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Influence of slide burnishing process on the surface characteristics
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Abstract

The surface integrity of the material is the predominant necessity of a component to perform efficiently in varying work-
ing conditions. To improve the surface integrity of the workpiece secondary finishing processes are being performed.
This work attempts to propose a realistic cryogenic slide burnishing condition for improvement of the surface integrity.
The slide burnishing was performed by a novel slide burnishing tool on 17-4 precipitation hardenable stainless steel. The
experiment was designed based on a central composite design. Initially, the effect of control parameters on the output
response was examined by experimental analysis based on the design of experiment. Analysis of variance was used to
analyze the influence of the variables on the performance indices. The regression technique was used to develop an
empirical model. Optimization of process parameters for finding minimum surface roughness and maximum surface
hardness was achieved by a multi-objective genetic algorithm. The optimized solutions were validated by performing

confirmation experiments.

Keywords Novel slide burnishing tool - Optimization - Cryogenic - Slide burnishing - Surface integrity

1 Introduction

The surface properties and dimensional precision of the
components are the two most crucial factors which are
considered seriously in modern manufacturing industries.
Burnishing is a superior super finishing technique in which
a decent surface finish of the component can be attained
easily. The slide burnishing process is one of the recent
developments in the area of burnishing which has been
utilized by most of the production industries to increase
the surface integrity properties of the material. Diamond
has been used at the tip of the stem of the tool which will
deform the material. As the slide burnishing process is
carried out, the diamond tip slides over the workpiece,
and the mirror finish of the surface can be attained with a
careful assortment of the process parameters. To enhance

the effectiveness of the method, different kinds of lubri-
cants have been used in industries [1]. Liquid nitrogen
(LN,) is one such coolant that has been efficiently used as
a lubricant [2]. Some of the notable benefits of LN, are: it
is environment-friendly, and also it does not have much
impact on the operator [3, 4]. The functional properties
of the material can be improved after performing a slide
burnishing operation using LN, as the coolant, and it has
to be directed at the slide burnishing zone.

PH stainless steels are known for their excellent
strength, high hardness, and corrosion resistance. Marten-
sitic stainless steel such as 17-4 PH stainless steel finds
application where intergranular and pitting corrosion
resistance are not dominant factors. It is called difficult
to cut material on account of its high ductility and low
thermal conductivity [5]. Machining this steel is one of the
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hectic tasks because of the generation of high tempera-
tures at the tool-workpiece interface. Production indus-
tries are using difficult to machine materials owing to their
improved mechanical properties. Hence it is necessary to
improve the productivity of these metals without compro-
mising the quality, time, and cost.

Most of the researchers focused on identifying the
effect of process parameters on slide burnishing. Maximov
et al. [6] presented the potential of the slide burnishing
technique to improve the residual stress, microhardness,
and surface finish of aluminum alloys. Korhonen et al. [7]
showed an improvement in surface finish, and surface
hardness byslide burnishing with an amorphous diamond
coated tip on Nitronic-50 HS stainless steel workpiece.
Okada et al. [8] introduced a novel method of diamond
tip tool, which can be inclined and rotated at the required
angle with high speed. Maximov et al. [9] successfully
applied slide burnishing on chromium-nickel steels to
improve the surface integrity properties such as surface
finish, residual stress, microhardness, wear resistance
and fatigue strength. Jerez-Mesa et al. [10] investigated
the influence of vibration-assisted ball burnishing on the
topology of the AISI 1038 specimen. Tobofa and Kania [11]
investigated the effect of slide burnishing and nitriding
phase on the composition and stress state of Sverker 21
and Vanadis 6 steel.Korzynski and Zarski [12] investigated
the influence of the stereometric arrangement of AZ91
alloy by slide burnishing and obtained a decent surface
finish. Tang et al. [13] carried out cryogenic burnishing on
titanium alloy, and it was noticed that the surface finish
of the material was enriched after performing cryogenic
burnishing. It was claimed that its corrosion resistance
had been improved along with the distribution of uniform
grains. Pu et al. [14] achieved ultrafine grains structure on
Mg-Al-Zn alloy after cryogenic burnishing. It was con-
cluded that the united influence of strong basal texture
and grain refinement is the reason for the enhanced cor-
rosion resistance of the material. Yang et al. [15] inspected
the influence of severe plastic deformation in the burnish-
ing of Co-Cr-Mo biomaterial and proved that the proper
selection of the process parameters yields improved sur-
face integrity in the cryogenic environment. Pu et al. [16]
reported the impact of cryogenic burnishing on AZ31B Mg
alloy, and it was noticed that surface hardness, the corro-
sion resistance of the material were improved because of
grain refinement by cryogenic burnishing.

Slide burnishing performance indices are significantly
gets affected by the input parameters. Hence there is a
need to develop a correlation model between these two.
One of the most commonly used statistical techniques is
the Response Surface Methodology (RSM). Genetic Algo-
rithm (GA) is also one of the broadly used techniques
which is a computer-based search algorithm and is the
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most suitable in optimizing different functions. GA is
known to be an effective tool in locating global optima
with multiple runs. Hassan et al. [17] established a cor-
relation model between process parameters and surface
roughness by RSM. El-Axir et al. [18] designed the experi-
ments using RSM with central composite design (CCD) to
investigate the surface finish of the 2014 aluminum alloy
using ball burnishing technique. El-Taweel and Ebied [19]
developed a unique method to increase microhardness
and reduce roundness error in roller burnishing and the
optimum process parameters in burnishing were achieved
by the RSM method. El-Khabeery and EI-Axir [20] explored
the optimal process parameters of the burnishing on the
base of RSM with CCD. Maximov et al. [21] performed the
optimization of the process parameters in diamond bur-
nishing of 41Cr4 steel under different criteria. Santhana-
krishnan et al. [22] studied the constraints of the machine
in analyzing the temperature rise using GA. Liu and Wang
[23] have optimized the milling process parameters by
modified GA. The performance was improved by the
successful implementation of the modified GA. Surface
roughness reduction [24, 25], minimizing burr height dur-
ing the drilling process of steel alloys [26], titanium alloy
machining [27] are the common instances where GA was
successfully implemented in industries.

The literature survey reveals that researchers have
worked on different optimization methods to optimize
the slide burnishing process parameters on geometric
characterization and performance estimation indepen-
dently. Few of them have tried to optimize the process
parameters of the slide burnishing at varying lubrication
conditions. 17-4 PH stainless steel is an emerging mate-
rial in numerous fields because of its admirable properties.
Hence it is necessary to develop a correlation model and
analyze its performance in the slide burnishing under the
cryogenic cooling condition. So far only a few research
works have been reported on modeling and optimization
of process parameters of the slide burnishing under cryo-
genic environment using RSM and multi-objective genetic
algorithm (MOGA) [18, 26, 34]. The present research work
is focused on the multi objective optimization of the pro-
cess parameters by considering minimum surface rough-
ness, maximum surface hardness criteria and modelling
of the process factors during slide burnishing of 17-4 PH
stainless steel under the cryogenic condition by using a
novel slide burnishing tool. Optimization has been carried
out by using MOGA and modeling has been performed by
RSM. The outline of the article is as follows: Sect. 2 explains
the experimental setup, and novel tool. Results and dis-
cussions of experimentation, the influence of the process
parameters on the output response, modeling and opti-
mization were elucidated in Sect. 3. The conclusions of the
present work were drawn in Sect. 4.
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2 Material and methods
2.1 Investigational technique and material

‘Kirloskar’ lathe was used to burnish the 17-4 PH stain-
less steel. The experimental system is as demonstrated in
Fig. 1. The slide burnished surface finish depends on the
preliminary surface finish of the sample before the slide
burnishing [31, 32]. Hence the turning process has been
performed to remove a layer of the material using tung-
sten carbide insert to minimize surface cracks which affect
the slide burnishing performance [28]. The average surface
roughness and surface hardness before diamond burnish-
ing were found to be 1.15 um and 342 HV respectively.
Theslide burnishing experiments have been carried out
at different levels and process parameters, experimen-
tal details of which are tabulated in Table 1 and Table 2
respectively. Based on the literature survey on the slide
burnishing process and the set of trial experiments car-
ried out on the 17-4 PH stainless steel workpiece, the set
of control variables and their levels have been carefully
chosen. The experiments were carried out by consider-
ing the RSM based face-centered CCD. The software used
for designing the experiment is Design Expert 10.0, and
Table 3 tabulates the experimental results attained dur-
ing the study.The true replicates used in the present study
were 6. No randomization was carried out in the experi-
mental tests.

2.2 Measurement and cryogenic set up

An external jet cooling cryogenic setup was used to per-
form the experiments. ‘'TA55' tank has been used to store
the liquid nitrogen (LN,). The LN, inside the tank was
compressed by supplying the compressed air at a pres-
sure of 0.3 MPa using 1 HP compressor. A nozzle having a
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Pressure
Regulator

Compressor

Nozzle
LN> Jet

Pressure
relief valve

Pneumatic . Q‘\
hose =) - .
Stainless ‘\ Workpiece
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steel cap — tool
Cryogenic
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Fig. 1 Schematic of cryogenic diamond burnishing

Table 1 Control variables and their levels

Burnishing process parameters Levels

1 2 3
Burnishing speed (v) m/min 21 67 113
Burnishing feed (f) mm/rev 0.048 0.072 0.096
Burnishing force (t) N 50 125 200

diameter of 2 mm was used to supply the LN, at the tool-
work interface, and the flow rate was kept stable at 0.36 I/
min. To supply LN, from the tank to the nozzle, stainless
steel hose has been used.

SJ301 Mitutoyo Surftest was used to measure the sur-
face finish. The surface roughness tester consists of a stylus
tip of a radius 2 um. A force of 0.75 mN was applied to
measure the surface roughness of the specimen. The sty-
lus speed was maintained to be constant at 0.25 mm/sec.
The cut off length of 4 mm was considered. In the present
study “Ra” parameter was analyzed as a measure of surface
roughness. An average of six measurements on each slide
burnished surface were considered for calculating the “Ra”
value.

Vickers hardness machine 'VM-120"was used to record
the surface hardness. A dwell time of 15 s and an indenta-
tion load of 30 kgf was used to measure the surface hard-
ness of the specimen. An average of six readings was con-
sidered for the surface hardness measurement.

2.3 Novel tool

Figure 2 depicts a novel slide burnishing tool that was
used to carry out the experiments. From the extensive lit-
erature review and author’s experience, it was observed
that to improve the performance of the slide burnishing
tool it is important to incorporate few modifications in
the slide burnishing tool which is readily available in the
global market.To overcome a few issues, we faced while

Table 2 Experimental details [8]

17-4 PH stain-
less steel

round bar of &
30 mmx 150 mm

Workpiece material and dimensions

Chemical composition of 17-4 PH SS Ni 4.62%
Cr 18.53%

Cu 2.96%

Si 0.07%

6.03%

P 0.51%
Fe Balance
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Table 3 Experimental results

. . SI.No Burnishing speed  Burnishing feed Burnishing Surface rough- Surface
attained for RSM design (m/min) (mm/rev) force (N) ness (um) hardness
(HV)
1 67 0.072 125 0.09 368
2 113 0.096 50 0.25 352
3 113 0.048 50 0.25 360
4 67 0.048 125 0.11 380
5 21 0.096 50 0.45 351
6 67 0.096 125 0.09 360
7 67 0.072 200 0.13 385
8 113 0.048 200 0.25 372
9 21 0.048 50 0.29 374
10 113 0.096 200 0.23 355
1 67 0.072 125 0.06 365
12 113 0.072 125 0.11 360
13 21 0.096 200 0.33 395
14 67 0.072 125 0.06 370
15 67 0.072 125 0.06 369
16 21 0.048 200 0.24 417
17 67 0.072 125 0.07 366
18 67 0.072 125 0.03 364
19 21 0.072 125 0.2 382
20 67 0.072 50 0.13 358

Dowel pin

Diamond tip

Button head screw

Fig.2 A novel slide burnishing tool

using a readily available tool, a novel slide burnishing tool
was designed and fabricated which is as shown in Fig. 2
to conduct experiments on the material under considera-
tion. It consists of the shank, diamond tip, button head
screw, and stem as major parts. A heavy-duty spring was
located in the shank which has been connected to the
stem of the tool. It absorbs most of the vibration-induced
on the machine while burnishing. The required amount
of burnishing force has been applied by compressing
the spring against the workpiece. The movement of the
spring has been calibrated and measured by using a dowel
pin which was also positioned on the shank. The spring
deflection was noted using a dial gauge. The shank of the
tool has been specially designed with a smaller overhang
in order to place it conveniently on any conventional or
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CNC machining centers. In the present study, a 4.5 mm
radius spherical diamond tip was used to carry out the

slide burnishing.

3 Results and discussion

The analysis and development of a quadratic model for
surface hardness and surface roughness have been carried
out. Most of the researchers have used Q-Q plots to test
the assumption of normality. It is said that if the predicted
value behaves linearly along with the observed value then
the data is said to be normally distributed and it is true in
the case of both surface roughness and surface hardness,
in this work.

3.1 Influence of control factors on surface
roughness

To distinguish the effect of factors on the performance
characteristicsthe perturbation plot is used. The per-
turbation graph obtained for the surface roughness
is framed in Fig. 3. Identical results were noticed from
the interaction of variables plot as depicted in Figs. 4,
5 and 6. The influence of burnishing speed on the
surface finish is represented in Figs. 4 and 5. It can be
observed that the surface finish declines to the least
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Fig. 3 Perturbation plot for surface roughness
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Fig.4 Analysis of surface roughness based on the interaction influ-
ence of burnishing feed and burnishing speed

value while increasing the burnishing speed. If the speed
was increased further way beyond this limit a sudden
increase in the surface roughness has been observed.
Primarily, the initial decrement in this output param-
eter was observed since the diamond tip had further
chances and time to push the irregularities into the
valleys. The presence of chatter during burnishing also
leads to increased surface roughness at the higher speci-
fied burnishing speed [19, 20, 32]. Figures 4 and 6 depict
the variation of surface finish with varying burnishing
feed. A similar trend that was observed for burnishing
speed has been repeated for burnishing feed. It can be
observed that surface roughness declines to the least
value while increasing the burnishing feed. If the feed
was increased further way beyond this limit a sudden

Surface Roughness (microns)

125"\ )
Burnishing force (N) \/ Burnishing speed (m/min)

50 21

Fig. 5 Analysis of surface roughness with respect to the interaction
effect of burnishing speed and burnishing force

Surface Roughness (microns)

Burnishing force (N) Burnishing feed (mm/rev)

50 0.048

Fig.6 Analysis of surface roughness on the basis of interaction
impact of burnishing force and burnishing feed

increase in the surface roughness has been noticed. It is
because the gap amongst the successive traces of the
tool tip is small at lower feed and at higher feed more
gap will be available among the successive traces of
the tool which causes a sudden increase in the surface
roughness of the specimen [29, 30]. The results of the
slide burnishing process will be affected by the variation
of burnishing force as depicted in Figs. 5 and 6. At the
middle range of the burnishing force, minimum surface
roughness was obtained. Whereas at the initial and final
set of burnishing force the surface roughness attained
was high [31]. It is due to the fact that higher burnish-
ing forces lead to shear failure on the subsurface of the
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specimen and flaking is also another major reason which
has to be pointed out for obtaining this trend [32, 33].

3.2 Analysis of surface roughness

A quadratic model has been developed for surface rough-
ness. The regression model coefficient is represented in

Eq. (1).
Ra = +0.78679 — 5.86793F — 003 v — 8.11370f — 3.60181E — 003t
~0.030571 vf + 5.43478E — 006 vt — 6.25000E — 003 f + 4.83330F

—005v2 + 82.07071 f2 + 1.37374E — 005 2 (1)

Analysis of variance (ANOVA) was used to analyze the
adequacy and significance of the regression model coef-
ficient. The results observed are tabulated in Table 4. The
significance of the model can be tested based on the
value of “P> F" which should be always less than 0.05. If
“P<0.0001” then all the terms in the model have a sig-
nificant effect on the performance characteristics. Due
to noise, the chances of getting a large F value might be
0.01%. The significance of the terms in the model is tested
based on “P> F” which should be is less than 0.0500. The
terms in the model are said to be insignificant if its value
is greater than 0.1000. Based on these conditions, t2, v,
vf, t, V2, f, and f? are observed to be significant terms. The
insignificant terms which are present in the model can be
reduced to obtain improved results. From the “Lack of Fit
F-value”of 2.07, it can be observed that “lack of fit"is insig-
nificant. Due to noise, only 22.14% chances are available
to obtain large “Lack of Fit F-value” Insignificant lack of fit

is necessary to fit the model and a similar result has been
obtained in the study which is charted in Table 4.

To find the adequacy of the model, supplementary
checks have to be performed. The coefficient of determi-
nation (R?) and inspection of residuals are the two most
important factors which are to be measured. It is believed
that R? should have a range between one and zero. The dif-
ference between the predicted and attained performance
characteristics will lead to the determination of residuals.
This could be possibly attained by the plot of residuals
and predicted vs. actual responses. The adequacy of the
model can be identified by 2 methods. The first one being,
a straight line should be obtained in the normal probabil-
ity chart. The second method is an obvious pattern that
should not be produced in the predicted versus actual
responses chart. Figures 7 and 8 prove that the errors are
distributed normally along the straight line which has
been formed by the residuals points and it doesn’t pro-
duce an obvious pattern respectively. Therefore, it is con-
cluded from the above results that the achieved model is
an adequate model for predicting the surface finish of the
sample since it fulfills all the conditions which are required
for an adequate model. Table 4 represents that "Pred
R-Squared" is in good agreement with "Adj R-Squared.”
The variation noticed was below 0.2. "Adeq Precision"
yields the value of the S/N ratio which will be considered
desirable if its ratio is beyond 4. The model’s overall per-
formance was indicated by Pred R-Squared which also
shows how well the statistical model is fixed to the data.
Predicted R-Squared of 84% from the ANOVA results for
surface roughness proves that experimental data fit the

Table 4 ANOVA for surface

Mean square Fvalue Cont% pvalue prob>F

0.026 4421 <0.0001 Significant
0.018 30.48 7.50 0.0003

4.410E-003 7.62 1.84 0.0201

3.610E—-003 6.24 1.50 0.0316

9.113E-003 15.75 3.80 0.0027

2.813E-003 4.86 1.17 0.0520

1.012E-003 1.75 0.42 0.2154

0.029 49.70 12.10 <0.0001

6.145E—-003 10.62 2.56 0.0086

0.016 28.37 6.67 0.0003

5.787E—-004

7.807E-004 2.07 0.2214 Not significant
3.767E—004

R-squared 0.9755

Adj R-squared 0.9534

Pred R-squared  0.8447

Adeq precision 21.902

Source Sum of squares df
roughness

Model 0.23 9
v 0.018 1
f 4.410E-003 1
t 3.610E—-003 1
vf 9.113E-003 1
vt 2.813E-003 1
ft 1.012E-003 1
v2 0.029 1
f 6.145E—-003 1
t? 0.016 1
Residual 5.787E—-003 10
Lack of Fit  3.904E—003 5
Pureerror  1.883E—-003 5
Cor total 0.24 19
Std. dev 0.024

Mean 0.17

CV.% 14.03

Press 0.037
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Fig. 8 Predicted versus actual plot for surface roughness

model reasonably well. The model is found to be adequate
from the ratio of 21.902. Figure 9 illustrates the predicted
and navigational results. The outcome of the predicted
and residuals results fits well. The correlation among the
residuals and the trials has been framed in Fig. 10. It was
seen that a random scatter was observed without a proper
trend. The cube plot framed in Fig. 11 signifies the optimal
setting of the control variables to obtain the minimum sur-
face finish of the specimen which is located at the right
corner. At the corner of the cube, the minimum surface
roughness of 0.218659 um was noticed for a burnishing

Residuals vs. Predicted

41478
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O
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Fig. 9 Residuals vs. predicted graph for surface roughness
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Fig. 10 Residuals vs. experimental run graph for surface roughness

force of 200 N, a burnishing feed of 0.096 mm/rev, and a
burnishing speed of 113 m/min.

3.3 Influence of control factors on surface hardness

The perturbation graph illustrated in Fig. 12 demonstrates
the trend of surface hardness obtained for different fac-
tors used in the present study. A comparable effect was
found in the 3D plot for all the variables which is presented
in Figs. 13, 14 and 15. It was noticed that the parameters
have their own interaction impact on the surface hardness.
The effect of burnishing speed on the surface hardness is
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Fig. 12 Perturbation plot for surface hardness

portrayed in Figs. 13 and 14. It was seen that the decreas-
ing surface hardness trend was observed for increasing
burnishing speed. It is owing to the inducement of chatter
while the tool slides over the surface of the workpiece.
Especially while working at higher burnishing speed the
chatter experienced was high [33]. The surface hard-
ness variation with varying burnishing feed is framed in
Figs. 13 and 15. Every increment in the burnishing feed has
resulted in the reduction of the surface hardness. At lower
burnishing feed the overlap of the sliding tool tip over the
workpiece surface was observed to be more which was
induced by the plastic deformation [34]. Hence at lower
burnishing feed maximum surface hardness was attained.
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Fig. 13 Interaction influence of burnishing feed and burnishing
speed on surface hardness

Surface Hardness (HV)
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50 21

Fig. 14 Interaction influence of burnishing force and burnishing
speed on surface hardness

For the enhancement of surface hardness of the material,
burnishing force is treated to be one of the vital control
parameters, and the influence of it on surface hardness
is denoted in Figs. 14 and 15. It can be observed that the
surface hardness was increasing when the burnishing
force was varied from minimum to maximum value. That’s
because as the tool passes on the surface, the surface
deformation increases. This is the reason for work harden-
ing which has been generated because of the repeated
plastic deformation [35, 36].

Overall from the surface hardness analysis, it was
observed that the cryogenic slide burnishing process can
improve the surface hardness of the material. Due to the
constant spraying of the LN, at the burnishing zone, the
temperature generated will be reduced. Another reason
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for the improvement of surface hardness may be claimed
due to the strain hardening effect observed because of
the use of cryogenic coolant, and the material becomes
stronger and harder during the working condition due to
the splashing of the LN, at the tool-workpiece interface.
The grain refinement takes place just beneath the top
surface layer of the slide burnished specimen due to the

combination of impingement of the LN, at the burnishing
zone and severe plastic deformation of the material taking
place as a reason of the slide burnishing process [13, 14].

3.4 Analysis of surface hardness

Similar to the surface roughness, the regression equation
obtained for surface hardness is as follows:

H = +390.13289 — 0.20145 v — 616.36748f + 0.29183 t + 2.26449 vf — 2.60870F
—003 vt — 0.55556 f + 7.73329F — 004 v2 + 1104.79798 f> + 3.79798F — 004 >

()

Surface Hardness (HV)

200

125

Burnishing force (N) Burnishing feed (mm/rev)

50 0.048

Fig. 15 Interaction influence of burnishing force and burnishing
feed on surface hardness

The ANOVA results attained for surface hardness are
tabulated in Table 5. It was observed that the developed
model is significant. Insignificant lack of fit is good to
fit a model and a similar result was attained for surface
hardness. The significance of the model was proved by
the F value of 80.44. “Prob > F” which is less than 0.0500
represents the terms in the model are significant. The sig-
nificant terms were identified to be v, f, t, vf, vt. The terms
which are>0.1000 are known to be insignificant. If the
insignificant model terms are reduced then the possibil-
ity of improvement in the model is high. The lack of fit
F-value =1.32 illustrates that it is insignificant in contrast
with the pure error. The variation which could be observed
due to noise is 38.54%. "Pred R-Squared"of 0.9052 and
"Adj R-Squared" of 0.9741 prove that both are in sensible
agreement among each other with a difference of 0.2.
Also, Predicted R-Squared is considered as a measure of

Table 5 ANOVA for surface

Source Sum of squares df  Mean square Fvalue Cont% p value prob>F
hardness
Model 4693.71 9 521.52 80.44 <0.0001 Significant
\Y 1440.00 1 1440.00 222.10 30.26 <0.0001
f 810.00 1 810.00 12493 17.02 <0.0001
t 1664.10 1 1664.10 256.66 34.97 <0.0001
vf 50.00 1 50.00 7.71 1.05 0.0196
vt 648.00 1 648.00 99.94 13.61 <0.0001
ft 8.00 1 8.00 123 0.17 0.2926
v2 7.36 1 736 1.14  0.15 0.3116
f2 1.1 1T 1M 0.17  0.02 0.6873
t2 12.55 1 1255 1.94 0.26 0.1943
Residual 64.84 10 6.48
Lack of fit 36.84 5 737 1.32 0.3854 Not signifi-
cant
Pure error 28.00 5.60
Cortotal 4758.55 19
Std. dev 2.55 R-squared 0.9864
Mean 370.15 Adj R-squared 0.9741
CV.% 0.69 Pred R-squared 0.9052
Press 451.01 Adeq precision  37.656
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2021) 3:223 | https://doi.org/10.1007/s42452-021-04260-w

Normal Plot of Residuals

Normal % Probability
3
!
[==5)

-2.00 -1.00 0.00 1.00 2.00

Extemally Studentized Residuals

Fig. 16 Normal probability plot for surface hardness

Predicted vs. Actual

420 —

410 -

400 —

D a0
e}
3 A
& 300 A
S o
]
an 4 ..«z
mmEa
q,ll
a0 ™

350 360 370 380 0 400 410 420

Actual

Fig. 17 Predicted versus actual plot for surface hardness

the model’s overall performance, indicating how well the
statistical model is fixed to the data. The results for surface
hardness presented in the ANOVA showed that the experi-
mental data fits the model reasonably well with Predicted
R-Squared of 90%. It has been observed that the signal is
adequate with "Adeq Precision" ratio of 37.656.

Figures 16 and 17 illustrated the normal graph of residu-
als and predicted versus actual graph for surface hardness.
A similar methodology to surface roughness analysis has
been followed to analyze the above-mentioned plots.
Figures 16 and 17 prove that the errors are distributed
normally along the straight line which has been formed
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by the residuals points and it doesn’t produce an obvious
pattern respectively. Therefore, it can be concluded that
the model is adequate and significant. Figure 18 depicts
the predicted and experimental results which also evi-
dences that the model fits well. It is apparent that the
residuals and predicted outcomes fits well. The correla-
tion among the residuals and the trials has been framed
in Fig. 19. It was seen that a random scatter was observed
without a proper trend. Figure 20 depicts the cube plot
obtained for the surface hardness. The maximum surface
hardness obtained is located at the bottom left corner
of the cube for the optimal process parameters. For bur-
nishing force=200 N, burnishing feed =0.096 mm/rev,
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and burnishing speed =21 m/min the surface hardness
recorded at the corner of the cube was 418.755 HV.

3.5 Optimization of the process parameters

GA is a basic tool that works on the principle of natu-
ral selection and genetics. The constrained and uncon-
strained problems can be solved by this method to get
the optimal solution [37]. Chromosomes are the initial
set of a solution with which the process starts. Mutation,
reproduction, and crossover are the genetic operators on
which the convergence depends. To select good strings,
the process starts with a step called reproduction. The
function of crossover is to split and combine one half of
each chromosome with the other pair. The flipping of
chromosomes is done by mutation. After this step GA
makes use of the individuals at random from the cur-
rent population called children and parentsfor the next
generation [38]. An optimal solution to the population
will be achieved from this generation. The best fitness
criteria are achieved by repeating the same process.
The regression Egs. (1) and (2) are used as an objective
function for attaining the optimal solution.The results
were attained for the two performance characteristics.
The optimal results were achieved by conducting the
trial and error method. MOGA in the Matlab optimization
toolbox has been used to try different slide burnishing
conditions and to achieve the best outcomes. The set
of process parameters considered to perform MOGA
are tabulated in Table 6. For all different combinations
of operators and iteration, MOGA produces a different
result. On the basis of the priority of the performance
characteristics, the most appropriate result will be cho-
sen. To obtain the best possible result equal priority has

Table6 MOGA parameters

Variables Values

Population size 50

Crossover fraction 0.8

Mutation function Adaptive fea-
sible

Iteration 500

Surface Hardness (HY)

405

I i i
014 016 018 02 0.22

i | I i
0o4 006 008 041 012
Surface Roughness (pm)

Fig. 21 Plot of Pareto front obtained using MOGA

Table 7 Confirmation results

Responses Optimal factors
Burnishing speed =74 m/min
Burnishing feed =0.068 mm/
rev
Burnishing force=132 N
MOGA Confir-
mation
test
Surface roughness (um) 0.05 0.04
Surface hardness (HV) 368 370

been given for both the output responses. Pareto plot
yields the best feasible solution for the combination of
performance characteristics which is framed in Fig. 21.
From the previous discussion of RSM, the effect of con-
trol factors on each response was analyzed separately.
In MOGA, the influence of control factors was analyzed
by performing multiobjective optimization of the perfor-
mance characteristics simultaneously. The optimal con-
trol factors were found to be burnishing force=132 N,
burnishing feed =0.068 mm/rev, and burnishing
speed =74 m/min. From Table 7 it can be perceived that
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by the effective utilization of MOGA the corresponding
best solution attained for surface roughness and surface
hardness are 0.05 pm and 368 HV respectively.

3.6 Confirmation test

With the aim of validating the accuracy of the outcomes
obtained by using MOGA, a confirmation test has been
performed, and the outcomes are charted in Table 7. Tri-
als were repeated six times to ensure accuracy, and the
average reading was considered to be the final value. A
negligible deviation was observed between MOGA and
experimental findings. It was achieved because of the
appropriate selection of MOGA control variables. It is note-
worthy from previous works and present study that proper
selection of MOGA process parameters play an important
role to achieve minimum deviation. It was inferred that the
results obtained are within the allowable limit. It has been
proved that by the effective implementation of MOGA it
is possible to attain the best possibleresult for both the
performance characteristics at the optimal control factors.
The reduction in surface roughness was observed to be
33%, and similarly, surface hardness enhancement of 2%
was recorded at the optimal control variables in contrast
with the initial values of surface roughness and hardness
after slide burnishing in the cryogenic environment.

4 Conclusions

The present study details the influence of control fac-
tors on the cryogenic slide burnishing process. The study
focuses more on outcomes such as surface roughness and
surface hardness. MOGA was used to find optimal solu-
tions against minimum surface roughness and maximum
surface hardness. The surface roughness declines to the
least value with an increase in burnishing speed, burnish-
ing feed, and burnishing force. Further increase in these
parameters increases surface roughness. At low burnish-
ing feed, low burnishing speed, and high burnishing force
maximum surface hardness was noticed. The best combi-
nation of the responses was achieved by employing the
optimal combination of control factors which has been
derived from the model. The adequacy of the model is at
95% confidence level because a significant “lack of fit" was
not found in the quadratic model. The obtained model is
adequate and accurate for predicting the outcomes for
cryogenic slide burnishing using a novel slide burnishing
tool. The optimal control factors obtained from MOGA
were burnishing feed of 0.068 mm/rev, the burnishing
force of 132 N, and burnishing speed of 74 m/min which
yielded the surface hardness of 368 HV and surface rough-
ness of 0.05 pum. The accuracy of the result was validated
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by the confirmation experiment. The surface roughness
of 0.04 um and surface hardness of 370 HV observed was
well within the acceptable limits.
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