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A B S T R A C T	   A R T I C L E   I N F O	

Wire	 electrical	 discharge	 machining	 (wire	 EDM),	 a	 most	 common	 non‐
conventional	machine	tool,	 is	extensively	employed	to	produce	precise,	deli‐
cate	and	intricate	profiled	shaped	parts	especially	from	hard	to	machine	ma‐
terials.	The	performance	of	wire	EDM	 is	mainly	based	on	 the	electrical	 con‐
ductivity	 of	 both	 electrode	 wires	 and	 workpiece	 materials.	 The	 aim	 of	 re‐
search	 is	 to	 increase	 cutting	 speed	 (CS)	 of	 high	 strength	 low	 alloy	 (HSLA)	
hardened	 steel	 by	 determining	main	 contributing	 input	 process	 parameters
and	effect	of	cold	treatment	on	electrical	conductivity	of	brass	wire	at	–70	°C.	
Fractional	 factorial	 design	 is	 used	 to	 determine	 the	 relationship	 of	 CS	 with	
input	process	parameters	includes;	open	voltage,	pulse	on	time,	pulse	off	time,	
wire	 tension,	 flushing	 pressure	 of	 deionized	 water	 and	 brass	 wires	 (cold
treated	–	CT,	 and	non‐cold	 treated	–	NCT).	 Empirical	model	 for	CS	 is	 devel‐
oped	 based	 on	 selected	 input	 process	 parameters	 and	 their	 contribution	 is	
analyzed	through	ANOVA	technique.	It	is	learned	that	pulse	on	time,	pulse	off	
time	and	wire	electrode	are	the	main	contributing	input	process	parameters	
that	provide	assistance	 to	 increase	CS	 of	wire	EDM.	 In	wire	 electrodes,	 cold
treated	 brass	 wire	 is	 observed	 as	 a	 best	 alternative	 to	 enhance	 machining	
performance	with	an	increase	of	electrical	conductivity	by	24.5	%.	
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1. Introduction 

Electric	discharge	machining	 (EDM)	principle	based	on	erosion	phenomena	 in	which	high	 fre‐
quency	 electric	 sparks	 removes	material	 of	 conductive	 alloys	 [1].	 Inadequacy	 of	 conventional	
machining	processes	for	the	machining	of	intricate	and	aero	profiled	shapes	of	extremely	hard	
materials	compels	the	manufacturer	to	use	non‐conventional	machine	tools.	Based	on	the	prin‐
ciple	of	electric	discharge	machining,	WEDM	used	wire	as	cutting	tool	for	machining	of	intricate	
profiles	with	 high	 accuracy	 [2].	 Nowadays,	 non‐conventional	machining	 processes	 are	 getting	
more	 attention	 of	manufacturer	 due	 to	 less	 burr	 formation,	 residual	 stresses	 and	 low	 tooling	
cost	[3].	Tools,	molds	and	dies	having	complex	shapes	which	are	mostly	used	in	automobile,	aer‐
ospace	and	surgical	industries	are	commonly	manufactured	by	EDM	[4].	
	 In	electric	discharge	machining,	a	series	of	electric	sparks	are	produced	between	workpiece	
and	electrode.	Current	is	discharged	from	the	electrode	to	the	workpiece	in	the	presence	of	die‐
lectric	fluid	with	a	very	little	spark	gap	in	the	range	of	1/1,000,000	of	a	second	or	less	[5].	The	
heat	of	each	electric	spark	(8,300‐11,650	°C),	erodes	workpiece	material	in	the	form	of	tiny	bits	
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that	are	vaporized	and	melted	 from	the	workpiece	surface.	Deionized	water	 is	mostly	used	as	
dielectric	 fluid,	 also	 flushed	 away	 debris	 from	 tool	 and	workpiece	 interface.	 It	 is	 noticed	 that	
process	time	of	machining	is	reduced	with	increase	in	pulse	on	time	and	spark	current	intensity	
as	compare	 to	pulse	off	duration	 [6,	7].	Usually	 the	 tools	used	 in	WEDM	process	are	 tungsten,	
molybdenum	and	brass	wire.	Wire	electrodes	used	in	WEDM	for	cutting	having	diameter	ranges	
from	0.05‐0.3	mm	[8].	

2. Literature review 

In	highly	competitive	and	globalized	environment,	 it	 is	necessary	 for	 industrial	practitioner	 to	
work	on	value	added	manufacturing	techniques	to	deliver	quality	product	to	the	customer	well	
in	time.	It	has	been	seen	that	in	electric	discharge	machining	the	properties	of	electrode	signifi‐
cantly	 affect	 the	machining	 performance	 [9].	 Different	 treatments	 are	 being	 developed	 to	 im‐
prove	the	mechanical	and	electrical	properties	of	cutting	tools	to	reduce	manufacturing	time.	It	
includes	also	sub‐zero	treatments	of	cutting	tools	other	than	thermal	and	coating	techniques.	A	
substantial	 improvements	 have	 been	 seen	 with	 sub‐zero	 treatments	 in	 physical	 (wear	 re‐
sistance,	 hardness,	 tensile	 strength	 etc.),	 electrical	 and	 thermal	 properties	 of	 cutting	 tools	 as	
compared	to	thermal	and	coating	techniques	[10].		
	 Sub‐zero	 or	 cryogenic	 treatment	 is	 a	 low	 temperature	 processing	 normally	 used	 to	 alter	
physical	and	electrical	properties	of	materials	 includes	wear	resistance,	electrical	conductivity,	
toughness,	dimensional	stability	etc.	Sub‐zero	treatments	with	feasible	lower	most	temperature	
has	 been	 classified	 in	 three	 different	 categories:	 Cold	 treatment	with	 a	 temperature	 range	 of	
223‐193K,	 shallow	cryogenic	 treatment	 ranges	 from	193‐113	K	and	deep	cryogenic	 treatment	
ranges	 from	113‐77	K	 [11].	 Cutting	 tools	 of	 conventional	machining	 (turning,	milling,	 drilling	
etc.)	have	been	cryogenically	treated	to	enhance	wear	resistance,	hardness,	toughness	for	better	
cutting	performance.	

A	limited	research	has	been	reported	on	the	cryogenic	treatment	of	wire	electrode	in	WEDM	
process.	A	detailed	 literature	 study	 carried	out	by	Kumar	et	al.	 [10]	which	 clearly	depicts	 the	
benefits	of	sub‐zero	treatment	of	electrode	and	workpiece	in	EDM	that	are	presented	in	Table	1	
and	Table	2	respectively.	The	effects	of	sub‐zero	treatment	have	been	analysed	on	the	basis	of	
material	 removal	 rate	MRR,	 tool	wear	 rate	TWR,	 and	 surface	 roughness	SR.	 Brass	wire	which	
mainly	consists	of	zinc	(63‐65	%)	and	copper	(35‐37	%),	provide	helps	to	deliver	more	usable	
energy	to	the	machined	surface	area	by	electric	discharges	[17].	Addition	of	zinc	contents	con‐
tribute	to	increase	tensile	strength	and	vapour	pressure	ratio	on	account	of	decrease	in	electri‐
cal	conductivity	[18].		

Sharma	et	al.	[8]	found	that	pulse	on	time	Ton	and	pulse	off	time	Toff	are	the	main	contributing	
factors	 for	 cutting	 speed	 in	WEDM	process	 for	HSLA	 steel.	Maximum	MRR	 has	 been	 reported	
while	machining	 at	 optimum	 range	 of	Ton	 (3‐4μs)	 and	Toff	 (14‐16	 μs)	 using	 Response	 surface	
methodology	for	high	speed	steel	(HRC	62),	[25].	Moly	wire	has	been	used	for	the	machining	of	
hardened	 HSLA	 steel	 (30CrMnSiA)	 and	 found	 that	 higher	 cutting	 speed	 CS	 obtained	 at	 lower	
pulse	 frequency	and	Toff	with	higher	value	of	power	[26].	Selvakumar	et	al.	 [27]	observed	that	
Ton	 and	 peak	 current	 are	 the	most	 significant	 input	 parameters	 for	 cutting	 speed	 in	 trim	 cut	
while	using	aluminium	AA5083	alloy.	Bhuyan	et	al.	[28]	used	Central	composite	design	to	inves‐
tigate	the	effects	of	peak	current,	pulse	on	time	Ton	and	flushing	pressure	Fp	on	material	removal	
rate.	Multi	objective	optimization	of	experimental	investigation	has	been	performed	using	over‐
all	evaluation	criteria,	entropy	weight	measurement	and	fuzzy	logic	techniques.		
	 Singh	et	al.	[29]	compared	zinc	coated	cryogenically	treated	brass	wire	with	simple	cryogeni‐
cally	treated	brass	wire	as	electrode	to	 investigate	their	effects	on	cutting	performance	of	AISI	
D3	die	steel.	Their	results	indicate	that	zinc	coated	cryogenically	treated	brass	wire	yields	better	
MRR	using	Taguchi	L9	array	for	experimental	design.	Kapoor	et	al.	[16]	also	used	deep	cryogeni‐
cally	(–184	°C)	treated	brass	wire	and	simple	brass	wire	as	electrode.	Taguchi	design	has	been	
used	to	investigate	the	effects	of	process	parameters	on	MRR.	Wire	type	(cryogenic	treated	wire)	
has	been	observed	as	most	 effective	 input	parameter	 followed	by	pulse	width,	pulse	duration	
and	wire	tension.	
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Table	1	Summary	of	cryogenic	treated	electrodes	in	non‐conventional	machining	[6]	

First	author	[ref.]	
(Year)	

Electrode	
Tool	

Work	mate‐
rial	

No.	of	
samples	

Non‐conventional	
machining	

Key	findings

TWR	 MRR	 SR	

Sundaram	[12]	
(2009)	

Copper	 Be‐Cu	 16	 EDD	 NC	 ↑	 NR	

Kumar	[13]	
(2012)	

Copper	 Inconel	718	 18	 Additive	Mix	EDM NR	 ↑	 NR	

Jafferson	[14]	
(2013)	

copper,	brass,	
tungsten	

AISI	304	 NR	 Micro	EDM	 ↓	 NR	 NR	

Sharma	[15]	
(2015)	

copper,	brass,	
graphite	

AISI	D3	 3	 EDM	 58	%↓	 ↑	 ↓	

Kapoor	[16]	
(2012)	

Brass	 En‐31	 9	 EDM	 NR	 ↑	 NR	

↑,	increase;	↓,	decrease;	NC,	no	change;	NR,	not	reported;	

Table	2	Summary	of	cryogenic	treated	workpiece	in	non‐conventional	machining	[6]	

First	author	
[ref.]	(year)	

Work	piece	
material	 Tool	material	

Number	of	
samples	

Non‐
conventional	
machining	

Key	findings	

SR	 MRR	 TWR	
Gill	[19]	
(2010)	

Ti‐6246	 Electrolyte	copper	 18	 EDD	 …	 ↑8.5	%	 ↓34.78	%

Yildiz	[20]	
(2011)	

Be‐Cu	 Copper	electrode	 2	 EDM	 …	 ↑30	%	 …	

Kumar	[21]	
(2014)	

Ti,	Ti‐6Al‐4	V	
and	Ti‐5Al‐
2.5Sn	

Copper,	Copper–
Chromium,	Copper–

Tungsten	
1	 EDM	 …	 ↑	 …	

Jatti	[22]	
(2014)	

NiTi	 Electrolyte	copper	 5	 EDM	 …	 ↑19	%	 …	

Khanna	[23]	
(2016)	

D3	 	 27	 WEDM	 ↓10.6	%	 ↓5.6	%	 …	

Goyal	[24]	
(2017)	

D2	 Copper	electrode	 3	 EDM	 ↓	 ↑	 ↓	

↑,	increase;	↓,	decrease;	
	
The	present	work	studied	the	effect	of	cold	treated	brass	wire	on	the	machining	performance	of	
HSLA	steel	using	Fractional	factorial	design	2 .	Experiments	are	run	using	different	combina‐
tions	of	input	process	parameters	including	open	voltage,	pulse	on	time,	pulse	off	time,	wire	type	
(cold	treated	–	CT,	and	non‐cold	treated	–	NCT),	wire	tension,	flushing	pressure	of	dielectric	flu‐
id.	This	experimentation	will	certainly	useful	for	industry	practitioners	to	improve	productivity	
by	increasing	CS	based	on	developed	empirical	models	for	both	CT	and	NCT	brass	wires.	

3. Materials and methods 

This	section	consists	of	complete	description	of	CT	process	for	brass	wire,	testing	procedure	to	
measure	the	significant	changes	after	CT	process,	Fractional	factorial	design	to	execute	the	WEDM	
process	to	analyze	the	effect	of	input	variables	on	CS	of	HSLA	hardened	steel	(50‐51	HRC).		

In the presented research, the following abbreviations are used: 

	
WEDM,	Wire	EDM	 wire	electric	discharge	machining Toff pulse	off	time	
HSLA	 high	strength	low	alloy Wt wire	type	
CT	 cold	treated	 Tw wire	tension	
NCT	 non	cold	treated Fp flushing	pressure
ANOVA	 analysis	of	variance MRR material	removal	rate
CS	 cutting	speed	 TWR tool	wear	rate	
OV	 open	voltage	 SR surface	roughness
Ton	 pulse	on	time	
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3.1 Cold treatment of brass wire 

Temperature	 chamber	 (CTT‐SC‐7520‐02FI)	 is	 used	 for	 the	 cold	 treatment	 of	 brass	 wire.	 The	
soaking	process	is	carried	out	at	–70	°C	for	24	hours	at	a	ramp	rate	of	2	°C/min.	Universal	testing	
machine	(Sintech	65G)	is	used	to	measure	the	tensile	strength	of	both	CT	and	NCT	brass	wires	as	
per	 ASTM	 E8M	 standard	while	 electrical	 conductivity	 is	measured	 by	 portable	 Kelvin	 Bridge	
tester.	It	 is	observed	that	after	CT	process,	electrical	conductivity	of	brass	wire	is	increased	by	
24.8	%	whereas	tensile	strength	is	reduced	by	5.64	%	as	showed	in	Table	3.	

Table	3	Brass	wire	properties	

Properties	 NCT	wire	 CT	wire	 %	change	

Tensile	Strength	(MPa)	 727	 686	 5.64	 ↓	
Electrical	Conductivity(S/m)	 12.5	×	10⁶	 15.6	×	10⁶	 24.8	 ↑	

↑,	increase;	↓,	decrease	

3.2 Workpiece material  

HSLA	steel	contains	alloying	elements	as	shown	in	Table	4.	It	 includes	Cr,	Mn,	Si	which	are	re‐
sponsible	for	its	better	strength,	forming,	impact	toughness	and	corrosion	resistant	properties.	
High	strength	to	weight	ratio	and	corrosion	resistance	of	these	alloys	is	the	main	reason	of	being	
widely	used	 in	 aerospace	 industry.	The	 carbon	 content	 along	with	other	 constituent	 elements	
makes	it	a	hardened	steel	alloy.	

Spectromax‐Ametek®	is	used	to	test	chemical	composition	of	workpiece	material.	Specified	
Index	range	and	actual	elemental	composition	of	 this	steel	are	enumerated	 in	Table	4.	A	plate	
with	dimensions	of	100	×	200	×	15	mm³	 is	hardened	by	quenching	and	 tempering	heat	 treat‐
ment	process	given	in	Table	5.	After	heat	treatment,	hardness	of	specimen	plate	is	observed	in	
range	of	50‐51	HRC	measured	by	hardness	tester	(INDENTEC:6187.5LK)	with	diamond	indenter	
of	cone	angle	120°	using	minor	load	of	10	kg	and	test	load	of	150	kg.	

Table	4	Chemical	composition	of	workpiece	material	

Comp.	 C	 Si	 Mn	 Cr	 Cu	 Ni	 Mo	 V	 P	

weight	%	 0.29	 1.55	 0.8	 1.1	 <0.25	 <0.25	 0.45	 0.09	 <.015	

Table	5	Heat	treatment	cycle	of	HSLA	steel	

HT	Process	 Temp.	(°C)	 Soaking	time	(min)	 Cooling	medium	

Quenching	 920	 60		 Oil	(25	°C)	
Tempering	 300	 160	 Air	

3.3 Design of experiment 

In	design	of	experiment,	a	full	 factorial	design	is	considered	an	appropriate	design	provide	the	
information	of	all	main	effects	and	all	level	of	interactions	(two/three	way	or	of	higher	orders).	
However,	it	seems	difficult	to	run	large	number	of	experiments	using	full	factorial	design.	Frac‐
tional	 factorial	 design	 is	 a	 reasonable	 option	 to	 evaluate	 the	 responses	with	 large	 number	 of	
input	parameters	[30].		

In	the	present	study,	Fractional	 factorial	design	 is	selected	to	evaluate	the	machining	per‐
formance	based	on	CS	using	process	parameters	OV,	Ton,	Toff,	Wt,	Tw	and	Fp.	The	ranges	of	input	
process	parameters	are	as	follows;	OV	(75‐120)	V,	Ton	(1‐8)	µs,	Toff	(10‐48)µs,	Wt	(CT	and	NCT),	
Tw	 (4‐10)	g	and	Fp	 (3‐7)	 l/min.	 In	design	matrix	NCT	wire	 is	coded	as	–1	and	CT	wire	as	1	as	
shown	 in	 Table	 6.	 For	 experimentation,	 25	 mm	 length	 of	 test	 pieces	 is	 machined	 with	 CNC	
CHMER	WEDM.	The	CT	and	NCT	brass	wires	of	0.3	mm	are	used	as	electrode.	Cutting	speed	is	
determined	by	using	the	expression	CS	=	L/T	(mm/min),	where	L	 is	the	length	of	workpiece	in	
mm	and	T	is	the	time	in	min.	
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Table	6	Design	matrix	with	response	values	

Run	No.	

Input	process	parameters Response	variable
A:	Open	
voltage	
(OV)	

B:	Pulse	on	
time	
(Ton)	

C:	Pulse	of
time	
(Toff)	

D:	Wire
type	
(Wt)	

E:	Wire
tension	
(Tw)	

F:	Flushing	
pressure	
(Fp)	

Cutting	
speed	
(CS)	

	 V	 µs	 µs ‐ G l/min mm/min
1	 120	 8	 48 1 4 3 2.4	
2	 75	 8	 48 1 10 3 1.8	
3	 75	 1	 48 ‐1 4 7 0.19	
4	 120	 8	 48 ‐1 10 3 1.66	
5	 120	 8	 10 1 10 3 3.5	
6	 75	 8	 10 ‐1 10 3 2.14	
7	 75	 1	 48 ‐1 10 3 0.16	
8	 75	 1	 10 1 10 3 1.02	
9	 120	 8	 10 ‐1 10 7 3.05	
10	 75	 1	 10 1 4 7 0.77	
11	 75	 8	 10 ‐1 4 7 2.14	
12	 75	 8	 10 1 4 3 2.89	
13	 75	 1	 10 ‐1 4 3 0.85	
14	 120	 1	 48 ‐1 10 7 0.42	
15	 120	 1	 48 ‐1 4 3 0.41	
16	 75	 8	 48 ‐1 4 3 1.03	
17	 120	 1	 10 ‐1 4 7 0.697	
18	 120	 8	 48 1 10 7 2.31	
19	 120	 1	 48 ‐1 10 3 0.566	
20	 75	 1	 48 1 10 7 0.4	
21	 120	 8	 48 ‐1 4 7 1.58	
22	 75	 1	 48 1 4 3 0.62	
23	 120	 8	 10 1 4 7 3.5	
24	 120	 1	 10 1 4 3 1.3	
25	 120	 1	 48 1 4 7 0.79	
26	 120	 1	 10 ‐1 10 3 0.697	
27	 75	 1	 10 ‐1 10 7 0.394	
28	 75	 8	 10 1 10 7 2.83	
29	 120	 8	 10 ‐1 4 3 2.8	
30	 75	 8	 48 ‐1 10 7 1.11	
31	 75	 8	 48 1 4 7 1.9	
32	 120	 1	 10 1 10 7 1.67	

 

4. Results and discussion 

4.1 Statistical modeling and analysis 

In	statistical	analysis,	developed	regression	model	depicts	the	relationship	between	CS	and	input	
process	parameters	(OV,	Ton,	Toff,	Wt,	Tw	and	Fp).	Mathematical	model	for	CS	in	term	of	coded	var‐
iables	is	represented	in	Eq.	1.	

CS	=	1.5	+	0.23	·	OV	+	0.79	·	Ton	–	0.39	·	Toff	+	0.29	·	Wt	+	0.1	·	Tw	–	0.13	·	Fp	+	0.078	·	OV	·	Ton (1)

The	model	 for	cutting	speed	 is	significant	as	 its	p‐value	 is	 less	 than	0.05	shown	 in	Table	7.	
Analysis	of	variance	reveals	that	OV,	Ton,	Toff	and	Wt	are	significant	parameters	for	cutting	speed	
as	they	have	p‐value	less	than	0.05	whereas	Tw	and	Fp	impart	little	contributions.	The	value	of	R2	
is	0.984	which	indicates	that	the	developed	model	for	CS	is	adequate.	The	predicted	R2	is	0.9646	
which	 isclosed	 to	 adjusted	R2	 of	 0.9771.	 Adequacy	 precision	 ratio	 is	 39.587	 indicates	 an	 ade‐
quate	signal	as	it	is	more	than	4	that	is	desirable	[9].	

The	Normal	plot	of	 residuals	 in	Fig.	1(a)	clearly	 shows	errors	are	normally	distributed	as	
residuals	which	are	closer	to	normal	straight	line	with	minor	deviations.	In	Fig.	1(b),	plot	of	re‐
siduals	versus	predicted	values	confirmed	the	statistical	assumption	of	independence	and	con‐
stant	variance	are	not	varied.	It	almost	reflects	the	same	pattern	and	structure	from	left	to	right.	
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Table	7	ANOVA	of	model	and	process	variables	

Source	
Sum	of		
squares	

Degree	of	
freedom	

Mean
	square	

F	value	
p‐value	
Prob	>	F	

%	
Contribution	

Model	 30.35	 9 3.37 143.13 <	0.0001	 Significant
A:	OV	 1.65	 1 1.65 69.92 <	0.0001	 5.51	
B:	Ton	 19.24	 1 19.24 816.43 <	0.0001	 64.34
C:	Toff	 4.73	 1 4.73 200.9 <	0.0001	 15.83
D:	Wt	 2.56	 1 2.56 108.68 <	0.0001	 8.56	
E:	Tw	 9.45E‐04	 1 9.45E‐04 0.04 0.8432	 Not	significant
F:	Fp	 5.02E‐03	 1 5.02E‐03 0.21 0.6491	 Not	significant
AB	 0.19	 1 0.19 7.9 0.0105	 Not	significant
BC	 0.92	 1 0.92 38.88 <	0.0001	 3.06	
BD	 0.12	 1 0.12 4.99 0.0364	 0.39	

Residual	 0.49	 21 0.024
Cor.	total	 30.85	 30

Std.	Dev.	 0.15 R² 0.984	
Mean	 1.52 Adj. R² 0.9771	
C.V.	%	 10.12 Pred. R² 0.9646	
PRESS	 1.09 Adeq. Precision 39.587	

4.2 Effects of process parameters on cutting speed 

In	WEDM,	mainly	heat	energy	removes	a	very	small	portion	of	material	by	melting	and	evaporat‐
ing	workpiece	material.	Discharge	process	occurred	several	 times	 in	a	second	during	pulse	on	
time	which	 erodes	 and	 vaporizes	 the	material.	 High	 value	 of	 Ton	 substantially	 increases	ma‐
chine’s	CS	as	depicted	in	Fig.	2(a).		

Conversely,	 high	 value	 of	 Toff	 a	 decrease	 in	 CS	 as	 shown	 in	 Fig.	 2(b).	 Process	 of	 re‐
solidification	 can	be	 reduced	by	 selecting	minimum	value	 of	Toff.	 For	 higher	 production	 rates,	
lower	value	of	Toff	 is	desired.	However,	 if	Toff	 is	 too	short,	 the	eroded	debris	not	properly	con‐
tributes	to	reduce	the	deionization	process	of	dielectric	fluid.	

											(a)	 																			(b)	

Fig.	1	(a)	Normal	plot	of	residuals,	(b)	Residual	vs.	predicted 

On	the	other	hand,	Fig.	2(c)	shows	an	increase	value	of	electrical	conductivity	of	brass	wire	
by	CT	process	which	 significantly	 improves	 the	CS	with	more	powerful	 spark	 explosions.	 The	
effect	of	OV	on	CS	has	been	presented	in	Fig.	2(d).	High	voltage	produces	more	energetic	pulses	
leads	to	increase	the	CS.	However,	water	pressure	and	wire	tension	has	shown	no	major	contri‐
bution	(as	shown	in	Table	7)	on	CS	 as	compare	 to	other	selected	 input	parameters. Combined	
effect	of	significant	parameters	(OV,	Ton	and	Toff)	on	CS	are	also	considered	through	contour	plots	
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shown	in	Fig.	2.	The	Fig.	2(a)	shows	combined	effects	of	Ton	and	Toff	on	cutting	speed.	This	helps	
the	practitioners	to	select	the	desirable	value	of	CS	by	adjusting	Ton	and	Toff.	Contour	plot	of	Ton	
and	OV	is	shown	in	Fig.	2(b).	

Contour	lines	with	different	CS	values	are	shown	in	Fig.	3.	Contour	lines	provide	the	option	
to	choose	different	values	of	input	parameters	for	the	same	value	of	CS.	For	example,	in	Fig.	3(a),	
a	number	of	combinations	on	a	similar	contour	line	of	Ton	and	Toff	can	be	selected	to	achieve	a	CS	
of	1.7556	mm/min.	Similarly,	CS	of	1.2860	mm/min	can	be	achieved	by	selecting	open	voltage	
and	pulse	on	time	in	Fig.	3(b). 

 
(a)	

(b)	
 

  (c)   
 

														(d) 

Fig.	2	(a)	Effect	of	Ton	on	CS	(b)	Effect	of	Toff	on	CS	(c)	Effect	of	Wt	on	CS	(d)	Effect	of	OV	on	CS 
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(a)	

	
(b)	

Fig.	3	Contour	plots	for	(a)	Ton	and	Toff	vs.	CS	(b)	OV	and	Ton	vs.	CS	

4.3 Validation tests 

Additional	experiments	have	been	conducted	to	validate	the	statistical	model	mentioned	in	Eq.	2	
and	Eq.	3	for	cutting	speeds	CSCT	and	CSNCT	in	case	of	CT	and	NCT	wires,	respectively.	

CSCT	=	0.396	+	0.00585	·	OV	+	0.223	·	Ton	–	0.00899	·	Toff	+	0.00185	·	Tw	 (2)

CSNCT	=	–0.0224	+	0.00585	·	OV	+	0.187	·	Ton	–	0.00899	·	Toff	+	0.00185	·	Tw	 (3)

Treatment	combinations	with	predicted	and	actual	response	are	presented	in	Table	8	which	
clearly	shows	that	percentage	error	is	less	than	5	%.	These	validation	runs	satisfy	the	developed	
model	as	mentioned	 in	Eq.	2	and	Eq.	3	based	on	 fractional	 factorial	design.	This	model	can	be	
used	as	a	reference	 for	production	of	HSLA	steel	 to	determine	the	CS	by	using	 these	 input	pa‐
rameters.	

Table	8	Experimentation	confirmations	

Trial	
No.	

Open	
voltage	

Pulse	on	
time	

Pulse	off	
time	

Wire	
type	

Wire	
tension	

Flushing	
pressure	

Cutting	speed	

Predicted	 Actual	 %	Error

1	 110	 7	 15	 NCT 6 5 2.26 2.157	 4.6
2	 110	 7	 15	 CT 6 5 2.94 2.854	 2.9
3	 80	 4	 25	 NCT 8 4 1.017	 1.05	 3.2
4	 80	 4	 25	 CT	 8	 4	 1.5	 1.559	 3.9	

5. Conclusion 

In	this	study,	an	attempt	 is	made	to	determine	the	effect	of	cold	treated	brass	wire	with	other	
main	contributing	factors	OV,	Ton	and	Toff	for	the	machining	of	HSLA	at	51	HRC.	From	the	present	
research	following	conclusions	can	be	drawn:	

 Improvement	in	wire	conductivity	is	responsible	for	reduced	machining	time	with	an	in‐
crease	of	electrical	conductivity	by	24.5	%	by	cold	treatment	process	for	24	hours.	Howev‐
er,	it	reduces	the	tensile	strength	by	3.6	%.	

 Pulse	on	time	and	pulse	off	time	are	the	main	contributing	factors	for	cutting	speed	with	
percentage	contributions	of	64.34	%	and	15.83	%	respectively.	
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• Contour plots provide assistance to select optimal process parameters with a simple and 
efficient way. Maximum cutting speed 2.1 mm/min can be achieved by setting Ton and Toff 
values in range of about 6.5-8.0µs and 10-20 µs respectively with the help of contour plot. 

In future, both surface roughness and formation of recast layers on HSLA specimens can also 
be studied and analyzed by using multi objective approach. 
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