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Abstract. Growing demand for Stellite 6 alloys due to its attractive properties such as superior strength,
toughness, wear resistance, fracture resistant characteristics, and their exceptional resistance to corrosion has
made them applicable in industrial as well as commercial applications, such as aerospace industries, nuclear
waste storage, automobile industries and surgical implantation. However, in spite of these applications,
automotive part manufacturers mainly (Bearing Materials) are looking for a comprehensive study, such as
mechanics of friction and the relationship between friction and wear. Hence in this paper, an attempt has been
made to study the tribological behavior such as wear characterization and surface roughness of age hardened
Stellite 6 alloys. The main objective of the research is to determine the favorable tribological conditions for
improving wear resistant properties and surface roughness on age hardened Stellite 6 alloys. Hence two body
wear study and surface roughness study during Wire Electric Discharge Machining (WEDM) of age hardened
Stellite 6 alloys based on Analysis of Variance (ANOVA), Taguchi’s Design of Experiment (TDOE), Response
Surface Methodology(RSM) and Desirability Functional Analysis (DFA) have been used to achieve this goal.
From the study it is observed that optimum values for improving hardness, wear and surface roughness values
can be easily achieved with less time and cost by adopting the said techniques. •From microstructural
observation, as the peak current increases there is larger amount of dendritic carbides and cracking of carbides
due to high plastic deformation resulting in thermal softening of Stellite 6 alloy during wire electric discharge
machining resulting in better surface roughness values. The second-order model for hardness, wear and surface
roughness using response surface methodology can be adopted for predicting for hardness, wear and surface
roughness in any experimental domain.
Keywords: Stellite 6 alloys / hardness / wear / surface roughness / WEDM / ANOVA / TDOE / RSM / DFA

1 Introduction
Over last 12 decades, Stellite alloys have come into
existence and have been developed by Elwood P. Haynes,
for producing various component parts of steam engines
and internal combustion engines and named these alloys as
“Stellites” [1]. The most important characteristics of these
alloys are its hardness, high wear resistance, corrosion
resistance and high temperature withstanding capacity
compared to other metals and alloys. “Stellite alloys are a
class of cobalt-chromium “super-alloys” made up of
complex carbides in an alloy matrix that are primarily
created for excellent wear resistance as well as enhanced
chemical and corrosion resistance in severe environments”.
* e-mail: rr.shetty@manipal.edu

Because of its extremely high melting points, cobalt and
chromium are suited for a wide range of applications, from
“extreme cutting tools to hot section alloy coatings in gas
turbines”. To provide even better performance for speciﬁc
applications, they may also contain molybdenum or
tungsten, as well as a small amount of carbon. Metallographic microstructure of Stellite 6 alloy is given in
Figure 1.
Because of its superior mechanical, tribological, adhesive, and abrasive wear resistance qualities, stellite alloys
have been employed in a wide range of industrial
applications. “The Stellite alloys are attractive in a number
of applications due to the crystallographic nature of cobalt,
the solid-solution-strengthening effects of chromium,
tungsten, and molybdenum, the creation of metal carbides,
and the corrosion resistance due to the presence of
chromium”. High-carbon alloys and medium-carbon alloys
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Fig. 1. “Metallographic microstructure of the Stellite 6 alloy” [2].

are the two types of stellite alloys [3]. Depending on the
application, stellite alloys are made via casting, powder
metallurgy, laser cladding, hot forging, and hard-faced
deposit. Because stellite alloy is a tough to machine
material, it is always possible to use non-traditional
machining techniques such as EDM, WEDM, and
ultrasonic machining instead of conventional machining
[4–7]. Further Stellites are often added to stainless steel or
mild steel substrates as a coating, powder, or casting.
Stellite alloy has found use in rolling element bearings,
inline jet engine valves, landing gear, and actuation
equipment due to the combination of complex carbides
in an alloy matrix. [8–11]. Stellite alloy is considered to be
hard to machine material due to its high hardness and
toughness compared to other metal and alloys. Hence the
machining cost of these materials has become more
expensive. Further, “Stellite alloys consisting of hard
carbides, non-homogeneous distribution of carbides, nonhomogeneous crystal structure, high heat affected zone,
more residual stress induced, low thermal conductivity
results in poor machinability” [12–14]. Hence researchers
are concentrating on identifying optimal machining
parameters achieve the better surface roughness with
minimum wear during machining of Stellite alloys. It was
also observed that due to increased hardness and toughness
of Stellite alloy, results in “heat generation in the cutting
zone resulting in metallographic phase transformation”.
[15] in their research they had experimented with “usage of
Stellite alloys, such as Stellite 31, Stellite 6, Stellite 6B,
Stellite 3 and Stellite 19” in order to “increase the life of
certain aircraft engine components such as ﬂare castings,
spacer sleeves, rod end bearings, ball bearings, bearing
races, fuel nozzles, swirlers, washers, engine vanes, bearing
supports and other static structural parts followed by
Stellite 21 and Stellite 31 alloys for producing cast turbine
blades which are used in military piston engines on a
number of aircraft”. They also concluded that nonhomogeneous distribution of hard carbide, lower heat
conductivity, and high hardness contributed to poor
machinability properties of Stellite 6 alloy. In their research
[16], they had processed Stellite 6 by wire arc additive
manufacturing process. Further, “the effect of stress relief
annealing on the mechanical performance the fabricated
Stellite 6 part was studied and compared with the

corresponding casting part”. They concluded that Stellite
6 manufactured through additive manufacturing process
exhibited 7–8 HRC more hardness and 150MPa higher
tensile and ultimate strength than the cast part. While
working on Stellite 6 alloys discovered that the formation of
hard carbides in Stellite alloys provided sliding wear and
abrasion wear resistance [17]. They also suggested that
Stellite alloys were found to exhibit excellent metal-onmetal anti-galling behavior. In their work [18], they had
investigated about the “inﬂuences of EDM machining
conditions on micro-EDM characteristics”. Their experimental results showed that the “voltage and current of the
pulse exert strongly to the machining properties”. They
concluded that “shorter EDM pulses were more efﬁcient to
make a precision part with a higher MRR”. In their study of
Stellite 6 [19], they discovered that residual stresses on the
machined surface had a signiﬁcant impact on the alloy’s
fatigue life, crack resistance, stress corrosion resistance,
static strength, and magnetic characteristics. According to
their research on Stellite alloys [20], residual tensile stresses
lower the fatigue strength of machined parts, shortening
the actual product life. Residual stresses develop within a
depth of 50 mm of the surface when sharp tools are used,
and up to 500 mm when worn tools are used. While working
with the Stellite 6 alloy [21], they discovered that residual
stresses are more common when using uncoated tools
rather than coated tools. Reference [22] had analyzed
“residual stresses on turbine disks (made of Stellite 6) of jet
engines that were machined under various cutting
conditions. They concluded that the worst condition was
at the 0.06 mm depth of cut because this produced the
lowest value of compressive residual stress (–100 MPa) and
the highest value of tensile residual stress (800 MPa)” [23].
They investigated the effect of adding silicon to Stellite 6 on
its hardness and wear resistance at high temperatures in
their research. They found that adding silicon increased the
hardness of Stellite 6 and increased the wear resistance of
Stellite 6 at low temperatures (below 100 °C), but
decreased it at high temperatures. Furthermore, it was
discovered that as the temperature rose, the material’s
wear resistance reduced [24]. In his work on electric
discharge machining of Stellite alloys, he discovered that
“die-sinking EDM presented an extremely low MRR in the
ﬁnishing process. Further, he found that the MRR at good
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Table 1. Chemical composition of Stellite 6 alloy.
Element

Composition

Co
Cr
W
C
Si
Fe
Ni

57%
32%
13%
3%
1.20%
1%
1%

surface roughness levels (1.1–3.8 mm Ra) could be
improved through milling EDM due to its inherent good
ﬂushing conditions (small contact area, high ﬂushing
pressure through the electrode and rotation of the
electrode)” [25]. They examined the machining characteristics of Stellite 6 using kerosene and distilled water as
dielectrics in their investigation. They discovered that
when machining in distilled water rather than kerosene, the
MRR is higher and the relative electrode wear ratio is
lower. Furthermore, when distilled water was used as the
dielectric, a greater amount of particles and micro fractures
were discovered. References [26–32] carried out research on
machining of metals, composites and alloys using TDOE
and RSM as statistical tools. The suggested that these
statistical tools can be effectively used for optimization and
prediction of machining output parameters. Hence in this
paper hardness, wear and surface roughness study of age
hardened Stellite 6 alloys based on “Taguchi’s Design of
Experiment, Response Surface Methodology and Desirability Functional Analysis” has been discussed.

2 Methodology
Stellite 6 alloy having hardness value of 395 Hv is the work
piece material and its chemical composition are given in
Table 1. The Stellite 6 workpiece was supplied by Baoji
Yongshegtai Industry Co., Ltd China and procured through
HAL, Bangalore. The workpiece material and microstructure of the Stellite 6 alloy is shown in Figures 2 and 3.
The Stellite 6 alloy in the for cylindrical bar of diameter
10 mm x 20 mm samples are heat treated at 950 °C for 3 h
followed by water quenching at room temperature. Finally,
the specimens are aged at 200 °C to 400 °C by varying the time
2–6 h and the hardness is checked using “Matsuzawa Vickers
hardness (Model: MMT-X7A, Matsuzawa Co., Ltd. Japan)
testing machine with an indentation load of 50 kg allowing
dwell time of 15 s for indentation. At least ﬁve indentations
were taken for each specimen, and the average value was
reported for of Vickers hardness was reported for Stellite 6
alloy specimens”. The experiments are based on Taguchi’s L16
orthogonal array (larger the better characteristic for
hardness). The levels and factors selected for age hardening
based on design of experiments is shown in Table 2.
Two body wear tests were carried out by pin on disc
wear testing machine. The pin material was Stellite 6 alloy.
The disc material was EN-31 steel with a hardness of
640 Hv. The pin specimens were square of 10 mm and a

Fig. 2. Stellite 6 alloy work piece material.

Fig. 3. Microstructure of Stellite 6 alloy work piece material.

Table 2. Control factors and levels.
Levels
Control factors

1

2

Aging temperature (°C)
Aging time (h.)

200
2

400
6

height of 30 mm. The disc specimens were cylinders with an
outer diameter of 100 mm and a thickness of 8 mm. The
difference in the mass measured before and after the test
gives the wear of the specimen. The mass loss of the pin
(specimen) was measured in an electronic weighing
machine with a least count of 0.001 g. The ratio of mass
losses was deﬁned as wear rate. Stellite 6 alloy under
different Load (N), Sliding Speed (m/s) based on L9
orthogonal array based Taguchi’s design of experiments as
shown in Table 3 has been conducted followed by
Mathemetical model using RSM” (Tab. 4).
The wire electric discharge machining experiments of
Stellite 6 alloy cylindrical specimen size of 20 mm thickness
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Table 3. Selected levels and factors (TDOE).
Levels

(A)
Sliding Distance
(D/m)

(B)
Load
(N)

(C)
Sliding Speed
(m/s)

1
2
3

2000
6000
10000

19.62
39.24
58.86

1.67
2.51
3.35

Table 4. Selected levels and factors (RSM).
Levels

(A)
Sliding Distance
(D/m)

(B)
Load
(L/N)

(C)
Sliding Speed
(m/s)

1
2

2000
10000

19.62
58.86

1.67
3.35

Fig. 4. Experimental set up.

and 20 mm diameter with 0.18 mm diameter molybdenum
wire electrode material, soft water (D.M water + Gel) as
dielectric ﬂuid will be carried out using (DK7732,Concord
United Pvt. Ltd., Bangalore) wire electric discharge
machine” as shown in Figure 4.
Three parameters for machining Stellite 6 alloy were
determined in the current study for Wire Electric discharge
machining operation: Peak Current (mA), Pulse on time
(ms), and Pulse off time (ms). To analyze the non-linearity
inﬂuence of the process parameters, each parameter was
investigated at three levels. Tables 5 and 6 show the
identiﬁed control factors and their levels for TDOE and
RSM.
The S/N ratio smaller the better characteristics has
been used as the quality characteristic for surface
roughness in this experimentation. For the elaboration
of experiments plan, we used the method of L9 Taguchi’s
orthogonalarray (Fig. 5).

The relationship between the “output variable ‘y’ and
the process output parameters is expressed in the form of a
second degree linear polynomial regression equation”.
y = bo + b1A + b2B+b3C + b4A2 + b5B2 + b6C2
+ b7AB +b8AC +b9BC+ e
where, b0, b1, b2, ….b9 are the regressor coefﬁcients and e is
the random error.
Three parameters for machining Stellite 6 alloy were
determined in the current study for Wire Electric discharge
machining operation: Peak current (mA), Pulse on time
(ms), and Pulse off time (ms). To analyze the non-linearity
inﬂuence of the process parameters, each parameter was
investigated at three levels. Tables 5 and 6 show the
identiﬁed control factors and their levels for TDOE and
RSM. These analyses are carried out for a signiﬁcant level
of 5%, i.e., for a level of conﬁdence of 95% [45].
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Table 5. Selected levels and factors (TDOE).
Levels

(A) Peak current (A)

(B) Pulse on time (microns)

(C) Pulse off time (microns)

1
2
3

8
10
12

100
200
300

50
100
150

Table 6. Selected levels and factors (RSM).
Levels

(A)
Peak Current
(A)

(B)
Pulse on Time
(microns)

(C)
Pulse off Time
(microns)

1
2

8
12

100
300

50
150

Fig. 5. L9Orthogonal array.

Desirability function is proved to be a simultaneous
optimization technique to solve multi response problems
[46]. In this research objective function initially transforms
the existing values in to a scale free value called desirability.
Further optimum level of parameters is evaluated by
composite desirability to satisfy selected process output
parameters by “MINITAB 15 software”.
The surface proﬁle traces of the machined work-pieces
were obtained using “Taylor/Hobson Surtronoic 3+ surface
roughness measuring instrument” and age hardened
workpiece, worn surface and machined workpiece surface
under different condition was observed using Trinocular
Inverted Metallurgical Microscope and Olympus BX53M
System Microscope.

3 Results and discussions
Knowing the inadequate attention paid to the study on
Stellite 6 alloy to improve its tribological behavior such as
hardness (Hv), wear (mm3) and surface roughness
(microns), the experiment based on Taguchi’s design of
Experiments followed by Response Surface Methodology
and Desirability functional approach has been discussed in
the following subsections. Microstructural analysis after
age hardening, worn surface and machined surface has also
been discussed.

Fig. 6. Main effects plot for hardness (Hv).

3.1 Hardness
The Stellite 6 alloy specimen is ﬁrst heat treated at 950 °C
for 3 h followed by water quenching at room temperature.
The hardness obtained after heat treatment was 395 Hv.
The specimen was then age hardened based on L16
orthogonal array TDOE to achieve the peak hardness value.
From the main effects plot Figure 6 for hardness
indicates the optimum aging conditions for obtaining peak
hardness value was, Aging Temperature (A): 200 °C and
Aging Time (B): 6 h for Stellite 6 alloy.
Figure 7 shows the hardness interaction plot obtained
from Taguchi’s design of experiments for different aging
conditions. From the interaction plot it was observed that
aging temperature of 200 °C and aging time of 6 hrs gave the
highest hardness value for Stellite 6 alloys. Figure 8 shows
the 3D Scatter plot for Hardness (Hv) obtained from
Taguchi’s design of experiments under different aging
conditions. Figure 9 shows the Probability plot for Hardness
(Hv) obtained from Taguchi’s design of experiments under
different aging conditions. From the Probability plot it was
observed that aging temperature of 300 °C and aging time of
4 hrs gave the highest hardness value (444.8 Hv) for Stellite 6
alloys having percentage contribution of 89%.
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Fig. 8. 3D Scatter plot for hardness (Hv).

Fig. 7. Interaction plot for hardness (Hv).

Fig. 9. Probability plot for hardness (Hv).

A second-order model has been established for hardness
using response surface methodology can be used to study
and analyze the hardness in any experimental domain.
Hardness ðHvÞ ¼ 358:695 þ 0:43A þ 13:0B  6:48
 1004 A2  0:74 B2  0:018AB
Figure 10 shows the hardness (Hv) variation
using contour and surface plot under different aging
temperature and aging time of Stellite 6 alloy. From the
contour and surface plot it was observed that increase of aging
time (4–6 h) and aging temperature (200–300 °C) resulted as
optimum aging parameters for obtaining maximum peak
hardness value. Similar observation is obtained in overlaid
contour plot for Hardness(Hv) of Stellite 6 alloy under
different aging temperature and aging time (Fig. 11).

From the results obtained for hardness (Fig. 12) using
DFA, it is observed that optimal peak hardness value of
446.435 Hv for Stellite 6 alloy is set ataging temperature
248.48 °C and aging time 5 h.
Figures 13a–13c shows the microstructural changes
occurred under different aging conditions. From
Figures 13a–13c we can observe that as aging temperature
and aging time increases the dendritic microstructure
reﬁnement leads to the decrease in spacing, which
contributes to the high hardness values.
3.2 Wear
Wear rate behaviour of the age hardened Stellite 6 alloy
having peak hardness value of 446.435 Hv obtained ataging
temperature 248.48 °C and aging time 5 hrs has been used
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Fig. 10. Hardness contour and surface plot of Stellite 6 alloy under different aging temperature and aging time.

Fig. 12. Plot of composite desirability factor.
Fig. 11. Overlaid Contour plot for Hardness(Hv)of Stellite
6 alloy under different aging temperature and aging time.

Fig. 13. Microstructural changes (a) aging temperature (200 °C) and aging time (2 h); (b) aging temperature (400 °C) and aging time
(2 h) (c) aging temperature (400 °C) and aging time (6 hrs).

to study wear behaviour. The Sliding distance (D/m), Load
(L/N) and Sliding Speed (m/s) has been used as process
input wear parameters. The experiment is based on
L9orthogonal array to obtain optimum condition for
minimising wear.

From the study, the inﬂuence of sliding distancesuch as
2000 (D/m), 6000 (D/m), 10000 (D/m) on wear of Stellite 6
alloy, it has been observed that wear rate of Stellite 6 alloy
increases with increase in sliding distance. This is because
at higher sliding distance, the temperature increases, which

8
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Fig. 14. Main effects plot for wear (mm3).

Table 7. Analysis of variance for wear (mm3).
Source

DF

Seq SS

Adj SS

Adj MS

F

P

P%

Sliding distance (D/m)
Load (N)
Sliding speed (m/s)
Residual error
Total

2
2
2
2
8

41.9682
4.7074
0.0413
1.0560
47.7729

41.9682
4.7074
0.0413
1.0560

20.9841
2.3537
0.0206
0.5280

39.74
4.46
0.04

0.025
0.183
0.962

89.8
10.08
0.093

Fig. 15. Wear contourplot of Stellite 6 alloy under different conditions.

results in thermal softening, solid solution matrix, cracking
and fracture of the solution matrix (carbides) further it has
also been observed that the abrasive wear rate increases
with increase in loaddue to temperature oxidation,
frictional heat and oxide ﬁlm breaks down under all
testing condition. Thus it can be concluded that, minimum
load, sliding distance and sliding speed is very effective in
improving its wear resistance.
From the main effects plot shown in Figure 14 for wear
(mm3), indicates the optimum wear conditions for
obtaining minimum wear which can be established at,
Sliding distance (2000 D/m), Load (19.62 N) and Sliding
Speed (3.35 m/s) for Stellite 6 alloy.
Analysis of variance for wear (Tab. 7) is an easiest
technique for identifying percentage of contribution (P%)
and examining wear under different wear conditions. From

Fig. 16. Overlaid contour plot for wear (mm3).
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Fig. 17. Probability plot for wear (mm3).
Fig. 18. Plot of composite desirability factor.

Fig. 19. Microstructural changes of worn specimen (a) sliding distance (2000 D/m), load (58.86 N) and sliding speed (3.35 m/s);
(b) sliding distance (6000 D/m), load (19.62 N) and sliding speed (3.35m/s); (c) sliding distance (10,000 D/m), load (19.62 N) and
sliding speed (3.35 m/s).

ANOVA it is observed that, sliding distance and load had
the maximum contribution of about 89.8% and 10.08%.
Hence sliding distance is considered to be an important
factor, followed by load. sliding speed had a very less
contribution on wear of Stellite 6 alloy”.
The second-order model for wear, using response
surface methodology is given below for predicting wear
in any experimental domain.
Wear ðmm3 Þ ¼ 0:394 þ 0:00013A þ 0:027B  0:49C
7:24  1009 A2  3:53  1004 B2 þ 0:105C 2
þ 6:211  1007 AB  2:604  1006 AC
þ 0:00098BC:
Figure 15 shows the wear (mm3) contour plot under
different wear conditions of Stellite 6 alloy. From the
contour plot it was observed that increase of sliding
distance (2000–10000 hrs) and load (19.62–58.86 N)
resulted in maximum wear value. Similar observation is
obtained in overlaid contour plot for wear (mm3) of Stellite
6 alloy under different sliding distance, load and sliding
speed (Fig. 16). Figure 17 shows the probability plot for
wear (mm3) obtained from Taguchi’s design of experiments
for different wear conditions. From the Probability plot it

was observed that sliding distance of 2000 D/m, load of
19.62N and sliding speed of 1.67 m/s gave the minimum
wear value (0.58 mm3) for Stellite 6 alloys having
percentage contribution of 50%.
From the results obtained for wear (Fig. 18) using DFA
it is observed that optimal wear value of 0.526 mm3 for
Stellite 6 alloy is set atsliding distance of 2000 D/m, load of
19.62N and sliding speed of 2.28 m/s. Figures 19a–19c
shows the microstructural changes of worn specimen under
different wear conditions.
3.3 Surface roughness
Surface roughness study has been the most important
criteria for improving the mechanical properties such as
fatigue life, corrosion and wear resistance. Hence in this
section WEDM of the age hardened at Stellite 6 alloy
having peak hardness value of 446.435 Hv has been carried
out under different machining conditions such as Peak
current (A), Pulse on time (microns) and Pulse off time
(microns) using L9orthogonal array.
From the main effects plot Figure 20 for surface
roughness, indicates the optimum machining conditions for
improving surface roughness are, peak current (12A), Pulse
on time (300 microns) and pulse off time (150 microns) for
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Fig. 20. Main effects plot for surface roughness (microns).

Table 8. ANOVA for surface roughness (microns).
Source

DF

Seq SS

Adj SS

Adj MS

F

P

P%

Peak current (A)
Pulse on time (microns)
Pulse off time (microns)
residual error
Total

2
2
2
2
8

10.4184
0.8826
0.0238
0.0068
11.3315

10.4184
0.8826
0.0238
0.0068

5.2092
0.441
0.011
0.003

1541.7
130.62
3.52

0.001
0.008
0.221

91.9
7.89
0.21

Fig. 21. Probability plot for surface roughness (microns).

Stellite 6 alloy. This is due to the fact that as the peak
current (A), pulse on time (microns) and pulse off time
(microns) increases plasma channel induced between the
wire electrode and workpiece material results in metallurgical alterations, residual tensile stresses and easy cracking
which is the results of improved surface roughness.
From ANOVA for surface roughness (microns) (Tab.
8), it is observed peak current (12A) and pulse on time (300
microns) had the maximum contribution of about 91.9% and
7.89%. Pulse off time (0.21%) had a very less contribution on
surface roughness during WEDM of Stellite 6 alloy.

Figure 21 shows the Probability plot for surface
roughness (microns) obtained from Taguchi’s design of
experiments for different machining conditions. From the
Probability plot it was observed that peak current of 12 A,
Pulse on Time of 100 microns and Pulse of Time of 150 microns
gave the minimum surface roughness value (1.65 microns) for
Stellite 6 alloys having percentage contribution of 50%.
The second-order model for wear using response
surface methodology given below can be adopted for
predicting surface roughness(microns) in any experimental domain.

K. S.R.: Manufacturing Rev. 9, 10 (2022)
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Fig. 22. Surface roughness (microns) contour lines of Stellite 6 alloy under different machining conditions.

Fig. 23. Overlaid contour plot for surface roughness (microns) of
Stellite 6 alloy under different machining conditions.

Fig. 24. Plot of composite desirability factor for surface
roughness (microns).
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Fig. 25. Microstructural changes (a) peak current (8A), pulse on time (300 microns) and pulse off time (150 microns) (b) peak current
(10A), pulse on time (300 microns) and pulse off time (150 microns) (c) peak current (12A), pulse on time (300 microns) and pulse off
time (150 microns).

Surface Roughness ðmicronsÞ ¼ 5:92064  0:7026A
04

2

0:022B  4:53  10 C þ 0:03A þ 6:09
 1006 B2 9:63  1006 C 2  4:875
 1004 AB  0:0001AC  7  1006 BC:
Figure 22 shows the surface roughness(microns)contour
lines under different machining conditions of Stellite 6
alloy. From the contour line it was observed that increase of
peak current (8A to 12A) and pulse on time (100 micronsto
300 microns) resulted in minimum surface roughness value.
Similar observation is obtained in overlaid contour plot for

surface roughness (microns) of Stellite 6 alloy under
different machining conditions (Fig. 23).
From the results obtained for surface roughness
(microns) (Fig. 24) using DFA it is observed that minimum
surface roughness value of 1.5833 microns for
Stellite 6 alloy is set atpeak current of 12A, pulse on time
of 271.7172 microns and pulse off time of 50 microns.
Figures 25a–25c shows the microstructural changes of
machined surface under different machining conditions of
Stellite 6 alloy. From Figures 25a–25c we can observe that
as the peak current increases there is larger amount of
dendritic carbides and cracking of carbides due to high
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plastic deformation resulting in thermal softening of
Stellite 6 alloy during wire electric discharge machining
resulting in better surface roughness values.

4 Concluding remarks
Based on the tribological behavior such as hardness, wear
and surface roughness of Stellite 6 alloy using TDOE, RSM
and DFA followed by microstructural analysis, the
following conclusions can be drawn:
– From the main effects, interaction and 3D scatter plot for
hardness it was observed that the optimum aging
conditions for obtaining peak hardness value was, aging
temperature (200 °C) and aging time (6 h) for Stellite 6
alloy. Probability plot for hardness (Hv) obtained from
Taguchi’s design of experiments under different aging
conditions, it was observed that aging temperature of
300 °C and aging time of 4 h gave the highest hardness
value (444.8 Hv) for Stellite 6 alloys having percentage
contribution of 89%.
– From DFA, it is observed that optimal peak hardness
value of 446.435 Hv for Stellite 6 alloy is set at aging
temperature 248.48 °C and aging time 5 h.
– From microstructural changes occurred under different
aging conditions, we can observe that as aging temperature and aging time increases the dendritic microstructure reﬁnement leads to the decrease in spacing, which
contributes to the high hardness values.
– From the study, the inﬂuence of sliding distance such as
2000 (D/m), 6000 (D/m), 10000 (D/m) on wear of
Stellite 6 alloy, it has been observed that wear rate of
Stellite 6 alloy increases with increase in sliding distance.
This is because at higher sliding distance, the
temperature increases, which results in thermal softening, solid solution matrix, cracking and fracture of the
solution matrix (carbides) further it has also been
observed that the abrasive wear rate increases with
increase in load due to temperature oxidation, frictional
heat and oxide ﬁlm breaks down under all testing
condition. Thus it can be concluded that, minimum
load, sliding distance and sliding speed is very
effective in improving its wear resistance. From the
main effects plot it is observed that optimum wear
conditions for obtaining minimum wear was Sliding
distance (2000 D/m), Load (19.62 N) and Sliding Speed
(3.35 m/s) for Stellite 6 alloy. From ANOVA, it is
observed that, sliding distance and load had the
maximum contribution of about 89.8% and 10.08%.
Hence sliding distance is considered to be an important
factor, followed by load. Sliding speed had a very less
contribution on wear of Stellite 6 alloy.
– From the Probability plot it was observed that sliding
distance of 2000 D/m, load of 19.62N and sliding speed of
1.67 m/s gave the minimum wear value (0.58 mm3) for
Stellite 6 alloys having percentage contribution of 50%.
– From the results obtained for wear using DFA it is
observed that optimal wear value of 0.526 mm3 for Stellite
6 alloy is set atsliding distance of 2000 D/m, load of 19.62 N
and sliding speed of 2.28 m/s.
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– From the main effects plot for surface roughness, indicates
the optimum machining conditions for improving surface
roughness are, peak current (12A), pulse on time (300
microns) and pulse off time (150 microns) for Stellite 6
alloy. This is due to the fact that as the peak current (A),
pulse on time (microns) and pulse off time (microns)
increases plasma channel induced between the wire
electrode and workpiece material results in metallurgical
alterations, residual tensile stresses and easy cracking
which is the results of improved surface roughness.
– From ANOVA for surface roughness (microns), it is
observed peak current (12A) and pulse on time (300
microns) had the maximum contribution of about
91.9% and 7.89%. Pulse off time (0.21%) had a
very less contribution on surface roughness during
WEDM of Stellite 6 alloy. From the Probability plot it
was observed that peak current of 12 A, Pulse on Time
of 100 microns and Pulse of Time of 150 microns gave
the minimum surface roughness value (1.65 microns)
for Stellite 6 alloys having percentage contribution of
50%.
– From the results obtained for surface roughness
(microns) using DFA, it is observed that minimum
surface roughness value of 1.5833 microns for Stellite 6
alloy is set at peak current of 12A, pulse on time of
271.7172 microns and pulse off time of 50 microns.
– From microstructural observation, as the peak current
increases there is larger amount of dendritic carbides and
cracking of carbides due to high plastic deformation
resulting in thermal softening of Stellite 6 alloy during
wire electric discharge machining resulting in better
surface roughness values.
– The second-order model for hardness, wear and surface
roughness using response surface methodology can be
adopted for predicting for hardness, wear and surface
roughness in any experimental domain.
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