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ABSTRACT

Machining is one of the most fundamental and indispensable processes
in manufacturing industry. The heat generated in the cutting zone during
machining is critical in deciding the workpiece quality. Though cutting
fluids are widely employed to carry away the heat in machining, their
usage poses threat to ecology and the health of workers. Hence, there
arises a need to identify eco-friendly and user-friendly aternatives to
conventional cutting fluids. The present work features a specific study on
the application of nano solid lubricant suspensions in lubricating oil in
turning of Al S| 11040 steel with carbide tool. Coconut oil istaken as base
lubricant and boric acid solid lubricant of 50 nm particlesize are added as
suspensions. Boric acid nanoparticles are added to the oil on weight-
percentage basis and the variation of its basic properties like flash point,
fire point, viscosity, thermal conductivity and heat transfer coefficient are
analysed. Variation of cutting tool temperatures, average tool flank wear
and the surface roughness of the machined surface are studied with nano
solid lubricant suspensions in lubricating oil.
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INTRODUCTION

M achining experiences high temperatures dueto
friction between thetool and workpiecethusinfluenc-
ing theworkpiece dimensional accuracy and surface
qudlity. Cutting fluidsarethe conventiond choiceto act
asbothlubricantsand coolants by reducing thefriction
between tool-workpiece, tool-chip interfacewith the
hel p of effectivelubrication and by controlling thema:
chining temperatures. But, their application hassevera

adverse effects such asenvironmental pollution, der-
matitisto operators, water pollution and soil contami-
nation during disposa*2. Further, thecutting fluidsalso
incur amajor portion of thetotal manufacturing cost.
All thesefactors prompted investigationsinto the use
of biodegradabl e coolantsor coolant free machining.
Hence, asan dternativeto cutting fluids, researchers
experimented dry machining, coated tools, cryogenic
cooling, vegetable oils, minimum quantity lubrication
(MQL) and solid lubricants.
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MQL isapromising technique adopted by there-
searcherswherein tool wear isreduced, dimensiona
accuracy and surfacefinish areimproved through re-
ductionin cutting zonetemperatureand favorable con-
ditionsin the chip-tool and work-tool interaction,
MQL isshowntoresultinover al superior performance
compared to dry and wet turning onthebas sof cutting
forces, toal life, cutting temperatureand surfacefinish®
8. For effectiveimplementation of MQL, fluidswith
high thermal conductivity aredesired. Inthiscontext,
nanofluidshavegained importance.

By their higher biodegradability and lower environ-
mental impact theuse of vegetableoil inmetalworking
applicationsmay alleviate problemsfaced by workers,
such asskin cancer and inhalation of toxicmistinthe
work environments. Thegenera chemica composition
of coconut ail is lauric acid (51%), myristic acid
(18.5%), caprilic acid (9.5%), palmitic acid (7.5%),
olcicacid (5%), capric acid (4.5%), stearic acid (3%)
and linoleic acid (1%). Coconut oil isone of theveg-
etableail that remainsaswhitecrystdlinesolid at tem-
perature below 20°C. M orethan 90% of fatty acids of
coconut oil aresaturated. Theiodinevalue of coconut
whichisameasureof un-saturationin coconut oil is7—
12. Thesaturated character of the oil impartsastrong
resi stanceto oxidative stability. The specific density of
coconut oil is0.93 g/cm? and the Cetane number is 37.
Theflash point and viscosity index of coconut oil is
294°C and 130, respectively.

LITERATURE REVIEW

Many researchers have been working to achieve
eco-friendly sustainable manufacturing. Asan aterna-
tiveto cutting fluids, solid lubricantslikeMoS,, graph-
ite, etc. were used by many researchers. Shgji and
Radhakrishnan™ investigated the effect of graphitein
surface grinding. Improvement in surfacefinishisre-
ported with the application of solid lubricant. In an-
other study!®, they reported improvement in process
resultsusing graphite, CaF,, BaF, and MoS, in grind-
ing. Venugopal and Rao™® outlined the surfacefinish
improvement with the application of graphiteingrind-
ing SIC. Jianhuaet a*? studied thefriction coefficient
a thetool-chipinterfacein dry cutting of hardened stedl
andin castironwithanAl,O,/TiC/CaF, ceramictool
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and reported reduction in friction coefficient withthe
addition of CaF,solid lubricant. Reddy and Rao!*! re-
ported that graphiteand M oS, assisted end milling pro-
cess showed considerableimprovement compared to
meachiningwith acutting fluidintermsof cutting forces,
surface quality and specific energy. Rao and Singh!*2
studied the use of solid lubricantsduring hard turning
whilemachining bearing sted with mixed ceramicin-
sertsat different cutting conditionsandtool geometry.
Results showed 8to 15% improvement in the surface
finishwith the use of solid lubricantscompared to dry
hard turning. Krishna and Rao!**'4 investigated the
performanceof boricacidin machining experimentaly.
M achi ning performanceisimproved with reduced par-
ticlesizewhileusing dry solid lubricants. Then, a50
micrometer particlesizeboric acid suspensionin SAE-
40 oil istested and performanceimprovement is ob-
served comparedto conventiona cutting fluidsand dry
meachining. Cutting forces, cutting temperaturesand tool
flank wear are reduced and surfacefinishimproved.
loan et al*¥ presented thefirst experimentd results
on lubricating capacity of rgpeseed oil comparedto that
obtained for ausud minerd ail. Bdlucoand De Chiffrel®l
madean investigation ontheeffect of new formulations
of vegetableoilson surfaceintegrity and part accuracy
inreaming and tapping operationswithAlS| 316L gan-
lessstedl . Cutting fluid wasfound to have asignificant
effect on surfaceintegrity and thicknessof thestrain
hardened layer inthe sub-surface, aswell as part accu-
racy. Cutting fluids based on vegetabl e oils showed
better performancethan minerd oils. Theefficiency of
sx cutting oilswasevaduatedindrillingAlSl 316L aus-
tenitic stainless sted using conventional HSS-Cotools
by measurementsof tool life, tool wear, cutting forces
and chip formation. All vegetabl e-based oil s produced
better resultsthan thecommercially available minera
oil intermsof tool lifeimprovement and reductionin
thrust force. Skerlosand Hayes™ studied canola, soy-
bean and rapeseed vegetable oil ascutting fluids. Their
work demondtrated that in certain machining operations,
the performance of vegetabl e based cutting fluidsis
comparableor better than that of traditiona petroleum
based meta workingfluids. The devel oped meta work-
ingfluidshavefound gpplicationinvariety of manufac-
turing operations. Jayadas and Prabhakaran*® com-
pared the cooling behavior, thermal and oxidative sta-
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bilitiesof coconut oil with sesameail, sunflower oil and
aminerd oil (Grade 2T ail). Thetherma and oxidative
stabilitieswere determined from the onset temperature
of decomposition. Onset temperature of thermal deg-
radation of coconut oil islower compared to sunflower
oil and sesame oil whereasthe onset temperatures of
oxidative degradation arecomparable. It was concluded
that coconut oil shows better oxidativestability in com-
parison to other vegetable oil sthat contain high per-
centage of unsaturated fatty acid content. Coconut oil
showed comparatively | esser weight gain under oxida
tive environment among the vegetabl e oilsconsidered.
Coconut oil hasvery high pour point (23-25°C) be-
cause of the predominantly saturated nature of itsfatty
acid condtituentsprecludingitsuseasbaseoil for lubri-
cant intemperateand cold climatic conditions.
Kulkarni et al® investigated the properties of
nanocool antsin another application than machining.
Different propertiesof nanofluidslike specific heat and
therma conductivity areca culated asgiven below:

[ Kot =Dk (0 -1tk k)
Tk +(n=Dk; +(k; —kp)

@

wherek _isthenanofluidthermal conductivity, k. isthe
basefluid therma conductivity, k . isthebulk solid par-
ticlethermal conductivity, ¢ is the particle volume frac-
tion, and nisan empirical scaling factor that takesinto
account how different particle shapes affect thermal
conductivity. Theeffectivedensty of nanofluidsisgiven
by:
Pnt = (1=0)p; +bps @
wherep  isthenanofluid density and p_and p, arethe
densities of the solid particlesand basefluid, respec-
tively.

Thespecific heet of nanofluids, C_ , canbecalcu-
lated using the standard equiati on based on thevolume
fraction.

Cpnt =¢Cps+(l_¢)cpf 3)
whereC |sspeC|f|cheatofsohdparﬂcl&andc is
spemﬂcheatofbaseflwd

With the cal culated properties of nanofluids, the
heat transfer coefficients were obtained. It was con-
cluded that nanofluidshave high therma conductivi-
tiesand heat transfer rates compared to the conven-
tiond fluids.
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Basad ontheavailableliterature, it can be concluded
that suspensionsof boric acid particlesin vegetableor
other lubricating oils, provide better lubrication com-
pared to the conventiond fluids. Further, reduced par-
ticlesize providesbetter [ubricating action. An atempt
ismadeinthe present work to investigatethe affect of
nano solid lubricantsin turning. Boric acid particlesof
50 nm particlesizeare used assuspens onsin coconut
oil and machining wascarried out with varying propor-
tionsof solid lubricant suspensionsi.e. 0.25%, 0.5%,
0.75% and 1% by weight. Influence of solid [ubricant
to oil proportion on cutting temperatures, tool flank
wear, and surface roughness was studied with respect
to cutting conditions.

EXPERIMENTATION

Experimentswere conducted to eval uate the per-
formance of nano boric acid powder suspensionin co-
conut oil duringturning. All theexperimentswerecon-
ducted three times and average value istaken asre-
sponse value. Boric acid particles of 50 nm particle
Szeareobta ned through mechanica millingwith high
energy ball mill. Solid lubricant particlesof 50nm size
were manualy mixedin coconut oil indifferent weight
proportionsat room temperature, followed by mixing
with asonicator for 1hour.

These suspens onsd ong with purecoconut oil were
used as|ubricantsin machining. Flash and firepoints
were measured by standard method usingaCleveland
open cup flash and fire point apparatus. The viscosity
of the nano-Iubricant was measured using aRedwood
Viscometer. Thermd conductivity, specific heat and heat
transfer coefficient of nano lubricantsareca culated from
equations 1-3 and presented in TABLE 2 to under-
stand their performance. ‘n’ in equation 1, is taken as
3, avaluetypical for spherical nano particles. For
caculation of heat transfer coefficient, Nussat number,
Nu, isobtained from the Hil pert equationfor flow over
cylinders, duetoitsanal ogy with turning process.
Nu=h*D/k = C.Re"Pr? 4
where, Reand Pr are Reynold’s number and Prandtl
number respectivey, histhe heet transfer coefficient, D
isthediameter of theworkpieceand C & mare con-
stantsthat depend on the value of Re?.
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TABLE 1: Experimental conditions.

Work specimen
AlSI 1040 gtedl (C = 0.36-0.45%, Mn=0.6-1%,

Material: Si= 0.2-0.3%, S= 0.025%, P=0.015%)
Size (mm): 350%400 mm

Hardness: 30+2 HRC, heat treated
Process parameters

Cutting velocity, V=60, 80,100 m/min

Feed rate, S=0.14, 0.16, 0.2 mm/rev
Depth of cut, t=1.0 mm

Environment: Solid lubricant (boric acid)
Lubricating oil: Coconut ail

Solid lubricant patidesize: 50 nm

Flow rate of lubricant cil: 10 ml/min

M achinetool

Lathe Machine: PSG Company, INDIA
Motor capacity: 10 hp

Carbide, SNMG 120408
(H-13A, 1S0 specification)
PSRNR 12125F09 (1SO specification)

Cutting tool (insert):
Tool holder:

Working tool geometry
Inclination angle: -6°
Orthogonal rakeangle: ~ —6°
Orthogond dearanceange: 6°
Auxiliary cutting edgeangle; 15°
Prindple cutting edgeange: 75°

Nose radius: 0.8mm

Sonicator

Maximum Power Output: 600 W

Operating Frequency: 20 kHz

Input: 110 VAC @ 10 Amps
Programmable Timer: 1 secto 1hr

Thermocouple
Designation: K type, Shielded Thermocouple.
Element outsde diameter, d: 2 mm.

Element Length, L: 120 mm.

Element Type: Duplex.

Sheath materidl: Recrystalised Alumina.
Temperature Range: -250°C- 1260°C.

Toleance e e 0 100,
Talysurf

Stylus materia: Diamond

Stylus radius: 0.0025 mm

Cut-off length: 0.08—-25mm

Accuracy: + 3% of reading
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All the cutting testswere performed on PSG-124
lathewith cemented carbidetool (SNM G 120408) and
heet treated AISI 1040 steel of 30+2 HRC workpiece.
Experimental detailsare presentedin TABLE 1. The
temperatureis sensed by the embedded thermocouple.
A thermocoupleisplaced at the bottom of thetool in-
sertinthetool holder asshownin Figure 1. Thetem-
perature measured by the thermocoupleisonly arep-
resentativefigurefor comparison purpose asthisdoes
not measurethe cutting zonetemperature. Calibration
of thethermocoupleiscarried out inawater bath with
athermometer and a maximum of 2°C differenceis
noted over arange from 40°C to 95°C. Cutting tool
was analysed under an optical projector to measure
tool flank wear. The obtained tool profileswere com-
pared with thevirgin tool profileand flank wear was
determined. Tdysurf with stylusradius0.0025 mmand
cut-off length 0.8 mm wasemployed for measuring av-
eragesurfaceroughness (R ). An average of threemea-
surementswastaken asaresponsevalue. The experi-
mental setup wasdeveloped for liquid lubricant supply
a themachiningzone(Fgure?2). Lubricant oil withsolid
lubricant suspensionswas stored in tank and placed
abovetheaxisof machining. Lubricant Soragetank was
open to atmosphere; henceflow of lubricant isdueto
its self weight and atmospheric pressure. Flow rate of
lubricant mixturewas controlled by aregulating valve.
Initialy lubricant mixturewas collectedinavessd at
different positions of thevalve and flow rateiscali-
brated by measuring the volume of thelubricant col-
lected in certain amount of time. Inthetrial testswe
observed 10 mi/minflow rateissufficient for selected
cutting conditions and tool - work piece combination.
Henceit istaken and flow rateiskept constant. After
ensuring theflow rateof 10 ml/min, experimentswere
conducted.

Tool-

thermocouple /

comntact point

Thermocouple
provision
Figurel: Tool holder with provision for ther mocouple.
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RESULTSAND DISCUSSION

Basicproperties

TABLE 2 showsthat both flash point and firepoint
areincreased with addition of boric acid suspensionsin
coconut oil. Asexpected, theviscositiesgenerally de-
creasewith theincreasein temperature. From the ex-
perimentsitisobserved that thekinematic viscosity in-
creased to someextent by the addition of nanoparticles
(TABLE 3) Thisisbecause of thecombined effect of
coconut oil and solid lubricant powder.

TABLE 2: Propertiesof coconut oil with nano boric acid
suspensions. Firepoint and flash point, °C.

Per centage of nano

- . . 0% 0.25% 05% 0.75% 1%

boric acid suspensions
Flash point 220 245 266 270 310
Fire point 250 280 282 290 327

TABLE 3: Propertiesof coconut oil with nano boric acid
suspensions. Kinematic viscosity, st (cm?/sec).

Temperature  Percentage of nano boric acid suspensions
(c) 0  025% 050% 075% 1%

30 0.0310 0.0350 0.0522 0.0574 0.0608

35 0.0207 0.0227 0.0326 0.0374 0.0431

40 0.0169 0.0190 0.0245 0.0278 0.0314

45 0.0085 0.0126 0.0152 0.0173 0.0237

50 0.0039 0.0092 0.0119 0.0143 0.0161

Thermal conductivity of nano lubricantsincreased
dightly with percentageincrease of nano particlescom-
paredto baseoil (TABLE 4) whereas, fromTABLESit
isobserved that the specific heat decreased withincrease
innano particles percentagein base oil. Heat transfer
coefficient increased dightly with percentageincrease of
nano patidesinbaseoil & spedificcutting gpeed (TABLE
6). However, Sgnificant improvement isobserved in heat
transfer coefficient withincreasein cutting Speed & par-
ticular quantity of nano particlesuspensions.

TABLE 4: Propertiesof coconut oil with nano boric acid
suspensions. Thermal conductivity, KW/m-K.

Per centage of nano
boric acid suspensions

Therma conductivity

0% 025% 05% 0.75% 1%

0.5 0.5004 0.5009 0.5014 0.5018

TABLE 5: Propertiesof coconut oil with nano boric acid
suspensions. Specific heat, J/kg-K.

Per centage of nano
boric acid suspensions

Specific heat

0% 025% 05% 0.75% 1%

3500 34945 3489.09 3483.6 3478.2

flano Soienoe and flano Teohnology

TABLE 6: Propertiesof coconut oil with nano boric acid
suspensions. Heat transfer coefficient, W/m?-K.

Per centage of nano

S . 0% 0.25%
boric acid suspensions

05% 0.75% 1%

60mVmin 66238 66269 6630 66332 66361
Heat transfer '
i BOmM/min 72775 72800 72842 72878 72909
100mimin 78297 78334 7837 78404 784.42
Atmospeny; preare
A bcat

machinisg e
Figure2: Lubricant supply system for coconut oil with solid
lubricant suspensions.

Cuttingtemperatures

Variation of cutting temperatureswith cutting speed
ispresentedin Figure 3. Cutting temperaturesincreased
with cutting speed irrespectiveof thelubricant. Thehigh
lubricating property of coconut oil isdueto by thefun-
damental composition of thevegetableoil moleculesas
well asthe chemical structureof oil itself. Lubricity of
vegetable oilsarisesfrom the oiliness property of its
congtituents; and its propertiesare theresult of long,
heavy and dipolar molecules. The polar heads of the
mol ecules havegreat chemical affinity for metal sur-
facesand attach themsealvesto themetal like magnets.
Theresult isadense, homogenousalignment of veg-
etableoil molecules, perpendicular dong themeta sur-
facethat createsathick, strong and durablefilm layer
of lubricant. Also, at € evated temperaturessolid lubri-
cant softensand formsafilm, moreover innano level
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these solid lubricant particlesincreasesthe heat trans-
fer capacity of thelubricating oil. Thiscombined effect
of coconut oil and nano solid lubricant particlesisrea
sonfor reducing the cutting tool temperatures. It can be
seen that though the heat transfer coefficients are not
very high for suspensions, compared to the respective
baseails, cutting temperaturesreduced sgnificantly. This
maly be dueto reduced friction by the use of nano boric
acid suspensions compared to the base oils. Among
the coconut ail, lubricating oil with 0.5% nano boric
acid particlesuspensionsperformed well. Thismay be
because, 0.25% boric acid cannot providethe adequate
|ubricating effect compared to 0.5%; 0.75% and 1%
inclusionsmay reducestheflowability of thelubricant
and preventsit from entering the cutting zone, thusde-
creasingitseffectiveness.

275

250 1

E —=— Dry Cut
g 225 -
=
54 200 [ 0.25%BA in coconut
*51 oil
g t ;
2175 1 ——0.5% BA in coconut oil
5
g 150 A +—0.75% BA in coconut
ISt oil
2
125 1% BA in coconut oil
100 T
60 80 100

cutting speed. m/min

Figure3: Variation of cutting temperatureswith cutting
speed. (feed= 0.2 mm/rev, d.o.c= 1 mm, time=15min).

Tool flank wear

Tool flank wear measured at different lubricating
conditionswith cutting speedisshownin Fgure4. Hank
wear increased gradually with increasein speed. Dur-
ing machining, heat isgenerated at the primary defor-
mation zoneand secondary deformation zone, and in-
duces high cutting temperatures. Under such high cut-
ting temperatures, the solid lubricant createsathin [u-
bricating film ontheworkpieceandtool. Theparticles
of solid lubricant flow at theinterface with the oil and
decrease the plastic contacts, |eading to reduction of
flank wear. Low coefficient of friction, diding action
and low shear resi stance within the contact interface
reduce flank wear. The combined effect of solid lubri-
cant and vegetabl e oil, as explained above, leadsto
reductionin flank wear with 0.5% nano boric acid par-
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ticlessuspensionsin coconut oil compared to remain-
ing conditions, dueto similar reasoning asin case of
cutting temperatures.

Surfaceroughness

Surfaceroughnessinitially reduced and then in-
creased withincreasein cutting speed at al the lubri-
cating conditions (Figure 5). Among the selected lubri-
cating conditions, surfaceroughness reduced with co-
conut oil with 0.5% nano boric acid suspensions. This
isbecause of thelubricating action of the solid lubricant
and coconut oil. Thereduction in surfaceroughnessin
case of nano boric acid suspensionsin coconut oil may
be attributed to itsbetter |ubricating action, which re-
duced the frictional forces between the tool and
workpiecethere by reducing thetemperatures devel -
oped and ultimately preventing tool weer, thusprolonging
toal life, resultingin surface quaity improvement.

0.38
0.36
034 o —=— Drycut
|
= 032 y
5 - 0.25%BA in coconut
£ 03 e oil
o ; x
= 0.28 «—0.5% BA in coconut oil
=
2 0.26
(=}
= 024 +—0.75% BA in coconut
oil
0.22

1% BA in coconut oil
0.2

60 80 100
Cuttingspeed. n/min

Figure4: Variation of tool flank wear with cutting speed.
(feed=0.2mm/rev, d.o.c=1 mm, time=15min).

5

—a— Dry cut

5 45 [
T s s 0.25% BA in coconut
5 - oil
§ 4
=] —=—0.5% BA in coconut oil
-
& 35
é — = = «—0.75%BA in coconut
_; 3 T ol
% 1% BA in coconut oil
3 25
15
a

2

60 80 1000

Cuttingspeed, mvmin
Figure5: Variation of surfaceroughnesswith cutting speed.
(feed=0.2mm/rev, d.o.c= 1 mm, time= 15min).

CONCLUSION

Nano boric acid suspensionsin coconut oil pro-
vide adequate | ubricationin machining. Flashandfire

flano Science and flano Technology

—— e T ot



146

Experimental evaluation of the basic properties and performance of nanolubricant in machining

NSNTAIJ, 7(4) 2013

Full Paper =

pointsincreased with increase of nano boric acid con-
tent. Kinematic viscogity increased withincreasein nano
boric acid content. Thermal conductivity of nano lubri-
cantsincreased dightly with percentageincreaseof nano
particles. Heat transfer coefficient increased with addi-
tion of nano boric acid. Specific heat decreased with
addition of nano boricacid. Compared to 0.25%, 0.5%,
0.75% and 1% nano boric acid inclusions, 0.5%
showed better performancein termsof machining pa
rameterslike cutting temperatures, tool wear and sur-
faceroughness.
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