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Abstract: Heat produced during the grinding process is alsvasitical in terms of workpiece quality. Ef-
fective cooling and lubrication is necessary to tcoltemperature levels. Traditional cooling systbas
negative impact in terms of cost of recycling amdlth hazard to machine operator. Most succeskfid f
reduction method employed in grinding is minimurargity lubrication (MQL). This study aims for multi
objective optimization of MQL grinding process pagters using Grey relational analysis. Water based
Al,O3; and CuO nanofluids of various concentrations asedias lubricant for MQL system. Experiments
were performed using L27 orthogonal array on instanted surface grinding machine as per Taguchi's
method. The process parameters that consideredpfmization are feed rate, depth of cut, typeubfit
cant, grinding wheel speed, coolant flow rate, awathoparticle size. Grinding performance is measured
in terms of cutting force and temperature of grirglzone. Analysis of variance (ANOVA) has been used
to identify most significant factor of the process.
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1. INTRODUCTION grinding [3]. In MQL system function of lubricatiois
provided by high thermal conductive nanofluids and
cooling function is achieved by compressed aiMiQL
system water based nanoparticles with compressed ai
was used as a cooling fluid. A nanoparticle is hgwiigh
surface area to volume ratio so that its heat gagryga-
pacity is increased [4]. Study on MQL performarfae
grinding application noticed that tangential cigtiforce
and wheel wear rate was reduced in comparison with
traditional cooling [5]. Experimental grinding stuen
cast iron by use of different nanofluids lubricatimix-
tures gives positive improvement in G ratio, grimgli
force, surface finish [6]. Cong Mao et al had stadi
grinding performance for AISI 52100 their team ob-
served that MQL grinding is more environmentalrfdgy

and economic [7]. Specific grinding energy for digpd

Grinding is a surface finishing process which has
ability to obtain close tolerance, good surfacesfin
Compared to other machining processes the maimchar
teristics of grinding process is high specific gyein
material removal due to large contact area betweeh
and workpiece. This causes extreme high temperature
the interface of grinding wheel and workpiece. High
temperature in grinding zone leads to thermal d&mag
work piece in the form of work piece burn, phasm-
formation, undesirable residual stress, cracks, and
duced fatigue strength [1]. Effective cooling anbrica-
tion is required to reduce high temperature effegtind-
ing coolant plays important role in grinding praseRole
of coolant is to lubricate grinding area, transpthé

chips, and reduce thermal damage of work piece.yMan and MOL grindi o
: i S grinding conditions have calculated by Zipan
researchers had studied cooling and lubricatiogrioid- Dongkun et al 2014. They observed Specific grinding

ing process. Conventional cooling system utilizagé energy 84.29 J/minfor dry grinding, 45.5 J/mnfor
amount of coolant 5400 ml/hr. This system creates u MQL and 29.8 J/mhfor flood grindind 8]

healthy working environment. Additionally the caost
recycling is very high and constitutes major pdrima-
chining cost. Grinding fluid reduction is achievegtwo

Numerous researchers had studied and improved
MQL technology for grinding application. But vergre
) e R studies are available for optimization of grindigcess
trends one is dry grinding and another is miniMuAIG .3 meters. For optimization of single performacicar-

tity lubrication. Dry gri_nding process creates that . acteristics problems of manufacturing Taguchi’s hodt
damage to the work piece. Therefore MQL system isg yigely accepted. C. C. Tsao et al. had applieeyG

sound alternative for traditional flood and drymgting. relational analysis for the optimization of complied

MQL system integrates advantages of flood and dry, .
grinding [2]. Flow rate of coolant in MQL is in thange and uncertain systems [9]. Chang S. H. et al. ame|E

£ 10.100 ml/hr which i | dt tKuram et Alhas concluded that optimization of inter
0 mifhr-which IS very less compared to we relationship of multiple performance characteristis

effectively achieved by Grey relational analysi® dnd

" Corresponding author: Abhinav Education Society's 11]. In Grey relational analysis grade for differquer-
?g'ﬂg’%gg“o%%s'gg? formance characteristics is calculated. Grade valkee
Fax: +9102169286105 cides optimum performance of multiple performance
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In current study Taguchi based Grey relational yanal o _ _ Table 1
sis is used to optimize MQL grinding process. Difat Grinding controlled variables and their levels
concentration of water ba'_sed nanoparticles gbaland Sm- Control Onit Cova | Leva | Leva
CuO were used as a lubricant for MQL system. The sg
lected process parameters for grinding operatiom aff PO | parameters 1 2 3
depth of cut, type of lubricant, grinding wheel sgge A Coolant ALO; | CuO | Water
coolant flow rate, nanoparticle concentration amsha: B Concentra- | Percentage 2 2 6
particle size. Grinding performance is measureteims tion
of cutting force and temperature. Here we are dpiitg C Depth of um 5 10 15
effect of controlled factors on grinding performanc cut

D Feed rate mm/min 200( 2500  30Q0
2. EXPERIMENTATION AND MEASUREMENTS E Flow rate ml/min 5 10 15
Instrumented grinding machine is used for conductio| F Nalnoparti' nm 50 100 | 150
T : o cle size
0;‘1_gr|n_d|ngh expe_nm;nts.l Thed s_ettlip ofzthf gr!nd{ntST s Grinding — 5E 30 i
chine is shown in Fig. 1 and in Fig. 2. Lubricati wheel speed

grinding operation is provided by MQL system. A mix
ture of compressed air and nanofluid is propelleit the
work piece at different flqw rates O.f (_5' 10, a”‘?' dynamometer. The grinding temperatures were meadsure
15 ml/min). Average abrasive size grinding wheel 'Sby the embedded thermocouple.

used. Grinding wheel diameter is 150 mm and width i
14 mm. The work material is prepared from EN24 flat
plate of 80 mm length and 8 mm width.

Grinding wheel surface speed was set to be (25 m/
30 m/s and 35 m/s). Depths of cut setting for grigd
operation are Sum, 10 um, and 15um. The grinding
operation was conducted by traversing the wheelsscr
the workpiece at 2000 mm/min, 2500 mm/min and

3000 mm/mi_n tab!e speed in one direction. The nbrma3. DESIGN OF EXPERIMENTATION WITH
and tangential grinding forces were measwsithg a TAGUCHI METHOD

The profilometer was used to measure the surface
roughness of the ground surfaces. Three measurement
traces parallel and perpendicular to the grindiingation
Svere measured. The average of the three arithraedic
age surface roughnes®d) measurements along and
across the grinding direction was used to repretent
roughness.

When the process parameters are more, design of ex-
perimentation by traditional methods requires large
numbers. Application of Taguchi’'s high quality expe
mental design method reduces time, experimental cos
and efforts. For the design of experiments a spgcia
constructed orthogonal array is used. Here we elexts
ing L,; orthogonal array for experimentation.

The grinding experimental controlled variables and
their levels are shown in Table 1. According toatality
of grinding machine the range of controlled grirgdin
parameters was selected. Twenty seven trails wame ¢
ducted as per the design of thg brthogonal array. In

Fig. 1. Grinding machine setup:-1grinding wheel, this study temperature and grinding forces werecsed
2 — workpiece, 3- dynamometer. as quality characteristics. Smaller the value be#t¢he
performance.

4. RESULTSAND DISCUSSION

4.1. Signal to noise (SN) analysis

S/N ratio calculates the deviation of quality clcdes
istics from the desired value. Here signal represee-
sirable effect and noise is for undesirable eftéaiutput
characteristics. Higher S/N ratios were requiredoioti-
mal level of process parameters.

The S/N ratio for smaller the better characterists
given by:

1 .
S/y = —10log;~ XL, yiZ. (1)

Wheren is the number of repetitions of the experi-
ment andy; is the average measured value of experi-
Fig. 2. MQL fluid delivery device: 1 controller, 2- fluid mental data. S/N ratio values for experimental result are

reservoir, 3- FRL unit calculated from Eq. (1).
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Optimal parameter value is for highest S/N ratig- F
ures 3 to 5 show S/N values of controlled varialites
various output parameters. Figure 3 gives the aimly
results of optimal process parameters for minimam-t
perature. They are as coolan€uO, concentration 2%,
depth of cut- 15 um, feed rate 2000 mm/min, coolant
flow rate 5 ml/minute, nanoparticle size 50 nmngimng
wheel speed 25 m/s.

Figure 4 gives the analysis results of optimal pssc
parameters for normal force. They are as cocela@uO,
concentration— 4%, depth of cut- 5 um, feed rate
2000 mm/min, coolant flow rate 5 ml/minute, nanadpar
cle size 50 nm, grinding wheel speed 25 m/s. Paeme
value is for highest S/N ratio.

Figure 5 gives the analysis results of optimal pssc
parameters for tangential force. They are as codjee
CuO, concentration 4%, depth of cut 5um, feed rate
2000 mm/min, coolant flow rate 5 ml/min, nanopdetic
size 50 nm, grinding wheel speed 25 m/s.

Parameter value is for highest S/N ratio.
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Fig. 4. Main effect plot of

11

From the entire main effect plot we analyzed thpet
of coolant that was more significant factor for tike
responses. This is because slope gradient wasrhigge
all figures.

4.2. Effect of grinding process parameters on re-
sponses

3D surface plots were drawn for the graphical analy
sis of the effect of grinding process parameteraamal
force, tangential force and temperature. 3D surfdots
where drawn by varying two parameters while thied p
rameter kept constant. 3D surface plots for noroae,
tangential force and temperature were shown
Figs. 6-11.

Figure 6 shows normal force on workpiece increases
with increase in feed rate and depth of cut.

Figure 7 shows normal force on workpiece decreases
with increase in coolant flow rate and normal fome
creases with increase in feed rate. Figure 8 shamgen-
tial force on workpiece increases with increasdeiad
rate and depth of cut.

in

Feed Rate Coolant Flow Rate Nano_Partical Size Grindingwheel speed.

S/N ratios for temperature.

Feed Rate Coolant Flow Rate Nano Partical Size Grinding wheel speed

S/N ratios for normal force.
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Fig. 5. Main effect plot of S/N ratios for tangential ferc

Surface Plot of Normal Force vs Depth Of Cut, Feed Rate
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Fig. 6. 3D surface plot for effect of depth of cut anddfeate
on normal force.

Surface Plot of Normal Force vs Feed Rate, Coolant Flow Rate

125

Normal Force 100

75 3000

5.0
5 2500 Feed Rate

10
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Fig. 7. 3D surface plot for effect of coolant flow ratedaieed
rate on normal force.

Surface Plot of Tangential Force vs Depth Of Cut, Feed Rate

rangential Force 25
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2500
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Fig. 8. 3D surface plot for effect of feed rate and degithut
on tangential force.

Surface Plot of Tangential Force vs Feed Rate, Coolant Flow Rate
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Fig. 9. 3D surface plot for effect of coolant flow ratedaieed
rate on tangential force.

Surface Plot of Temperature vs Depth Of Cut, Feed Rate
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Fig. 10. 3D surface plot for effect of depth of cut anddfeate
on temperature.

Surface Plot of Temperature vs Feed Rate, Coolant Flow Rate
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Fig. 11. 3D surface plot for effect of coolant flow rateddieed
rate on temperature.
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Figure 9 shows tangential force on workpiece de- Table 2
creases with increase in coolant flow rate andeatigl Grey relational coefficients, grade and or der
force on work piece increases with increase in fege. Exp Tangen- Grad | Or-
Surface temperature of workpiece increases witlease t. Normal tial Temp e der
in feed rate and depth of cut is reflected in BE@. Figure No. Force Force Coeffi-
11 shows surface temperature of work piece decsease Coeffi- Coeffi- cient
with increase in coolant flow rate and work pieaeface cient cient
temperature increases with increase in feed rate. 1 0.663 0.796 0.754 0.738 4
2 0.549 0.547 1 0.699 8
4.3. M ulti-obj ecti\_/e optimization by use of Grey rela- i 8:33; 8:3;2 8:2?2 8:222 ﬁ
tional analysis o . 5 0.726 0.834 0813 | 0791 3
Grey relational analysis is used for conversion of—¢ 0597 0.595 0.720 0637 10
problem from multi-objective to a single objectivep- 7 0.654 0.640 0.361 0551 19
timal combination of MQL grinding process paramster [ g 0573 0515 0.487 0526 21
will be determined by Grey relational analysis. i@yt 9 0.548 0.519 0577 0548 2@
combination of MQL grinding process parameters that 10 0.844 0.950 0.893 0.896 1
simultaneously minimizes grinding forces and teraper | 11 0.691 0.666 0.662 0.673 9
ture of grinding zone. 12 0.511 0.445 0.901 0.619 17
13 1 1 0.582 0.86(0 2
4.3.1. Evaluation of Grey relational coefficient. 14 0.750 0.579 0451 ] 0594 14
Grey relational coefficient expresses the relatiqms |19 0.718 0.626 085 | 0733 5
between ideal and actual experimental results. Gzlay ig g'gig 8'3% g'jg? 83?3 S
tional coefficient is calculated from Eq. (2): 18 0.704 0519 0577 0600 13
Amin+{Amax 19 0.548 0.565 0.659 0.591 15
&) = Poi(R)+TAmax’ (2) 20 0.458 0.450 0.447 0.452 23
21 0.333 0.333 0.333 0.333 217
where Amin is the smallest value of Ay (k) and 22 0.542 0.617 0.580 0.579 1§
Amin =min;ming|x,(k) — x;(k)|; 23 0.460 0.468 0.405 0.445 24
Amax is the largest value of Ay (k) and 24 0.405 0.430 0.402 0412 25
Amaxzmaximaxklxo (k) — xl(k)l, 25 0.531 0.631 0.518 0.560 18
where Ay;is the deviation sequence of the reference sg-_26 0.568 0.664 0499 | 0577 17
guence (¥ and the comparability sequeneg ( 27 0.406 0.460 0.364 0410 26
Ao; =l xo(k) = x,(k) | (3) Where xi"(k) is the value after normalization,

min (xi°(k)) and max(xi°(k)) are the smallest and
and( is the distinguishing coefficient set between zerolargest d values ofxi®(k)) for the k" experimental re-
and one. In this study, it is considered as 0.®yGela-  sults respectively.
tional coefficients calculated from Eqg. 3 are givien
Table 2. 4.3.3. Evaluation of Grey relational grade. Multiple
performance characteristics are evaluated on this lo&
4.3.2. Normalization of experimental data. First Grey relational grade. Grey relational grade isluatad
step of Grey relational analysis is to linearly matize by averaging Grey relational coefficient and isegivby
the experimental data in between zero and one. Thi&q. (5):

process is also called as Grey relational generafor 1an
minimization of grinding forces and temperature of &= ZZ’FlEi(k)’ ®)
grinding zone smaller the better characteristiapiglied.
Normalization is done by Eq. (4): wheren = 2 performance characteristics number. Higher
Grey relational grade indicates that the correspand
ey max (xi®k)—xi® (k) controlled parameter combination is closer to tpé-0
xi*(k) = - —— (4)
max (xi%(k))—-min (xi%(k)) mum value.
Table 3
ANNOVA for Grey relational grade (M ultiple perfor mance char acteristics)
Source DF SS MS F-Value | P-Value | Contribution
Coolants 2 0.328| 0.164 16.86 0.00 66.37
Concentration 2 0.013 0.006 0.69 0.5211 2.71
Depth 2 | 0.008| 0004 046| 0.644 1.80
of cut
Feed rate 2 0.017  0.008 0.9 0.431 3.55
Coolant flow rate 2| 0.0004 0.0002 0.02 0.979 0.089
Nanoparticle size 2 0.002 0.00[L 0.14 0.847 0.57
Grinding wheel speed 2 0.006 0.003 0.38 0.728 1.28
Error 12 | 0.117 0.009
Total 26 | 0.495
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4.3.4. Evaluation of Grey relational order. Grey re-
lational grade determines order of experiment. &abl
gives Grey relational grade and order for differexper-
iments. As per the table data 3 the controlled patars
for experiment 10 had highest Grey relational ardéis
shows that experiment 10 has optimal grinding fiacto
setting for minimum force, and temperature of girigd
zone and they are as coolan€CuO, concentration 2%,
depth of cut- 5 um, feed rate 2000 mm/min, coolant
flow rate 5 ml/min, nanoparticle size 100 nm, gntd
wheel speed 35 m/s.

4.4. Analysisof variance (ANOVA)

Table 4 illustrates the results of ANOVA for Greyr
lational grade of grinding operation. Percentagetriou-
tion of variables gives impact of that individuariable
on total process. From Table 3 the most important c
trolled parameters variables affecting the Grewtiehal
grade are coolants (66.37 %) followed by feed (atg5
%), concentration (2.71%). Coolant flow rate, ngaoti-
cle size and grinding wheel speed had lesser effect
Grey relational grade.

5. CONCLUSIONS

In this experimental work Grey relational analyisis
used for optimization of grinding process paransfer
EN 24 material for multi performance characteristic
Process parameters selected for surface grindiegaep
tion are depth of cut, feed rate, type of lubricaminding
wheel speed, coolant flow rate, and nano partide. s
Grinding performance is measured in terms of cgttin

force and Temperature. From experimental work and

Grey relational analysis following conclusions arede:

e Analysis results based on mono objective Taguchi's
optimization method, the optimal process parameters
for minimum Temperature are as coolant CuO, con-

centration 2%, depth of cut 14m, feed rate 2000

mm/min, coolant flow rate 5 ml/minute, nanoparticle

size 50nm, grinding wheel speed 25m/s.

» The best optimized combination process parameterflg]
for minimum tangential force, normal force and tem-

perature on the basis of multi-objective Grey iefat
al analysis, areoolant CuO, concentration 2%, depth
of cut 5um, feed rate 2000 mm/min, coolant flow rate

5 ml/minute, nanoparticle size 100 nm, grinding

wheel speed 35m/s.
» Work efficiency and production quality can be in-
creased by properly adjusting process parameters.
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