting that the
mechanism behind this result must be different from oxidation.
The following sections focus on these factors.

4.2.3 Intensified Discharges. The hydrocarbon dielectric
oils have higher dielectric strengths than air, Table 10. There-
fore, higher discharge energy or a smaller working (or
discharge) gap is required to initiate the spark (Ref 45, 46).
Also, lower oil viscosity limits the plasma expansion, concen-
trating discharges in a smaller zone (Ref 46). As a result,
intensified discharges increase the disintegration of the CNTY.
When coupled with the weak attraction forces among CNT
bundles (Ref 47, 48), this phenomenon may have accelerated
the failure of the CNTY tool. Additionally, flushing loses
efficiency as working distance decreases, leading to instability,
short circuits, and tool wear (Ref 45). Consequently, reduced
tool life due to more powerful discharges, and carbide layer
formation on the aluminum workpiece are proposed as the main
reasons for negligible material removal at the second machining
test.

4.2.4 Carbide Layer Formation on the Work-
piece. When hydrocarbon oils are used as dielectrics, exces-
sive heat from electrical discharges chemically breaks down the
oil, producing carbon particles. Because the energy dissipation
into the anode is more significant during these electrical
discharges, more particles precipitate on the workpiece and
form a heat-resistant carbide layer (Ref 49). As a result, the
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Table 8 Mechanical property comparison of the CNTY and prior data

Test This study Deng et al. (Ref 55) Yang et al. (Ref 56)
Tensile Strength, MPa 146.91© 82-490 124.4
Strain,% 3.97 3-12 0.153

(c): Average tensile strength has been calculated by assuming the cross section is circular, and the material is continuous.

Table 9 Key factors and their influence on tool life and material removal

Test Factors Impact on tool life Impact on material removal
Ist Tool: CNTY, Oxidation -) (+)
Workpiece: Steel,
Dielectric: Air Increasing tool thickness (+) (+ %)
2nd Tool: CNTY, Intensified discharges =) (=*)
Workpiece: Aluminum, Increasing ply quantity (H +*
Dielectric: Hydrocarbon oil Carbide layer on the workpiece =" (=)

( +): Direct positive impact, (—): Direct negative impact, (+ *): Indirect positive impact, (—*): Indirect negative impact.

Table 10 Specific properties of common dielectric media used in EDM (Ref 57)

De-ionized water Kerosene/hydrocarbon oils Air
Dielectric strength, MV/m 13 14-22 3
Dynamic viscosity, g/m.s 0.92 1.64 0.019
Thermal conductivity, W/m.K 0.606 0.149 0.026
Heat capacity, J/g.K 4.19 2.16 1.04

EDM becomes unstable, and consequently, the MRR drops
(Ref 50). In conclusion, this mechanism might have been the
reason for the negligible material removal from the aluminum
workpiece. The blackened surface on the test specimen
supports the carbon deposition concept (Fig. 9b).

4.3 Future Scope

Certain improvements for the CNTYs can be studied in the
future. For example, the overall strength of the CNTYs can be
improved with densification and increasing inter-tubular inter-
actions by creating covalent bonds among individual CNTs or
by cross-linking. These cross-linking techniques could be
chemical treatments, irradiation, and incandescent tension
annealing (ITAP) (Ref 51-53). The ITAP technique also
increases the oxidative strength of the nanotubes (Ref 53). In
addition, EDM can be performed in a vacuum or an inert
atmosphere to reduce the effect of oxygen. For instance,
Takahata et al. attempted the machining of CNT forests by
UEDM in air or oxygen dielectric. They indicated that proper
CNT removal might not be possible without oxygen (for
example, in 100% nitrogen gas dielectrics) (Ref 54).

5. Gonclusion

This study investigated the suitability of the CNTY for
material removal from metals using electrical discharges. The
conclusions are summarized below.
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1. Initial tests have shown that material removal with a pris-
tine CNTY tool is possible.

2. Tool thickness is critical for spark time. Longer tool life
and machining time were achieved with thicker
(> 100 um) multi-ply tools. The spark time in the air
dielectric increased to 14.5 s until tool failure. This peri-
od was 2.5 s for the tests performed in hydrocarbon oil
dielectric.

3. The oxidation determined the MRR and tool life during
machining. The use of air dielectric improved material re-
moval from steel because of the additional heat generated
by exothermic oxidation reaction. However, it also re-
duced the CNTY’s material strength and tool life by dis-
integrating the CNTY as CO and CO,.

4. More focused and intensified discharges occurred in
hydrocarbon oil dielectric due to a smaller discharge gap
as a result of the higher dielectric strength and viscosity
of the medium. This situation reduced tool life more than
in the case of air dielectric.

5. The precipitated carbon particles, produced by the break-
down of oil, formed a heat-resistant carbide layer on the
workpiece and made material removal difficult. As a re-
sult, more material removal was obtained in the air med-
ium than in the liquid dielectric.

It is predicted that the CNTY could be a competitive tool
alternative for micromachining hard engineering materials
when its thermal and mechanical strengths are further
improved. Moreover, the behavior of a pristine CNTY during



EDM has not yet been explored in the literature. This study
investigated the material removal capacity of the CNTY to
close this research gap. Because of that, further tasks such as
optimization of MRR or surface roughness are not included in
this research.
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