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Abstract: Due to the abrasive nature of the material, the conventional machining of CFRP composites
is typically characterised by high mechanical forces and poor tool life, which can have a detrimental
effect on workpiece surface quality, mechanical properties, dimensional accuracy, and, ultimately,
functional performance. The present paper details an experimental investigation to assess the feasi-
bility of wire electrical discharge machining (WEDM) as an alternative for cutting multidirectional
CFRP composite laminates using high-performance wire electrodes. A full factorial experimental
array comprising a total of 8 tests was employed to evaluate the effect of varying ignition current
(3and 5 A), pulse-off time (8 and 10 us), and wire type (Topas Plus D and Compeed) on material
removal rate (MRR), kerf width, workpiece surface roughness, and surface damage. The Compeed
wire achieved a lower MRR of up to ~40% compared with the Topas wire when operating at com-
parable cutting parameters, despite having a higher electrical conductivity. Statistical investigation
involving analysis of variance (ANOVA) showed that the pulse-off time was the only significant
factor impacting the material removal rate, with a percentage contribution ratio of 67.76%. In terms
of cut accuracy and surface quality, machining with the Compeed wire resulted in marginally wider
kerfs (~8%) and a higher workpiece surface roughness (~11%) compared to the Topas wire, with
maximum recorded values of 374.38 um and 27.53 um Sa, respectively. Micrographs from scanning
electron microscopy revealed the presence of considerable fibre fragments, voids, and adhered re-
solidified matrix material on the machined surfaces, which was likely due to the thermal nature of the
WEDM process. The research demonstrated the viability of WEDM for cutting relatively thick (9 mm)
multidirectional CFRP laminates without the need for employing conductive assistive electrodes.
The advanced coated wire electrodes used in combination with higher ignition current and lower
pulse-off time levels resulted in an increased MRR of up to ~15 mm?/min.

Keywords: electrical discharge machining; carbon fibre; composites; material removal rate; kerf
width; surface roughness

1. Introduction

Carbon-fibre-reinforced plastic (CFRP) composites have become widely used in a
variety of applications, particularly within the aerospace and automotive industries due to
favourable properties including low density (1.5 to 2 gm/cm?), high strength-to-weight
ratio (~785 kN-m/kg), as well as strong resistance to fatigue and corrosion [1-3]. This has
enabled some of the latest commercial aircraft such as the Airbus A350XWB and Boeing 787
to fly with considerably reduced fuel consumption and lower gas emissions, as up to 50%
of their airframes are composed of CFRP materials instead of heavier metallic alloys [4,5].
Despite efforts in developing net shape manufacturing technologies for CFRP components,
machining operations remain essential to meet the required dimensional accuracy, geomet-
rical tolerances, and for part assembly [6,7]. Commonly employed machining operations
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include routing, slot milling, and drilling, with the latter utilised for producing bolt or rivet
holes, which can number up to 400,000 for private jets and in-excess of 1 million in larger
transport/cargo planes [8]. However, in addition to the anisotropic and inhomogeneous
properties of CFRP, the highly abrasive nature of carbon fibres results in the rapid wear
of tools in conventional machining processes, leading to severe workpiece defects such as
delamination, fibre pull-out, matrix degradation, burr formation, splintering, and micro
cracking [9,10], thus compromising the strength as well as integrity of the workpiece. While
recent research investigating the machining of CFRP using nontraditional cutting processes
encompassing ultrasonic vibration-assisted drilling (UVAD), abrasive water jet machining
(AW]JM), and laser beam machining (LBM) have reported some benefits over conven-
tional processes such as lower cutting forces, longer tool life, and reduced surface damage,
there were also several drawbacks observed including abrasive particle embedment in the
matrix, the presence of craters/ridges/valleys, and the formation of heat-affected zones
(HAZ) [11-13].

Another nonconventional process that has seen increasing research interest as a po-
tential alternative for cutting CFRP composites is electrical discharge machining (EDM).
When EDM drilling of CFRP using copper and graphite electrodes, Sheikh-Ahmed and
Shinde [8] investigated the impact of varying current and pulse duration on the resulting
tool wear, material removal rate (MRR), workpiece delamination, and hole tapering/size
deviation. In terms of MRR, the graphite electrode was found to outperform the copper tool
by up to 38% when operating at a current of 2 A and pulse-on time of 190 us, albeit at the
cost of a 500% increase in electrode wear rates in the former. When machining with a low
current of 0.4 A and pulse duration ranging between 20 and 105 ps, a reduced delamination
factor of 1.15 from a maximum of ~1.3 was recorded for both electrodes. However, the
highest deviation from the nominal hole size (~4.5%) together with a maximum taper
of 0.048 mm was observed when using the graphite electrode at elevated current (2 A)
and pulse duration (190 us) levels. In related work, epoxy decomposition, fibre breakage,
and sublimation together with Joule heating generated by short-circuiting of fibres were
identified as the main material removal mechanisms [14]. Delamination was most apparent
at the hole entry, which was substantially influenced by changes in the discharge current,
while pulse-on time had the strongest impact on HAZ and hole tapering.

According to a study conducted by Yue et al. [15], material removal in the EDM of
CFRP was caused not only by plasma and Joule heating, but also through mechanical and
chemical mechanisms where evaporated gases from epoxy and carbon fibre sublimation
(due to the localised high temperatures in the discharge zone) form a high-speed gaseous
jet. The energy from impact of the gas stream caused fibres in the workpiece to rupture,
particularly when machining perpendicular to the fibre orientation. In addition, the oxygen
released following dissociation of the deionised water dielectric during sparking further
contributed to increased thermal energy and hence faster material erosion. Kumaran
et al. [16] investigated the impact of incorporating carbon black (1 and 2 vol%) and graphite
(5 and 10 vol%) fillers into the CFRP matrix on EDM performance in terms of MRR, electrode
wear, and hole quality. Drilling was carried out using a 1 mm diameter brass electrode at
negative polarity with variable parameters of pulse-off time (p = 20, 30, and 42 ps) and
maximum current (Imax = 46, 91, and 153 A). When cutting with pulse-off times above
20 us, workpieces containing a filler typically exhibited a higher MRR compared to the
conventional reference CFRP (no filler added), regardless of current levels, implying that
the flushing efficiency was most likely improved. Furthermore, electrode wear and thermal
damage around the hole exit were reduced when machining workpieces with the filler
material, probably as a result of increased matrix thermal conductivity leading to a greater
diffusion of heat over the workpiece, thus preventing/minimising matrix degradation.
Kumar et al. [17] studied the viability of EDM in the micro-drilling of CFRP using a 110 um
diameter electrode for a hole depth of 1.2 mm (aspect ratio of 10.9). The principal variable
parameters were voltage, capacitance, and electrode/tool rotational speed. In terms of
maximising MRR and minimising electrode wear rate, both voltage and capacitance were
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found to be statistically significant factors, while tool speed had no significant impact on
either response. Similarly, Makudapathy and Sundaram [18] reported a maximum mean
hole aspect ratio of over 11 during the micro-EDM drilling of CFRP (2.5 mm thick) utilising
a tungsten carbide electrode (& 120 um) at a feed rate and voltage of 6 um/s and 70 V,
respectively. An increasing voltage and lowering feed rate resulted in larger overcuts, while
a positive electrode polarity was found to reduce tool wear.

Lau and Lee [19] reported some of the earliest research on the wire electrical discharge
machining (WEDM) of CFRP, which was evaluated alongside laser cutting. Even though
laser machining exhibited a substantially higher MRR (95 mm?/min) compared to WEDM
(12 mm? /min), the latter revealed a better edge quality and reduced HAZ/surface damage.
The influence of fibre orientation with respect to cut direction was assessed by Yue et al. [15]
using uncoated brass in the WEDM of 2 mm thick unidirectional (UD) CFRP laminates.
Cutting speed was found to be ~18% higher when machining parallel to the fibre orientation
due to the higher electrical and thermal conductivity of the fibres along the axial direction.
More recently, the influence of open volage, current, and pulse-on/off time when WEDM
thicker UD-CFRP laminates (8.4 mm) was investigated when cutting parallel to the fibre
direction using zinc-coated brass wire [20]. Analysis of variance (ANOVA) of the results
revealed that ignition current had a statistically significant effect on MRR and kerf width,
with the pulse-off time also having a substantial impact on MRR. A further study by
Abdallah et al. [21] to assess WEDM performance when cutting perpendicular to the fibre
orientation found that MRR was ~14% lower than when machining parallel to the fibre
direction, which was similar to that previously reported by Yue at al. [15]. However,
workpiece surface roughness was considerably better when cutting perpendicular to the
fibres (6.84 um Sa) instead of the parallel direction (9.48 um Sa), although surface defects
including uncut/fractured fibre fragments, matrix/fibre loss, and re-solidified resin were
prevalent on all of the machined surfaces.

In order to enhance workpiece electrical conductivity and aid spark initiation, several
researchers have evaluated the use of ‘assisting electrodes” where the CFRP workpiece
is stacked or clamped together with metallic plates. Apart from increased cutting effi-
ciency /productivity [22], the technique was also found to prevent/avoid frequent wire
breakage and improve cut profile accuracy [4,23]. Based on the comparatively limited
published research on the WEDM of CFRP to date, the work presented here aimed to
investigate the effect of key process parameters (ignition current and pulse-off time) on the
machinability of 9 mm thick multidirectional CFRP composite laminates when utilising
two different high-performance wire electrodes. Process performance and capability were
assessed with respect to an in-depth analysis of resulting kerf widths, surface roughness,
and condition together with material removal rates.

2. Materials and Methods

The workpiece materials used in the experiments were 9 mm thick, square
(122 mm x 122 mm) multidirectional CFRP laminate plates comprising 36 UD pre-pregs/plies,
each with a thickness of 0.25 mm. The plies were composed of high-tensile-strength
(HTS) pre-impregnated carbon fibres (68 pm diameter) aligned within a toughened
epoxy resin matrix. The commercial matrix/fibre designation of the pre-pregs was ACG
MTM44-1/HTS-268-12K, which had a fibre volume fraction (V) of 56.5%. As shown in
Figure 1, the laminates were initially manually laid up according to an orientation sequence
of [45°/0°/135°/90° /45° /0°]3s. The workpiece samples were then cured for 30 min at a
steady temperature of 80 °C, followed by a gradual increase in temperature to 135 °C ata
rate of 1 °C per minute. This temperature was subsequently kept constant for 4 h under a
vacuum pressure of 0.9 bar [24]. The resulting key physical/mechanical properties of the
cured CFRP laminate plates are detailed in Table 1 [24,25].
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Fibre plies
orientations

Figure 1. Multidirectional CFRP workpiece with micrograph of cross-section showing lay-up orienta-
tion of the plies [24,25].

Table 1. Key physical/mechanical properties of the post cure CFRP laminates [24,25].

Property Details
Density 1.6 g/cm?
Hardness 60-65 Barcol
Ultimate tensile strength 2000 MPa
Interlaminate shear strength 14 MPa
Modulus of elasticity 150 GPa
Thermal conductivity 1W/mK 1L and 70 W/mK/ /to fibre
Workpiece electrical resistivity (X, Y, Z) 0.0833 ()-cm, 0.092 ()-cm, 1980.1 O-cm
Coefficient of thermal expansion (CTE) Up to 10 pm/mK

As low cutting speeds and frequent wire rupture have previously been reported as the
primary shortcomings in the WEDM of CFRP composites, two high-performance electrodes
involving zinc-coated brass (Topas Plus D) and copper/brass-coated steel (Compeed)
wires were selected for evaluation in the present work. The Topas Plus D wire was
composed of a brass core (20%Zn80%Cu) with a dual layer of zinc-rich diffused 3 and
v-phase coatings, giving a tensile strength of 800 to 900 MPa and electrical conductivity
of 16.24 x 10° S/m. This has been found to provide a 30-35% increase in cutting speed
compared to conventional uncoated brass wires [26,27]. In contrast, the Compeed wire has
a steel core with a twin layer of copper and diffused 3-phase brass coating, resulting in an
electrical conductivity of 29 x 10° S/m and room-temperature tensile strength of 800 MPa.
Despite comparable tensile strengths, the Compeed wire has greater resistance to breakage
than the Topas Plus D due to the higher fracture toughness of the steel core. The diameter
of both wires was 0.25 mm, with their respective compositions shown in Figure 2.
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Figure 2. Composition of wire electrodes: (a) Topas Plus D and (b) Compeed.

All of the machining trials were undertaken on an AgieCharmilles Robofil FI240cc
wire EDM machine, as shown in Figure 3. The CFRP workpiece was immersed in deionised
water dielectric with an electrical conductivity of ~5 uS/cm during machining. An Alicona
G5 InfiniteFocus microscope was used to measure the machined kerf width as well as to scan
and generate 3D topographical plots of the cut surfaces to determine areal roughness (Sa) at
magnifications of 5x and 20, respectively. A toolmakers microscope connected to a digital
camera was employed to capture optical micrographs of machined kerfs on the top and
bottom faces of the workpiece, while a JEOL JCM-6000 Plus scanning electron microscope
(SEM) was utilised to obtain high-resolution micrographs of the machined surfaces.

e =

' Wire reel box Monitor and control
| buttons

NOZZleS Machine tank i ‘

Figure 3. AgieCharmilles Robofil FI240cc wire EDM machine.

The experiments carried out were based on a full factorial design involving three
variable factors of ignition current, pulse-off time, and wire electrode type, with each
at 2 levels. Table 2 details both the variable and fixed parameters together with the
corresponding levels selected for the trials, which were based on results by Abdallah
et al. [20,21] following the WEDM of UD-CFRP laminates. Process performance was
evaluated in terms of material removal rate, average kerf width (Wa), and workpiece
surface roughness following a cut length of 12 mm in each test, with statistical analysis of
the results using Minitab software employed to determine the significance (at the 5% level)
of variable parameters. The full factorial test array is outlined in Table 3.
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Table 2. Variable and constant parameters.
Parameters Symbol (Unit) Level 1 Level 2
Ignition current IAL (A) 3 5
Variable factors Pulse-off time B (us) 8 10
Wire type \%Y Topas Plus D (T) Compeed (C)
Open gap voltage Vo (V) 100 -
Pulse-on time A (ps) 0.6 -
Servo voltage Aj (V) 15 -
Constant factors Wire tension WB (N) 13 -
Wire speed WS (m/min) 10 -
Flushing pressure INJ (bar) 16 -
Frequency FF (%) 10 -
Table 3. Full factorial experimental array.
Test No. Ignition Current, IAL (A) Pulse-off Time, B (us) Wire Type, W

1 3 8 T

2 5 8 T

3 3 10 T

4 5 10 T

5 3 8 C

6 5 8 C

7 3 10 C

8 5 10 C

The machining time for each test (over the 12 mm cut length) was recorded using
a stopwatch. Following the conclusion of each trial, an air blower and hair drier were
utilised to dry and evaporate the absorbed water in the CFRP plates. A digital scale
(operating range of 0.5 to 3500 g) was used to weigh the mass of the workpiece samples
before and after each test (precision of 0.01 g). The MRR was subsequently determined
using Equation (1) [28,29]:
my - My
P X tm
where my, and m, are the masses of workpiece material before and after machining, respec-
tively (g), p is the density of the workpiece (g/mm?), and ty, is the machining time (min).
The delamination factor (Fd) as a result of the damage on the top and bottom faces of the
workpiece was calculated using Equation (2) [30]:

MRR = (1)

Wmax

Fd
Wa

2

where Wmax is the maximum width of delamination of the machined kerf and Wa is the
average kerf width.

The average kerf width was calculated based on a total of 18 measurements taken
at equal intervals along the machined length on the top and bottom of the workpiece
(9 readings per surface). Following completion of kerf width measurements, the CFRP
workpieces were cross-sectioned using a diamond disc cutter for surface roughness (Sa)
measurements. This was evaluated as an average of three readings, each over a scan area
of 13.2 mm? on the machined surface and a cut-off length of 887 um.

3. Results and Discussion
3.1. Material Removal Rate and Workpiece Surface Damage

Figure 4 shows the effect of varying ignition current and pulse-off time on MRR when
cutting multidirectional CFRP laminates using the Topas and Compeed wire electrodes.
When operating at equivalent ignition current and pulse-off time levels, the MRR achieved
by the Topas wire was between 11% and 40% higher than that of the Compeed electrode,
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with maximum values recorded of 14.82 mm?3/min (Test 2) and 13.31 mm?/min (Test 6),
respectively. These cutting rates were considerably faster compared to previously reported
results when machining unidirectional CFRP composites [21], which was primarily at-
tributed to the lower electrical resistivity of the multidirectional lay-up configuration of the
workpiece in the present work. As expected, the main effects plot for the mean of MRR
shown in Figure 5 indicates that the cutting rate increased at higher ignition current and
lower pulse-off time levels. Conversely, the MRR was generally lower when machining
with the Compeed wire, despite having a higher electrical conductivity. The elevated
conductivity of the Compeed wire likely resulted in sparks with greater intensity, thereby
causing increased workpiece erosion and debris formation consisting of the decomposed
nonconductive epoxy resin within the machining gap, which also accumulated /fused over
the fibre edges on the cut surface [31]. Furthermore, the rate of fibre detachment was
possibly higher due to a greater spark collision with fibres at the different ply orientations
(45°,90°, and 135°) [29]. This build-up of debris comprising the melted epoxy resin and
broken fibres in the cutting zone consequently led to poor discharge efficiency and hence
the lower MRR.

0 Topas wire Compeed wire

THH

—
=)
=

Material removal rate (mm?*min)

Test number

Figure 4. Material removal rate in each test for the Topas and Compeed wire electrodes.

IAL B* w

Mean of MRR (mm3min)

*Significant at the 5% level

Figure 5. Main effects plot for MRR.

The ANOVA considering the effect of the main factors as well as interactions between
the parameters on MRR is detailed in Table 4. According to the results, the pulse-off time
was the only significant factor at the 5% level, with a corresponding percentage contribution
ratio (PCR) of 67.76%. Similarly, none of the interactions were shown to have any significant
influence. The derived regression model exhibited strong agreement with the experimental
data based on a coefficient of determination (R?) of 99.79%. Additionally, the similarly
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high adjusted coefficient of determination (Adj R?) of 98.55% indicated that the model
likely included all the relevant terms for good correlation between the responses and

machining variables.

Table 4. ANOVA for material removal rate including interactions.

Source

g
]

Seq SS Adj SS AdjMS F-Value p-Value PCR
Model 6 74.0556 74.0556 12.3426 80.07 0.085 99.79%
Linear 3 73.597 73.597 24.5323 159.15 0.058 99.17%
IAL 1 14.5094 14.5094 14.5094 94.13 0.065 19.55%
B 1 50.281 50.281 50.281 326.19 0.035 * 67.76%
W 1 8.8065 8.8065 8.8065 57.13 0.084 11.87%
2-Way Interactions 3 0.4587 0.4587 0.1529 0.99 0.611 0.62%
IAL*B 1 0.2877 0.2877 0.2877 1.87 0.402 0.39%
IAL*W 1 0.001 0.001 0.001 0.01 0.949 0.00%
B*W 1 0.17 0.17 0.17 1.1 0.484 0.23%
Error 1 0.1541 0.1541 0.1541 0.21%
Total 7 74.2098 100.00%
Mod.el MRR = 34.40 — 0.36 IAL — 3.266 B + 0.22 W + 0.190 IAL*B + 0.011 IAL*W — 0.146 B*W
equation
Model summary
S R? Adj R? PRESS Pred R?
0.392615 99.79% 98.55% 9.86536 86.71%

* Significant at the 5% level.

Figure 6 shows optical micrographs of the kerf generated on the top and bottom
surfaces of the workpiece machined using the Topas wire in Test 2, which recorded the
highest MRR. The top surface exhibited severe delamination along the kerf edges and at
the end of the cut, see Figure 6a. The kerf edges were also irregular/uneven with evidence
of adhered debris/contaminants on the surface, with similar damage also found on the
bottom surface, although to a lesser degree, as shown in Figure 6b.

Bottom surface

Excessive
L 8% Delamination =

. b
Adhered dqbris
fcontaminants

Uneven
edges

Excessive _ L
Delamination. & ———*

@

Excessive
Delamination

Adhered debris
!eontaminants

200 pm

(b)

Figure 6. Optical micrographs of the kerf machined using Topas wire in Test 2 at the (a) top and

(b) bottom surface.

The slots machined using the Compeed wire at equivalent process parameters (Test 6)
also exhibited considerable delamination along the length of kerf edges together with
irregular/uneven edges and the presence of frayed fibres and bronze-coloured debris
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attached on both the top and bottom surfaces of the workpiece, as detailed in Figure 7.
The delamination typically occurred in epoxy-rich areas due to the pressure of gases
generated from resin decomposition, as described by Sheikh-Ahmad [14]. The gases
together with wire tension, as well as electrostatic and dielectric flushing forces, led to
wire vibration [32], which probably contributed to the irregular/uneven cut edges. The
damage on the machined kerfs was generally more severe in tests utilising the Compeed
wire, which was probably due to the increased discharge intensity as a result of its higher
electrical conductivity. This corresponded to the higher delamination factor (Fd) levels
obtained of up to 2.94 for slots machined with the Compeed wire compared to a maximum
value of 2.5 in tests involving the Topas wire. In addition, the fractured/frayed fibre
damage observed was also partly attributed to the impact of high-speed gaseous jets
generated during vaporisation and sublimation of epoxy/carbon fibres, which have also
been outlined by other researchers [14,15]. While the delamination factor levels were up
to ~49% higher compared to previously reported results when WEDM of UD-CFRP [21],
the degree of workpiece damage was found to be lower when using WEDM as opposed to
laser machining, according to Lau and Lee [19].

Bottom surface

ExééSSiQe - { :
Delamination & Frayed

fibre

_ Excessive .

+—— 'Delamination

Adhered debris
/econtaminant

Adhered debris
lcontaminant
200 umy -

Figure 7. Optical micrographs of the kerf machined using Compeed wire in Test 6 at the (a) top and
(b) bottom surface.

Figure 8a shows a SEM micrograph of the surface machined in Test 3, which recorded
the lowest MRR (7.42 mm?/min) when using the Topas wire. In addition to significant areas
with voids due to fibre/matrix loss, the surface was covered with broken fibre fragments at
different ply orientations together with accumulated re-solidified resin at the fibre ends.
Conversely, loose long fibres were predominant on the workpiece machined in Test 2
(highest MRR), together with large cavities and re-solidified resin dispersed over the cut
surface. In addition, resin particles were seen on the ends of some fibres at the 45° /135°
ply orientation, as shown in Figure 8b.
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Figure 8. Sample SEM micrographs of surfaces machined using the Topas wire in (a) Test 3 and
(b) Test 2 and Compeed wire in (c) Test 7 and (d) Test 6.

The damage on the surface machined with the Compeed wire having the lowest
MRR (5.29 mm?/min) in Test 7 included substantial fibre loss particularly at the ply
interface regions and fibre fragments together with bulk re-solidified resin covering some
of the eroded fibre sections, see SEM micrograph in Figure 8c. The machined surface
condition/quality further deteriorated particularly in Test 6 at the highest MRR, which was
characterised by the presence of deep cavities as well as extensive areas of accumulated
re-solidified debris/matrix material, as shown in Figure 8d. In contrast, Ablyaz et al. [33]
reported minimal surface damage/defects following the WEDM of 2 mm thick polymer
composite plates sandwiched between two layers of conductive titanium plates (each 1 mm
thick). Despite the improved surface quality, the use of a sandwich/stack configuration
may not always be practical/possible in a production environment, depending on the
component geometry.

3.2. Kerf Width

Figure 9 highlights the average kerf widths obtained in each of the tests for both wire
electrodes. Marginally larger kerfs ranging from ~334 to 374 um were produced when
cutting with the Compeed wire as opposed to slot widths measuring ~333 to 347 um from
tests utilising the Topas electrode. The wider kerfs were typically associated with operating
at low pulse-off times and high ignition currents, which most likely resulted in greater
discharge energies. This trend was exemplified by the main effects plot for average kerf
width shown in Figure 10. While increasing the pulse-off time generally improves flushing
efficiency for removing debris from the discharge gap, it also reduces the active spark-
workpiece interaction time, thereby resulting in a narrower kerf. Previous studies involving
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According to the ANOVA for average kerf width outlined in Table 5, wire type and its

interaction with pulse-off time were found to be significant at the 5% level, with a PCR of

37.69% and 27.39%, respectively. The corresponding regression model derived revealed a
strong correlation with the experimental data based on the high R? and Adj R? values of

Figure 10. Main effects plot for average kerf width.
99.88% and 99.14%, respectively.
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Table 5. ANOVA for average kerf width including interactions.

Source DF Seq SS Adj SS Adj MS F-Value p-Value PCR
Model 6 1701.86 1701.86 283.643 135.34 0.066 99.88%
Linear 3 1195.78 1195.78 398.592 190.19 0.053 70.18%
IAL 1 272.42 272.42 272.422 129.99 0.056 15.99%
B 1 281.11 281.11 281.111 134.13 0.055 16.50%
Y 1 642.24 642.24 642.244 306.45 0.036 * 37.69%
2-Way Interactions 3 506.08 506.08 168.693 80.49 0.082 29.70%

TIAL*B 1 34.33 34.33 34.332 16.38 0.154 2.01%

IAL*W 1 5.08 5.08 5.084 243 0.363 0.30%
B*W 1 466.66 466.66 466.664 222.67 0.043 * 27.39%

Error 1 2.1 2.1 2.096 0.12%
Total 7 1703.95 100.00%

Model
. Wa =452.4 — 12.81 IAL — 14.21 B+ 7451 W + 2.072 IAL*B + 0.797 IAL*W — 7.638 B*W
equation
Model summary
S R? Adj R? PRESS Pred R?
1.44767 99.88% 99.14% 134.129 92.13%

* Significant at the 5% level.

3.3. Workpiece Surface Roughness

The measured surface roughness for each trial detailed in Figure 11 exhibited similar
trends to the average kerf width results, where the Compeed wire produced rougher
surfaces compared to the Topas wire, with the exception of Test 7, which was possibly due
to variation in spark stability. The higher surface roughness obtained when machining with
the Compeed wire was attributed to the increased energy/heat generated in the machining
gap as a consequence of its higher electrical conductivity, which produced deeper craters
and considerable adhered debris on the surface; see sample 3D topographical maps of
workpieces machined with the Topas (Test 2) and Compeed (Test 6) wires in Figure 12.
Evidence of voids/craters was present on both surfaces due to vaporisation of the matrix
phase, while more significant levels of frayed/loose fibres were visible on the surfaces
machined with the Compeed wire; see Figure 12b.

o1 Topas wire Compeed wire

1 - [ 2 w ™
= wm (=] w (=) n
. . . . . ,
T T T T T 1

Average areal roughness Sa (um)
tn

=

B w
W
]
b
=
=
=

Test number

Figure 11. Average areal surface roughness in each test for the Topas and Compeed wire electrodes.
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Figure 12. Surface topographical map of workpiece machined with (a) Topas (Test 2) and (b) Compeed
(Test 6) wires.

The main effects plot in Figure 13 indicates that utilising low ignition current and high
pulse-off time levels with the Topas wire resulted in lower surface roughness. However,
the associated ANOVA in Table 6 showed that none of the linear factors and corresponding
interactions were statistically significant with respect to surface roughness.

IAL B w

25.5

25.0

B e

24.0

Surface roughness Sa (um)

23.5

3 5 10 T c
Figure 13. Main effects plot for average surface roughness.

Table 6. ANOVA for average surface roughness.

Source DF Seq SS Adj SS Adj MS F-Value p-Value PCR
Model 6 19.9873 19.9873 3.33121 427 0.355 96.24%
Linear 3 12.4798 12.4798 4.15992 5.33 0.306 60.09%
IAL 1 8.6433 8.6433 8.6433 11.07 0.186 41.62%
B 1 3.2123 3.2123 3.21231 4.12 0.292 15.47%

w 1 0.6242 0.6242 0.62416 0.8 0.536 3.01%
2-Way Interactions 3 7.5075 7.5075 2.5025 3.21 0.385 36.15%

IAL*B 1 0.0039 0.0039 0.00389 0 0.955 0.02%
IAL*W 1 4.0162 4.0162 4.0162 5.14 0.264 19.34%
B*W 1 3.4874 3.4874 3.4874 4.47 0.281 16.79%

Error 1 0.7806 0.7806 0.7806 3.76%
Total 7 20.7679 100.00%

Model
. Sa =269 +0.84 IAL — 0.72 B + 3.39 W + 0.022 IAL*B + 0.709 IAL*W — 0.660 B*W
equation
Model summary
S R? Adj R? PRESS Pred R?
0.883518 96.24% 73.69% 49.9587 0.00%




J. Compos. Sci. 2022, 6, 159

14 of 16

4. Conclusions

The impact of two key operating parameters: ignition current and pulse-off time, in

addition to two different wire electrodes when WEDM multidirectional CFRP laminate
composites was assessed with regard to material removal rate, average kerf width, and
workpiece surface roughness. The following were the main outcomes and observations.

Material removal rates ranged between 7.42 and 14.82 mm?®/min when utilising the
Topas wire, while a marginally lower MRR of 5.29 to 13.31 mm3/min was recorded in
tests involving the Compeed wire. The lower cutting rates in the latter was possibly
due to increased debris generation in the spark gap resulting in reduced machining
efficiency. Pulse-off time was found to be the only statistically significant factor
influencing MRR, with a PCR of 67.76%. The regression model considering both
linear factors as well as two-way interactions between the factors exhibited a strong
correlation to the experimental results with a R? of 99.79%.

Considerable levels of delamination were observed on the top and bottom surfaces
of the machined workpieces in all tests, although delamination factor calculations
indicated somewhat higher values of up to 2.94 for workpieces machined using
the Compeed wire, whilst a corresponding maximum Fd of 2.5 was obtained when
employing the Topas wire.

Analysis of the cut surfaces revealed the presence of significant fibre debris, voids,
and aggregated re-solidified resin material, particularly for workpieces machined with
the Topas wire. In similar tests involving the Compeed wire, additional defects were
prevalent in the form of large cavities in the vicinity of ply interfaces due to resin
evaporation and fibre loss.

Marginally higher kerf widths of up to ~8% were observed when machining with the
Compeed wire. The corresponding ANOVA highlighted that wire type as well as its
interaction with pulse-off time were significant at the 5% level, with PCRs of 37.69%
and 27.39%, respectively. The derived regression model for kerf width showed a high
R? of 99.88%, which suggests a strong fit with the experimental data.

The resulting average workpiece surface roughness was relatively high, irrespective
of cutting conditions and wire type, with maximum values of 24.86 um and 27.53 pm
Sa for the Topas and Compeed wire, respectively. None of the variable factors or
interactions, however, were found to have a significant influence on surface roughness,
despite ignition current having a considerable PCR of 41.62%.
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Nomenclature

Acronym  Description

3D Three dimensional
A Pulse-on time
ACG Advanced Composite Group
Adj R? Adjusted coefficient of determination
Aj Servo voltage
ANOVA Analysis of variance
AWM Abrasive water jet machining
B Pulse-off time
C Compeed
CFRP Carbon-fibre-reinforced plastic
Cu Copper
EDM Electrical discharge machining
Fq Delamination factor
HAZ Heat-affected zone
HTS High tensile strength
IAL Ignition current
INJ Injection pressure
LBM Laser beam machining
my Mass after machining
my, Mass before machining
MRR Material removal rate
PCR Percentage contribution ratio
R? Coefficient of determination
Sa Arithmetic 3D areal roughness
SEM Scanning electron microscope
tm Machining time
UD-CFRP  Unidirectional carbon-fibre-reinforced plastic
UVAD Ultrasonic-vibration-assisted drilling
\%i Fibre volume fraction
Vo Open voltage
W Wire type
Wa Average kerf width
WB Wire tension
WEDM Wire electrical discharge machining
Wmax Maximum damage width
Ws Wire speed
Zn Zinc
P Density
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