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Abstract: In this work, the effect of cryogenic treatment of wire has been studied on surface roughness
obtained by wire electrical discharge machining (WEDM). Two different wires have been used under the
same input parameters. One wire was cryogenically treated and the other was simple and without any
cryogenic treatment. AISI D3 die steel was used as work piece material. The performance of wires has been
measured in terms of obtained surface roughness. Optimum set of input parameters for best surface finish
has also been determined. It is found that the cryogenically treated wire produces better surface finish as
compared to non-cryogenically treated wire for same material.
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1. INTRODUCTION
The wire electrical discharge machining (WEDM)
technology has grown tremendously since it was
first applied more than 30 years ago. WEDM is a
specialized thermal machining process capable of
accurately machining parts of hard materials with
composite shapes. Parts having sharp edges that
are difficult to be machined by the main stream
machining processes can be easy machined by
WEDM process. WEDM has created an easy
method of producing tools and dies to the best
alternative of making micro-scale parts with the
highest degree of dimensional accuracy and
surface finish with the needs on the minimization
of surface roughness. The WEDM has reduced the
producible geometric dimensions and improved
the machining accuracy. WEDM is generally
utilized for machining of hard materials by using
a wire of diameter ranging from 0.5 mm to
0.25 mm.

In this study, two different wires (a
cryogenically treated wire and a non-cryogenically
treated wire) have been used on AISI D3 die steel
and the obtained surface roughness with both the
wires has been compared. The optimum set of
parameters has been determined in order to get

the best surface finish with the cryogenically
treated wire.

2. REVIEW OF LITERATURE

Yang and Chen [1] analyzed the Taguchi
parameters design in the order to identify
optimum surface roughness performance on an
aluminium material with cutting machining
parameters of the depth of cut, cutting speed, feed
rate and tool diameter. It was found that tool
diameter is not a significant cutting factor
touching the surface roughness. Molinari et al.
[2] investigated the effects of deep cryogenic
treatment on mechanical properties of the tool
steels through field test and lab test on AISI M2
and AISI H13, respectively. Deep cryogenic
treatment was done at -196ÚC, which improved
properties beyond the improvement obtained by
normal cold treatment. It was carried out using
liquid with a cooling rate of 20-30 ÚC/hr with a
soaking time of 35 hours. The total duration of
the treatment was 100 hours and it reduced tool
breakage and wear, which resulted in 50% cost
reduction. It was concluded that the cryogenic
treatment improved the hardness and hardness
homogeneity. Rao et al. [3] investigated the effect
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of the wire EDM conditions on the surface
roughness. The material selected was aluminium
BIS 24345 alloy and it was used on a CNC wire-
cut EDM machine. Eight machining parameters
such as pulse off time, pulse on time, peak current,
dielectric fluid, wire feed rate, wire tension, spark
gap voltage and servo feed were used. Analysis of
variances and S/N ratios determined the optimum
parametric combination for the surface
roughness. It was found that the surface
roughness tends to decrease significantly with
decrease in peak current and pulse on time.
Sharma and Khanna [4] used the Taguchi method
to modify the process parameters of cryogenic
treated D-3 machined by the wire EDM. In this
study the material was stored in cold environment
to step up wear resistance and relieving
residential stress. The process parameters were:
pulse width, time between two pulses, maximum
feed rate and servo- reference mean voltage. It
was found that the pulse width, time between two
pulses has significant effect on surface roughness
values. Kapoor et al. [5] analyzed the effects of
cryogenic treated wire electrode on the surface of
an EN-31 steel machine by the WEDM. The
selected work piece material was EN 31 steel
plate of thickness 11 mm and used the Robofil
290 CNC wire cut EDM machine. The process
parameters were: type of wire electrode, pulse
width and wire tension. It was concluded that kind
of wire, pulse width and wire tension significantly
affected the surface roughness in wire electrical
discharge machine. Gill et al. [6] investigated the
effect of deep cryogenic treatment on the surface
roughness off oil hardened non-shrinking (OHNS)
die steel after wire electrical discharge machining.
The material was selected for OHNS die steel and
used the wire electrical discharge machining.
Deep cryogenic treatment of work piece was done
using 9-18-14 cycle. The machining time for each
cut was 12 minutes and after cutting the work
piece was checked the surface roughness. It was
found that cryogenic treatment of the work piece
significantly improved the surface finish of
machined surface. Singh et al. [7] experimentally
analyzed the effect of two cryogenically treated
dissimilar material wires on surface roughness
obtained by machining on a wire EDM. The work
piece material was AISI D3 die steel and the
machine was Charmilles Model 290 wire EDM
machine. Two different wire electrodes of brass
wire and zinc coated diffused wire were used. The
various machining parameters were: pulse width,

time between two pulses, wire tension and wire
feed rate. It was observed that the cryogenically
treated zinc coated diffused brass wire gives fine
surface finish as compared to the cryogenically-
treated plain brass wire.

The review of available literature revels that
the cryogenic treatment can improve the hardness
of the cutting tools. Less work has been reported
on the use of cryogenic treatment of wires in
WEDM machine. Therefore, in this paper the
effect cryogenic treatment of wire used in WEDM
has been studied on the surface roughness of the
machined surface. The following objectives have
been decided for this research work:

i. To compare the surface roughness
achieved by machining with cryogenically
treated wire and non-cryogenically
treated (NCT) wire.

ii. To find the optimal set of parameters for
cryogenic treated wire to obtain minimum
surface roughness.

3. EXPERIMENTATION

A wire EDM of make Charmilles Technologies and
model Robofil 290 was used to carry out the
experiments using 0.25 mm diameter zinc coated
diffused brass wire as the tool electrode. This
machine allows the operator to choose input
parameters and change their values during
machining. AISI D3 steel has been used as the
work piece material. AISI D3 tool steel is a high-
carbon, high chromium, oil-hardening tool steel
that is characterized by a relatively high
attainable hardness. Applications for this
material include blanking, stamping, and cold
forming dies and punches for long runs;
lamination dies, bending, forming, and seaming
rolls, cold trimmer dies or rolls, plug gauges, and
drawing dies for bars or wire. Cryogenically
treatment of one wire was done in a cryogenic
processor (Model: CP220LH). In cryogenic
treatment the following steps were followed.

i. The temperature was decreased at the
rate 0.51°C per minute from room
temperature. This is known as ramp
down.

ii. The temperature was decreased up to -
184°C in 6 hour in cryogenic processor.

iii. The temperature was held at -184°C for
a period of 12 hours.
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iv. Temperature was increased at the rate
of 0.51°C per minute in a ramp up stage
for a period of 6 hours and the
temperature is bought to room
temperature.

Taguchi method has been used for design of
experiments. The L9 orthogonal array (OA) has
been used to accommodate four input parameters
having three levels of each. The selected input
machining parameters are: pulse width, time
between two pulses, wire mechanical tension and
wire feed rate. The three levels of the each
parameter have been taken. The parameter and
levels selected are shown in Table 1.

Sixty work pieces of length 40 mm width 25
mm and thickness 11 mm were taken for the
research work. Three repetitions of nine
experiments were conducted with the
cryogenically treated wire and three repetitions
of nine experiments were conducted with non-
cryogenically treated wires, after setting the
machining parameters according to the design of
experiments. The work pieces before machining
are shown in Fig. 1 and work pieces after
machining are shown in Fig. 2.

4. RESULTS AND DISCUSSION
Experiments were conducted according to
values of different input parameters and their
levels according to design of experiments. For
first set of experiments, cryogenically treated
(CT) wire was used and another set of
experiments was conducted by using same
parameters and their levels, but with non-
cryogenically treated (non-CT) wire. The
obtained surface roughness was measured with
Mitutoyo (SJ-211), surface roughness tester.
The average values of SR and the S/N ratio
obtained by using CT wire have been shown in
Table 2, whereas, the average values of SR and
S/N ratio obtained by using non-CT wire have
been represented in Table 3.

A perusal of Table 2 and 3 shows that the
values of SR obtained by using CT wire is less
than the SR obtained by using non CT wire.
Therefore, it can be concluded that the CT wire
is better than non CT wire for surface
roughness.

Table 1
Input factors and their levels

S. Level Units Symbol Level Level Level
No. 1 2 3

1. Pulse width µs A 0.5 0.7 0.9

2. Time b/w two µs B 10 12 14
pulses

3. Wire mechanical daN C 0.70 1.20 1.80
tension

4. Wire feed rate m/min D 5.0 7.0 9.0

Figure 1: Photographic view of work pieces

Figure 2: Work pieces after machining

Table 2
S/N ratios for CT wire

Exp.      Input Parameter SR S/N ratio
No. A B C D (m) (dB)

1 0.5 10 0.7 5 2.16 -6.689

2 0.5 12 1.2 7 2.03 -6.149

3 0.5 14 1.8 9 1.85 -5.343

4 0.7 10 1.2 9 2.52 -8.028

5 0.7 12 1.8 5 2.2 -6.848

6 0.7 14 0.7 7 2.66 -8.497

7 0.9 10 1.8 7 2.56 -8.164

8 0.9 12 0.7 9 3.26 -10.264

9 0.9 14 1.2 5 2.96 -9.425
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4.1. Analysis of S/N Ratio

The response table for S/N ratios for all the
variables is given in Table 4 for CT wire.

In the last row of the Table 4 ranks have been
given to the various factors. Higher is the rank,
higher is the significance. It has been found that
pulse width has the highest rank 1 and is the most
significant factor followed by the wire mechanical
tension at rank 2 and wire feed rate at rank 3.
Time between two pulses has lowest rank and is
least affecting the surface roughness. The ranks
represent the relative importance of each factor
to the response.

The main effect plots for S/N ratio for CT wire
are shown in Fig. 3. The X-axis indicates the level
of input parameter and Y-axis indicates the mean
of S/N ratio. The main effects show that when the
pulse width (A) increases, the value of surface
roughness also increases. The discharge energy
increases with the pulse width step-up and the
larger discharge energy produces a larger crater.
Then larger crater make a larger value of the

surface roughness. The effect of time between two
pulses (B) is negligible. As the wire mechanical
tension (C) increases the value of surface
roughness decreases. The wire feed rate (D) does
not show any considerable effect on surface
roughness. Similar result have been reported by
[4-5] and [7].

4.2. Analysis of Variance
The analysis of variance (ANOVA) was carried
out to study the relative influence of the
machining parameters on the SR of the EDM
machined material. The sum of degree of freedom
of all the parameter is 8 which is equal to the
DOF of the model. The DOF of residual error is
zero. Therefore, F and P-values cannot be
calculated and a pooling is required. The factor
B has minimum value and it can be pooled in
error. After pooling the parameter (B) in the
error, the pooled ANOVA table has drawn as
shown in Table 5.

Table 3
S/N ratios for non-CT wire

Exp.      Input Parameter SR S/N ratio
No. A B C D (m) (dB)

1 0.5 10 0.7 5 2.76 -8.818

2 0.5 12 1.2 7 2.56 -8.164

3 0.5 14 1.8 9 2.45 -7.783

4 0.7 10 1.2 9 2.9 -9.247

5 0.7 12 1.8 5 2.8 -8.943

6 0.7 14 0.7 7 3.06 -9.714

7 0.9 10 1.8 7 3.31 -10.396

8 0.9 12 0.7 9 3.66 -11.269

9 0.9 14 1.2 5 3.58 -11.077

Table 4
Response table for S/N ratio for SR for CT wire

Level                     Input Parameter

A B C D

1 -6.061* -7.627* -8.484 -7.654

2 -7.791 -7.754 -7.868 -7.604*

3 -9.285 -7.756 -6.786* -7.879

Delta 3.224 0.128 1.698 0.274

Rank 1 4 2 3

*indicates higher S/N ratio

Figure 3: Main effects plot for S/N ratio for CT wire

Table 5
Analysis of variance for S/N

ratio for SR for CT wire

Source DOF Sum of Mean F- Status % age
square square value Contri.

A 2 15.62 7.81 479.35 Sig. 77.26%

B 0 - - - - -

C 2 4.43 2.21 136.07 Sig. 21.93%

D 2 0.12 0.06 3.93 Not Sig. 0.63%

Error 2 0.03 0.01 0.18%
(pooled)

Total 8 20.21 100
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The F-value given in the Table 5 suggests the
significance of the factors on the desired
characteristics. The principle of F-test is that
larger the F-value more is the significance of
factor. The pulse width and wire mechanical
tension are significant factors. The wire feed rate
is insignificant factor. In these experiments the
F0.05,2,2 = 19.00. This F-table value finds significance
of a factor at 95% confidence level, if it is greater
than 19.00. In Table 5 the F-value for pulse width
is greater than 19.00. Therefore it is significant
for affecting SR when machining is done with
cryogenically treated wire. The error in this case
is 0.18%. The rank order based on percentage
contribution is same as that obtained earlier
through S/N ratio analysis.

4.3. Optimum Set of Parameters for CT
wire

The optimum values of machine parameters for
CT wire were formed from the experiments and
the obtained S/N ratio. The higher S/N ratio
represents the more favourable effect of input
variable on the output. From Table 4 the optimum
levels (parameter levels with highest mean S/N
ratio) have been known for most significant
parameters in order to achieve minimum surface
roughness. These optimum levels and their
corresponding values are shown in Table 6.

Table 6
Optimum set of parameters for CT wire

Factor Heighest mean Optimum Optimum
S/N ratio level value

Pulse width -6.061 1 0.5

Wire mechanical tension -7.604 3 1.80

Wire feed rate -8.484 2 7

4.4. Prediction of SR for CT wire
In this work there are four input parameters and
the parameters A, C, D scored the highest ranks
as shown in Table 4. The predicted optimum
response in terms of S/N ratio (çpre)  can be
calculated by using the following equation [8].

                 1 3 2pre A C D (1)

In this equation   is the average of S/N ratio
for all the observations as given in Table 4.3,

whereas 1A , 3C  and 2D  are highest mean S/N

ratios for most significant parameters A, C and
D as shown in Table 4.

       1 3 2 2pre A C D    

= (-6.061) + (-7.604) + (-8.484) - 2(-7.711)

= -22.149 + 15.422

= - 6.727 dB

By using predicted optimum S/N ratio in Eq.
(1), the value of predicted surface roughness for
CT wire by using optimum set of parameters is
2.169 µm.

4.5. Confirmatory Experiments
Two confirmatory experiments were conducted by
using the optimal levels of the input parameters
and the obtained surface roughness is 2.2 µm and
2.18 µm which are quite closer to the predicted
value of surface roughness.

5. CONCLUSIONS
The effect of cryogenic treatment of wire in
WEDM has been studied on the surface
roughness of the machined workpieces. Four
independent variables (pulse width, time
between two pulses, wire mechanical tension
and wire feed rate) were selected for machining
and the experiments were conducted by using
a CT wire and a non-CT wire as electrodes in a
WEDM machine. The main conclusions are
given below:

i. The surface roughness obtained was
found to be less with cryogenically treated
wire as compared to non-cryogenically
treated wire.

ii. The pulse width and wire mechanical
tension found to be most significant
factors for surface roughness.

iii. The surface roughness increases when
the pulse width was increased and it
decreases with increase in wire
mechanical tension.

iv. The effect of time between two pulses and
wire feed rate was negligible.

v. It can be concluded that the non-
cryogenically treated wire produces more
surface roughness than cryogenically
treated wire.
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