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Abstract

Process energy optimisation is vital in view of the environmental performance of electrodischarge
machining (EDM). This research is focused on identifying the significant parameters that optimise the
process energy consumption of wire EDM (WEDM) of superalloys: Inconel-718 and Ti64Al4V. Four
general parameters: workpiece material, workpiece thickness, wire material, and wire diameter; and
four discharge parameters: gap voltage, peak current, pulse-ON time, and pulse-OFF time were tested
against specific energy consumption (SEC) and surface quality of the cut. Taguchi design of
experiments and analysis of variance (ANOVA) methods were used for experimentation and analysis.
The Green House Gas Protocol is used to analyse potential reductions in carbon emissions. The results
indicate that preferred parameters to minimise the specific energy consumption are workpiece
thickness, wire material, wire diameter, and pulse-OFF time in the order of significance. It is found that
2/3rd of the total energy was consumed during non-working hours which can potentially be saved.
Further, the reduction of carbon emissions corresponds to non-working energy consumption of the

machines is also presented.

Keywords: Sustainable machining; WEDM; Process energy, Superalloys

1 Introduction

Glossary of terms

HB Higher-the-Better

LB Lower-the-Better

MRR Material Removal Rate (mm3/min)
P-OFF Pulse Off time (us)

P-ON Pulse On time (ps)

Ra Average Surface Roughness (um)

SEC Specific Energy Consumption(k]/mma3)


mailto:ade@gcu.ac.uk

SN ratio (1) Signal to Noise Ratio

SSew Sum of Squares-Between Groups
SSt Sum of Squares-Total
SSw Sum of Squares-Within Groups

The energy consumption by the industry sector, which accounts for 42.5 % of the total world electrical
energy consumption in 2014, has increased threefold from 1973, amounting to 725 tonnes of oil
equivalent (8,432 TWh) according to IEA (2016). The metal manufacturing industry is the fourth
largest energy consumer in the US with 1.6 quadrillions Btu (1.7x1015 ]) of energy used in 2010
(USEIA, 2016). Machining is one of the most widely used manufacturing processes (Munoz and Sheng,
1995) and thus it shares a significant portion of the manufacturing energy (Gutowski et al., 2006). As
the world’s electricity generation is mainly by fossil sources, amounting to 67% of the total of 23,816
TWh in 2014 (IEA, 2016), savings on the electrical energy help reduce the rate of extraction of fossil

resources, subsequently leading to environmental savings.

Electrodischarge machining (EDM) is considered at least 1000 times more energy intensive than
comparable conventional machining processes due to its low material removal rates (Li and Kara,
2015). EDM uses the energy of precisely controlled sparks between the tool electrode and the
workpiece to remove material by localised melting and evaporation. The temperature at the point of
discharge could be more than 12,000 °C (Sutherland and Gunter, 2001).The machining surface is
usually immersed in a non-conducting dielectric fluid. In EDM wire cutting (WEDM), a spool of
continuously fed wire is used as the tool electrode and deionized water as the dielectric. The rate of
energy consumption of EDM could vary based on the construction of the machine tool and machining
parameters. The supply power ranges around 5-8 kW for some machines when machining steel (AISI
P20) (Gamage and DeSilva, 2016). The highest energy consuming subunits are usually the
chillers/water coolers and the pumps. Dhanik et al. (2011) have identified two types of energy
consuming subunits: process dependent units such as injection pumps and spark generators and
process independent units such as filling pumps, filter pumps, auxiliary pumps and water coolers.

There are variations, however, depending on the established algorithms of each machine tool builder.

Since EDM is generally used for hard-to-cut materials, such as nickel and titanium-based alloys, the
material used in this research was an aerospace superalloy. Gamage et al. (2016) attributed electrical
energy as the largest contributor accounting for 64% of the total environmental impact for one-hour of
WEDM of steel (AISI P20). For diesinking EDM operations, the share of environmental impact caused
by electrical energy ranges about 50-60% of the total impact during one-hour of roughing of steel with
a copper tool (Gamage et al,, 2016; Kellens et al., 2011). Thus, it can be said that electrical energy

accounts for the majority share of the total environmental impact of EDM. The unit process data for



environmental impact assessment are scarce for unconventional manufacturing processes despite

these processes being used widely in the industry (Duflou et al., 2012).

This paper analyses the process energy consumption of WEDM which is an extension of the research
published titled ‘Process level environmental performance of EDM of aluminium (3003) and steel
(AISI P20)’(Gamage et al,, 2016). Experiments were conducted in a state-of-the-art research facility in
the UK. Two workpiece materials (Inconel-718 and Ti6Al4V) with three thicknesses, two wire

materials (copper and brass) with two diameters (0.25 mm and 0.30 mm) were used.

Taguchi design of experiments was used to assess the influence of pulse times, discharge current, and
voltage. Integrating all the parameter combinations, a total of 216 separate cuts were performed. The
specific energy consumption (SEC), the material removal rate (MRR), and the average surface
roughness (Ra) were calculated as the performance characteristics for each of the cuts. Taguchi
analysis was used to find the optimum discharge parameters for lower-the-better SEC and R, (Section
2.4.1). Analysis of variance (ANOVA) test was used to identify and prioritise the significant input
parameters. Furthermore, an analysis of the potential energy savings and the subsequent reduction in
carbon emissions from keeping the machines switched off during non-working hours is also
presented. This enabled the prioritised parameters for the improved process energy performance of
WEDM to be identified, as well as the sustainability implication of sensible operating practices, and

further research directions for improved sustainability of unconventional machining.

2 Research approach

2.1 Design of experiments
As shown in Figure 1, three workpiece thicknesses: 5, 10, and 15 mm, of both Inconel-718 and Ti6Al4V
superalloys were used. Two types of wires, copper and brass, each with two diameters, 0.25 mm and

0.30 mm, were used.
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Figure 1: Overview of experiments

Each of the combinations shown in Figure 1 was then tested with 9 experiments as suggested by the
Taguchi L9 array with 3-level, 4-factor design. Selecting of parameters among a large number of
variables available, such as pulse ON/OFF times, table feed rate, flushing pressure, wire tension, and
wire velocity, are heavily dependent on the operator skills with most of the machines (Ho et al.,, 2004;
Huang and Liao, 2003). However, modern machines, such as the one used in this research, offer the
luxury of proposing a standard set of parameters for a given output quality required with a unit-less
scale of 1-100. This helps the operator to figure out a better compromise between the output quality
and the speed of machining. Considering previous studies on WEDM parameter optimisation (Garg et
al,, 2014; Manna and Bhattacharyya, 2006; Tarng et al., 1995), four parameters, pulse-ON, pulse-OFF,
gap voltage, and peak current, were selected to test with 3-levels of variations as shown in Table 1.
The selection was based on previous studies of WEDM parameter optimisation. The other parameters
such as wire tension, wire feed, and table feed were kept constant. The middle level (level-2) was
selected based on the machine suggested values for the given scenario. The wide range/variety of

parameters caused the level-2 to vary significantly as can be seen with pulsation times in Table 1.



However, the gaps of variation between the levels were kept constant in each case. Then the Levels 1
and 3 were manually overridden. Parameters were set only for rough cuts as there was no objective of
achieving specific surface finish level. Additionally, the finishing cuts with altered parameter settings

complicate the energy consumption analysis.

Table 1: Machining parameters with levels of variation

Parameter Level-1 Level-2 Level-3
Pulse-ON (us) 0.3-0.6 0.5-0.8 0.7-1.0
Pulse-OFF (us) 3-15 10-25 17-35
Voltage (V) 60 80 100
Peak current (A) 3 5 7

2.2 Workpiece and tool materials

Both alloys tested are widely used in the aerospace industry for rotating or stationary components of
the hot end of jet engines due to their ability to retain the mechanical and chemical properties at
elevated temperatures. Inconel-718 is a corrosion resistant, high strength nickel-chromium alloy is
typically used in temperature ranges from -423°F to 1300 °F. Typical applications include liquid
fuelled rocket components, casings and parts for aircraft and land-based gas turbines, and cryogenic
tankage (Special Metals Corporation, 2007). The workpieces (Inconel) used for the experiments were
vacuum induction melted-electro slag remelted, hot rolled plates of different thicknesses. The chemical

composition of Inconel-718 is presented in Table 2.

Table 2: Chemical composition of Inconel 718 (wt.%)

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

0.00 0.00 0.00
500 170 150 475 280 0.75 030 0.00 0.02 0.00 0.00 0.00 0.00

0.01 0.01 0.00
5 5 6

550 210 210 550 330 115 0.70 1.00 0.8 035 035 030 0.10

The second workpiece material, Ti6Al4V, is typically used in aircraft structural components, turbine
blades, discs and rings, weapon structural components, medical implants, fasteners, hand tools,
sporting equipment, marine industry, and offshore applications (AZOM, 2002; NeoNickel, 2016).

Table 3 show the chemical composition of the Ti64-alloy.

Table 3: Chemical composition of Ti6Al4V (wt.%)(NeoNickel, 2016)

Others, Others,
Ti Al \%4 C N 0 Fe H Y
each total

Balance 5.5-6.75 3.5-4.5 0.08 0.05 0.20 0.03 0.0125 0.005 0.1 0.4

The wires typically come in 8 kg spools manufactured by Thermocompact® and are supplied by the
machine tool manufacturer itself. Both copper and brass wires were used with 0.25 mm and 0.30 mm

diameters.



2.3 Data collection methods

Data collection was done at the Manufacturing Technology Centre (MTC), Coventry, UK, which is an
industry —university collaborative research facility. Experiments were conducted for five days spanned
over three weeks in late 2015 and early 2016. AgieCharmilles® CUT300sp machine was used for the
experiments. The machine offered the facility of executing all nine cuts in one go with different

parameters.

Supply power was measured using an energy metering device, SPCPro2® data logger. The logger was
set to record total power consumption with one second frequency. The device is a loop type, three-
phase data logger which detects the real time power factor values to calculate the total power. Field
notes were used to mark down machining start and finish times as one set of nine cuts were machined

in one-go. Figure 2 shows sets of the nine cuts performed in one-go. Each cut was 20 mm in length.
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=

Figure 2: Just finished machine pass of 15 mm thick Inconel with 0.3 mm Brass wire (left) and 20 mm
long cut samples of Inconel with thicknesses of 5, 10, and 15 mm (right)

The area under the power curve was used to calculate the energy consumption per each cut. The
removed material volume was calculated using the thickness, wire diameter and the lengths of cut. The
logged time records were used to calculate the time taken for each cut. From those data, specific
energy consumptions and material removal rates were calculated. Average surface roughness (Ra)
values were also measured using portable surface roughness meter: Mitutoyo® Surftest SJ-210
(measuring range 17.5 mm, detector range 360 um (-200 pm to +160 pum), stylus tip radius 5 um). R, is
a widely used quality indicator of machined surfaces in the industry. Some test pieces were measured
in a laboratory bench mounted roughness tester: Taylor-Hobson®-Surtronic-3P (measuring range: 0 -
99.99 um, accuracy: * 2%, stylus tip radius: 5 um). An evaluation length of 5 mm and a cut-off

wavelength (Ac) of 0.8 mm were used with both testers.



2.4 Analysis methods

2.4.1 Taguchi analysis

Taguchi method was used to optimise the desired response, specific energy consumption (SEC) and
surface roughness. Signal to noise (SN) ratios (1) are calculated to optimise the desirable output. A
signal refers to a desirable output in this case SEC, and a noise refers to an undesirable output such as
the standard deviation of the output characteristic. Higher values of SN ratios indicate higher desirable
output compared to the undesirable output. Therefore, corresponding input parameters which yield
higher SN ratios are selected as optimum parameters. The three scenarios of desirable output are,
higher-the-better (HB), lower-the-better (LB), and nominal is better (NB). Equations for the first two

scenarios are listed below as the last one was not used for this research.

= -101 1211:1 1
Nyg = ogn B (D

i=171t
n
1 2
ng = —10log (ZZ Vi ) ....................................................... (2)
i=1
Where, n is the number of measurements, and y; is the it observation of the desirable output. The

analysis was performed using the statistical software Minitab17®,

2.4.2 Analysis of variance (ANOVA)

Analysis of variance (ANOVA) tests were performed to identify and prioritise the significant
parameters of the process energy consumption. ANOVA is a popular statistical tool which analyses the
total variance using two variances: variances within groups and variances between groups. This
means the total sum of squares of the standard deviation (SSr) is calculated as the sum of squares
within groups (SSw) and the sum of squares between groups (SSsw). The SST is calculated using the

following equation.

S§Sy = Z(ni —Mm)? e (3)
i=1

Where ‘n’ is the number of experiments, ‘n;’ is the mean SN ratio of the ith experiment, and 1 is the

total mean SN ratio. ANOVA calculations were also performed using the Minitab17@.

3 Process energy analysis

The logger data were retrieved after every set of cuts to ensure the accuracy and the data security. The
data was first viewed with the logger’s PC suit software and later exported to MSExcel for analysis. The

supply power profile curves were generated after filtering out the non-machining data. Figure 3 shows



a supply power variation pattern of one of the 24 machining runs. The x-axis shows the real time of the

experiments.
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Figure 3: Sample supply power profile for WEDM of 5 mm thick Inconel-718 with 0.25 mm brass wire

In total, 216 cuts were made with a length of 20 mm each. Each wave of Figure 3 corresponds to a cut
made with one of the nine combinations suggested by the L9 orthogonal array. In the order of events, a
given wave includes wire threading, tool positioning, tank filling, machining, and automatic wire
separation. The pattern of each wave is mostly similar with different machining times which indicate
the changes in the energy consumption. The standby power averages to 2.67 + 0.02 kW considering all
24 sets of cuts of both metals as shown with a dotted line in Figure 3. The narrower variation implies

that the standby power is less dependent on the workpiece type/thicknesses or wire types.

Another observation from Figure 3 is that each nine-cut set takes about 35-50 minutes to cut with
single-pass programming. The wave profiles show different shapes which indicate the influence of
changes in discharge parameters. The peak power consumption and cutting duration, which
determine the specific energy, vary from case to case. In some cases, as shown Figure 3, wire failures
were observed. This causes a drop in power and additional automatic rethreading run before catching
up with the machining. The power profiles for the remaining 23 sets of cuts are not presented here but

a summary of results is included in section 5.

Energy consumed per cut was determined by filtering the power levels above the standby power and
individually identifying the boundaries of starting and finishing times. The volume of material
removed per cut was estimated considering the cut dimensions and the wire diameter. Machining time
per cut was calculated using the data logger time records. These values are then used to calculate the
SEC and MRR values. Figure 4 shows the variations of SEC (primary y-axis) and R. (secondary y-axis)

for a sample experiment of Inconel machining with 0.25 mm brass wire.
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Figure 4: SEC and R, results for WEDM of Inconel-718 (5, 10, and 15 mm thick) with 0.25 mm brass
wire

Initially, it was observed that the energy consumption of experiments with brass wires was higher
than that with copper wire. Secondly, the SEC for 5 mm thick cuts (SEC-5) is high with a wider margin
compared to 10 and 15 mm cuts for all cases. This can be attributed to the influence of lower material
volume removed with 5 mm thick workpieces. The absolute energy consumption per each cut is the
highest with 15 mm thick workpieces and the least for 5 mm thick workpieces. The SEC data points for
each workpiece thickness run parallel to a greater extent indicating that the parameter combinations
influence SEC in a similar manner even with different workpiece thicknesses and wire types. The
lowest SEC values appear to be with 2rd and 8th experiments in almost all cases. The R, variation, as
shown in the secondary axes of Figure 4, which is common for most of the case, indicates the lowest
surface roughness values result with 1% 5™ and 9" experiments. Among these three different parameter

combinations, the only common factor is the lower (or level-1 of) pulse-ON time (refer to Table 4).

As with Inconel, WEDM of Ti6Al4V with brass wires also seems to consume more energy than copper
wire. Out of all the experiments, the most number of wire failures were observed with Ti64-alloy
cutting with copper wire. It was observed that the lowest SEC is achieved in 4t, 6th, and 8t cuts in most
of the cases; however, no commonalities can be seen in terms of discharge parameters. As observed
with Inconel experiments, the surface roughness with Ti64-alloy experiments also follows the same
pattern as observed with Inconel with most cases. This indicates that 1st, 5th, and 9t cuts have fine
surface finishes than other experiments. However, for all cases, the R, value ranges from 2.000 to
4.000 pm. It should be noted that R, was measured to optimise WEDM for both SEC and R,, as it will be

pointless to optimise only for SEC at the expense of surface quality.

4 Sustainability implications of standby energy

4.1 Energy saving potential with sensible operating practices

It is typical to leave the machines on standby overnight and over the weekends to save the shutting

down and starting up times and efforts. Within this case study, the main machine unit and the chiller



(Model: TAEevo® - water cooled) were separately powered and the standby power demand was

monitored. The machine unit (excluding the chiller) consumed an average standby power of 2.47 kW

based on three nights’ data. The chiller is triggered automatically during the night to keep the water at

the set temperature (175 °C) to supply on demand dielectric. This may vary based on the make of the

machine and underline algorithms. For example, standby powers of 5.6 kW (ready to machine) and 3.7

kW (hibernated/sleep mode) have been reported with another model of WEDM machine in Gamage

and DeSilva, (2016). Figure 5 shows the overnight power consumption of a chiller, where it can be

seen that, roughly for every 20 minutes, the chiller was working approximately 2.5 minutes. The

duration and the frequency of triggering the chiller are based on the ambient temperature, which is

affected by many factors such as building insulation, heat load from other machines, and the season of

the year (summer/ winter). This data corresponds to October 2015 with mean temperatures of 14.4 °C

(max) to 7.1 °C (min) in England (MET OFFICE, 2016). With three nights’ data, the average power

consumption for the chiller was calculated as 0.82 kW. Hence, the total non-working power

consumption for both the machine and the chiller is 3.3 kW.
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Figure 5: Overnight power consumption of the water chiller (left) and the enlarged view of the

Time (hh:mm:ss)

encircled first triggering after 17:30:00 (right)

Based on 8-hour shift a day, 260 working days a year (Jones, 2017), and 105 non-working days, the

total non-working time is calculated as 6,680 hours a year during which the machines assumed to be

left on standby. Thus the total potential energy saving is calculated as 22,009 kWh (79,232 M]J). With

an energy price of 9.36 pence per kWh, the average for a medium-sized UK company in 2015

(DEPARTMENT FOR BUSINESS, ENERGY & INDUSTRIAL STRATEGY, 2016), the annual savings on

electrical energy would be £ 2,060. Thus, three such machines would mean a saving of £ 6,180 a year.

It should be noted that any implications of shutting down and restarting the machines on process

energy, health and safety, and operational procedures were ignored in this analysis. The relative

energy saving depends on the degree of utilisation of the machines during working hours. Based on 8

hours shift a day, neglecting the intermittent standby times due to operator resting and changeovers,

the total machining hours per year would be 2060 hours per machine. The average machining power,

including the chiller, as observed during the study period is 6.45 kW (with a standard deviation of 0.6

10



kW). This amounts to a working time energy consumption of 13,416 kWh (48,298 M]) per year. Figure

6 shows the composition of energy consumption during a year for one machine.

Figure 6: Relative energy consumption (kWh/yr) during working and non-working times

It can be seen that 62% of the total energy is consumed during non-working hours to keep the
machine on standby. This means over 2/3rd of the total energy consumed can potentially be saved.
However, it should be investigated that the implications of shutting down and restarting machines in
terms of energy and cost savings. New mechanisms (technologies and/or operating practices) could
thus be implemented to harness this potential to reduce the burden on the environment and reduce

the financial costs of operation.

4.2 Environmental impact

The potential energy saving can be viewed in terms of reduction in carbon emissions. Based on the
World Research Institute (WRI)/ World Business Council for Sustainable Development (WBCSD)(WRI,
2011) Greenhouse Gas Protocol (GHGP)(GHGPROTOCOL, 2017), the total carbon emissions from the
electrical energy used by one WEDM machine is calculated as 23.57 tonnes of CO; eq. This means the
emissions from the non-working energy per year is 14.64 tonnes of CO2 eq which is 62% of the total
emissions. Therefore, it is theoretically possible to save up to 14.64 tonnes of CO; eq per year from one
WEDM machine. A machining shop with multiple machines could mean substantial savings. Figure 7
shows the composition of the equivalent of carbon emissions from the electrical energy consumed.
The Great Britain (GB) dataset of ecoinvent version 3.3 database for medium voltage (1 kV to 24 kV)

electricity was used for the analysis.

11
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Figure 7: Carbon footprint of electrical energy consumed for keeping WEDM machine and the chiller
on standby during non-working hours a year in tonnes of CO; equivalents [Analysis method:
Greenhouse Gas Protocol V1.01, LCA software: SimaPRO8)]

[t can be seen that 98% of the carbon are based on fossil fuels and the balance is from biogenic sources
and land transformation. The carbon emissions of electrical power generation depend on the way each
country source their energy. In 2014, 62% of the UK’s electrical power generation was sourced from
fossil resources (Carbonbrief, 2015). Carbon uptake refers to the carbon stored in plants and trees as
they grow. Therefore, sensible operating procedures and technology developments to plan smart
shutting down and restarting of machines and subunits would mean significant economic and

environmental savings.

In relation to sustainable machining technologies, Pusavec et al. (2010) have reported cryogenic and
high-pressure jet assisted machining are more sustainable compared to the flood cooling in
conventional machining considering the overall life cycle of the cooling/lubrication fluid. In terms of
the sustainable unconventional machining, Kellens et al. (2011) and Gamage et al. (2016) have
presented the environmental performance analysis of electrodischarge machining considering the

overall unit process impact of energy, resources, and emissions.

5 Results and discussion

5.1 Results - Taguchi analysis

Signal to noise (SN) ratios were calculated optimising for lower-the-better SEC and R.. Table 4
summarises the SN ratios for each parameter combination for each case. In the table, SN-5, SN-10, and
SN-15 refer to the SN ratios for 5, 10, and 15 mm thick workpieces respectively. Parameter levels are
indicated as 1, 2, and 3. The higher SN ratios indicate the better/optimum output characteristics
which are, lower-the-better SEC and lower-the-better surface roughness. Hence, the top three SN
ratios are indicated with bold characters to identify patterns. It can be seen that the 2nd and 8th
experiments of Inconel have produced the highest SN ratios in 9 out of 12 instances. The parameter
combinations are 1-2-2-2 and 3-2-1-3 for voltage, peak current, pulse-OFF, and pulse-ON respectively.

For Ti64 alloy, the highest SN ratios resulted for the 4th, 6th, and 8th experiments in 9 out of 12 cases.

12



The 0.25 mm diameter wires yielded consistent results. The corresponding parameter combinations

are 2-1-2-3, 2-3-1-2, and 3-2-1-3. These results are consistent with the SEC analysis (section 3). The

mean SN ratios against the parameter level were plotted to see the significance of the variations and

identify the interrelations.

The main effects plots (Figure 8 and Figure 9 show a sample from 5 mm thick workpieces) were

generated to analyse the optimum levels of each parameter with Table 5 summarising an assessment

of all 24 cases. It can be seen from Figure 8, that the most sensitive parameters for Inconel are the

voltage and the pulse-OFF time. It can be concluded that lower (Level-1) of P-OFF and higher (Level-3)

of voltage are better for minimising SEC and R.. The only exception is the 0.25 mm brass wire case

which suggests moderate (Level-2) voltage is better.
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Figure 8: Main effects plots of 5 mm cases - Inconel-718

13



Table 4: SN ratios for lower-the-better SEC and R, with top three SN ratios in bold (SN-5, SN-10, and SN-15 refer to the SN ratios for 5, 10, and 15 mm thick
workpieces respectively)

Ex Parameters 0.25 mm copper wire 0.25 mm brass wire 0.30 mm copper wire 0.30 mm brass wire
# oy A P-OFF P-ON SN-5 SN-10 SN-15 SN-5 SN-10 SN-15 SN-5 SN-10 SN-15 SN-5 SN-10 SN-15
1 1 1 1 1 -30.06 -22.41 -22.23 -29.13 -25.30 -23.40 -28.48 -22.32 -21.04 -30.99 -26.28 -23.40
2 1 2 2 2 -30.60 -21.72 -20.39 -29.54 -23.36 -23.07 -27.04 -20.60 -18.89 -30.90 -25.12 -23.00
3 1 3 3 3 -31.13 -24.53 -22.45 -35.55 -29.75 -23.79 -30.41 -23.75 -21.05 -34.80 -28.89 -26.10
® 4 2 1 2 3 -29.26 -25.19 -21.41 -29.52 -24.17 -23.54 -28.19 -22.50 -19.58 -36.87 -28.21 -26.10
% 5 2 2 3 1 -30.14 -25.72 -24.35 -30.56 -26.21 -26.45 -29.05 -25.11 -23.07 -34.93 -29.17 -26.85
g 6 2 3 1 2 -28.69  -23.06 -21.38  -28.57 -2491 -23.77 -27.72 -22.79 -21.95  -33.54 -27.55 -23.84
7 3 1 3 2 -29.55 -24.19 -22.36 -29.94 -29.06 -24.75 -27.96 -22.90 -21.23 -34.02 -27.97 -25.23
8 3 2 1 3 -26.93 -21.12 -18.35 -31.84 -21.85 -22.41 -25.46 -19.59 -17.16 -31.14 -25.07 -21.57
9 3 3 2 1 -28.10  -22.98 -22.27 -28.87  -26.02 -25.77 -26.59  -21.97  -20.08 -30.97 -25.16  -23.01
1 1 1 1 1 -29.47 -2541 -22.50 -32.31 -31.65 -31.81 -30.41 -29.36 -21.21 -26.66 -25.32 -24.32
2 1 2 2 2 -27.52 -25.62 -22.80 -31.65 -31.86 -32.63 -28.97 -18.92 -19.26 -27.54 -24.75 -23.72
3 1 3 3 3 -27.77 -24.92 -24.63 -36.45 -33.67 -33.68 -29.51 -21.81 -18.79 -31.74 -24.74 -24.61
- 4 2 1 2 3 -26.20 -22.24 -21.64 -28.42 -26.77 -27.24 -19.46 -24.71 -17.82 -29.15 -23.82 -22.06
% 5 2 2 3 1 -32.13 -30.44 -28.70 -37.77 -38.20 -38.82 -23.96 -21.20 -21.98 -25.49 -28.72 -25.60
= 6 2 3 1 2 -26.14  -21.20  -21.33 -28.05  -26.65 -26.21 -21.01  -23.60 -18.52 -27.35 -24.03  -22.21
7 3 1 3 2 -28.17 -24.90 -24.54 -32.45 -32.40 -33.09 -21.41 -22.75 -19.55 -32.15 -24.25 -23.43
8 3 2 1 3 -26.13 -21.12 -20.75 -27.71 -25.65 -25.36 -19.92 -27.48 -17.27 -26.32 -27.88 -21.81
9 3 3 2 1 -29.08 -26.30 -24.33 -33.75 -33.67 -34.32 -23.22 -21.79 -20.65 -30.42 -27.92 -23.74
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From Figure 9 it can be seen that the results for Ti64-alloy are not as clear as that for Inconel. For
cases with 0.25 mm wires, the most influencing parameters are the pulse times. However, for the 0.30
mm wires, the results are inconclusive. The experiments with 0.25 mm brass or copper wires show

that lower P-OFF (Level-1) and higher (Level-3) P-ON times are better for achieving the required

characteristics.
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Figure 9: Main effects plots of 5 mm cases - Ti6Al4V

Table 5 shows the assessment of all (24) the main effects plots. The last column of the table indicates

the most sensitive input parameters for the response characteristics SEC and R.. The ‘I’denotes higher

(Level-3) is better, ‘I’ denotes lower (Level-1) is better, or ‘I’ denotes moderate (Level-2) level is

better for lower-the-better SEC and R.. For machining Ti64-alloy with 0.30 mm wire, the mean SN

ratio variation is fuzzy. In conclusion, it can be seen from Table 5 that except for 0.30 mm wires with

Ti64-alloy, the results are conclusive for all the other cases.

Table 5: Conclusions from Taguchi analysis

Workpiece Wire diameter Wire material For lower SEC & Ra
Copper P-OFFl-V1
0.25 mm
Brass P-OFFl-V7
Inconel-718
Copper P-OFFl-V 1
0.30 mm
Brass P-OFFl-V 1
Copper P-OFF ! -P-ON T
0.25 mm
Brass P-OFF ! -P-ON T
Ti6Al4V
Copper Fuzzy
0.30 mm
Brass Fuzzy
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5.2 Results - ANOVA

ANOVA tests were performed to analyse the relative significance of all input parameters towards
selected response characteristic. The general linear model of ANOVA is used as it suits better in the
context of multi-parameter optimisation. A significant parameter is identified if the p-value is less
than 0.05 (p<0.05) which indicates 95% confidence level. Table 6 shows the ANOVA table considering
the response characteristic as SEC. The columns show, the source parameters, the degrees of freedom
(number of levels less 1), the adjusted sum of squares, the adjusted mean sum of squares (AdjSS/DF),
F-value (AdjMS/mean squared error), the probability value, and the percentage contribution (SS for

each factor/total SS) respectively.

The significant factors (p<0.05) are presented in bold characters in the table. There are 8
sources/factors with 216 resultant data points. This has caused relatively larger error term. However,
the order of significance of factors remains unaffected. As can be seen from Table 6, five-factors are
significantly affecting the SEC of WEDM. In the order of relative contribution, these are: workpiece

thickness, wire material, pulse-OFF time, wire diameter, and pulse-ON time.

Table 6: ANOVA results for SEC

Source DF Adj SS Adj MS F-Value P-Value % contribution
Workpiece material 1 608.2 608.2 3.2 0.074 0.76%
Wire material 1 13,802.1 13,802.1 733 0.000 17.19%
Wire diameter 1 3,755.4 3,755.4 19.9 0.000 4.68%
Workpiece thickness 2 15,826.1 7,913.0 42.0 0.000 19.71%
Voltage 2 604.5 302.3 1.6 0.203 0.75%
Peak current 2 70.3 35.2 0.2 0.830 0.09%
Pulse-OFF time 2 5,658.2 2,829.1 15.0 0.000 7.05%
Pulse-ON time 2 1,938.3 969.1 52 0.007 2.41%
Error 202 38,035.0 188.3 47.37%
Total 215 80,298.2

Figure 10 shows the standardised residual plots for the response characteristic (SEC). A residual in the
ANOVA-general linear model refers to a deviation from the observed value from the fitted values of the
model. The normal probability plot (Figure 10 -upper left) shows a majority of the data points follow
roughly a straight line. However, about five points out of the total 216 points fall away from the line
indicating large residuals. This does not seem to provide sufficient evidence of non-normality. The
upper right graph shows the residuals versus fitted values. Most of the residuals are randomly

scattered closer to the zero (the dotted line) despite the evidence of few outliers.
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The histogram (Figure 10-lower left) shows the distribution of the residuals of all 216 observations.
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Figure 10: ANOVA residual plots for specific energy consumption

Slight skewness can be observed towards the right. However, the narrower spread, mostly within +1.5,

indicates magnitudes of the residuals are minor except for few extreme cases. The histogram tallies
with the information of the other plots. The last plot shows the residuals in the order of observation.
Most residuals show minor variations apart from the outliers observed towards latter experiments.

The corresponding experiments were traced as 85t%, 87th, 165th, 167th, 176th, 185th, 189th, and 194th

experiment. Apart from the first couple, the rest of the outliers are observed with machining Ti6A alloy

(all thicknesses) with brass wire (mostly 0.25 mm wire). No outliers correspond to experiments with

copper wires. ANOVA is continued to other two response parameters, MRR and R,, although the

individual tables are not presented as the main objective of the research is to optimise for energy.

Table 7 summarises the percentage contributions from each factor to the response characteristics.

Table 7: Summary of contributions from each factor to response variables

Source SEC MRR Ra
Workpiece material 0.8% 0.1% 21.5%
Wire material 17.2% 14.1% 1.5%
Wire diameter 4.7% 5.2% 4.2%
Workpiece thickness  19.7% 41.4% 0.4%
Voltage 0.8% 0.6% 0.4%
Peak current 0.1% 0.7% 1.0%
Pulse-OFF time 7.0% 4.4% 0.1%
Pulse-ON time 2.4% 1.9% 34.4%
Error 47.4% 31.5% 36.5%
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6 Conclusions

The research aimed at assessing the main contributor of the environmental impact of EDM unit
processes found it to be the electrical energy. WEDM of two superalloys, Inconel-718 and Ti6Al4V,
were tested for eight variables namely, workpiece material, workpiece thickness, wire material, wire
diameter, and four discharge parameters: gap voltage, peak current, pulse-ON time, and pulse-OFF
time. Taguchi analysis and ANOVA tests were performed to optimise the specific energy consumption

and surface roughness. Experiments for 216 combinations of parameters were analysed.

Considering the discharge parameters, it can be concluded that, lower pulse-OFF times and higher
voltage values yield lower SEC and R. for machining of Inconel. For Ti64-alloy also, lower pulse-OFF
time is preferred with higher pulse-ON times for the same optimisation criteria. However, ANOVA with
all eight variables suggests that, in the order of importance, workpiece thickness, wire material, wire
diameter, and pulse-OFF time as the most significant parameters for minimising the specific energy
consumption. Same factors are significant for achieving higher MRR. Most of the outlier results were
corresponding to machining of Ti64-alloy with brass wire and no outliers were related to experiments
with copper wire. The factors were also analysed for finer surface finishes by optimising for lower R..
The ANOVA results have shown that pulse-ON time, workpiece material, wire diameter, and wire
material as the significant parameters for lower R.. It should be noted that all the experiments were
programmed as rough cuts to avoid complications of tracing the effects of set discharge parameters in
the event of automatic shifting to finishing-cut parameters. Furthermore, 62% of the total energy
consumption was found to correspond to non-working energy of the machine which can potentially be

saved with appropriate measures.

The recommendations to the decision makers with operational and strategic level responsibilities in
order to improve the sustainability of their operations are as follows. As the standby power of the
machine causes a significant influence on the process energy consumption of EDM, the managers can
revisit their operating practices with regard to shutting down of the machines and subunits (e.g.
chillers) during non-working hours (nights and weekends). This could potentially save up to 62% of
the total energy, and thus reduce the environmental impact and expenses. In terms of strategic
improvements, they may consider investing in modern or smart machining technologies. Modern EDM
machines are automated to a greater extent with minimum operator dependency which indirectly
reduces the resource consumption. However, specific focus on environmental concerns related to
energy consumed, resources used, and emissions are still hardly accounted for. Therefore, it can be
suggested to invest in machinery upgrade and smart machining systems (SMS). SMS could provide the
optimum solution for the part being machined in terms of production time, cost, and environmental
impact. If the available technological solutions are implemented, combined with intelligent
optimisation methods, it is estimated that a potential reduction of at least 50% can be achieved in

manufacturing energy.
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Further research could be directed towards automated or smart energy data monitoring and reporting
system to account for energy and other resources. These data can then be used by machine tool
manufacturers to integrate the technology to reap the savings during both non-machining and

machining times.
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