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Effect of Coolant on Cutting Forces and Surface
Roughness in Grinding of CSM GFRP

P Chockalinoam. K Kok. R Viiavaram

One common way to protect the work piece and grinding
Abstract—This paper presents a comparative study on dry andheel in grinding is by the use of coolant. Cooling is achieved
wet grinding through experimental investigation in the grinding dby the application of a cooling and lubricating fluid, as well as
CSM glass fibre reinforced polymer laminates using a pinky selecting process parameters that reduce heat generation
aluminium oxide wheel. Different_ sets of exp_eri_ments werez]. Choi et al [8] reported that surface roughness was better
performed to §tudy the effects of the independent grinding parametgiga, grinding took place in the presence of coolant than in
such as grinding wheel speed, feed and depth of cut on depen:ﬁ%pressed cold air. In agreement with this finding, Aurich et

performance criteria such as cutting forces and surface fini - . .
Experimental conditions were laid out using design of experimem [9] concluded that dry grinding led to higher work piece

central composite design. An effective coolant was sought in tH@mperatures and a higher alteration of surface layers in
study to minimise cutting forces and surface roughness for GFR@Mparison to wet grinding. In addition, they reported that
laminates grinding. Test results showed that the use of coolah®tter process behaviours, namely lower grinding power by up
reduces surface roughness, although not necessarily the cuttiogd0% and lower work piece temperatures, may result from
forces. These research findings provide useful economic machiniagt grinding using wheel with defined pattern. Although
solution in terms of optimized grinding conditions for grinding CS'Vhigher work piece temperature improves the grindability of the
GFRP. material and decreases process forces and power, it degrades
the surface quality. Therefore, many researches were directed
Keywords—Chopped Strand Mat GFRP laminates, Dry and We4; reducing grinding temperature and forces, and improving
Grinding, Cutting Forces, Surface Finish. surface quality by optimizing of the grinding variabl@ne
such effort byAnne et al [10] indicated that feed rate, depth of
cut, and grit size are significant parameters which affect the
HE modern industries have expanded the demand feurface integrity of silicon carbide during grinding. The
machining advanced composite materials, irrespective béterogeneous property of composites further complicates the
their hardness, toughness and microstructure, to develegarch for optimum grinding conditions for best surface
sophisticated products of high precision, high speed, higality. This is confirmed by N.S. Hu et al [4], who reported
temperature resistance, wear resistance and low weight, #@t the longitudinal surface roughness of ground
Fibre reinforced p0|ymer is rap|d|y rep|acing Conventiondml.lltidir?ctional Cpmposites varied Str.ongly with the |0Cia| fibre
materials in automotive, marine and aerospace industri€éientations. In view of the present findings, the effectiveness
Although drilling and turning are the major machiningOf coolant in reducmg work_ piece surface roughness of CMS
processes required to produce near-net shape in compositdsF, under varying grinding parameters need to be
grinding is particularly necessary to produce high dimension'g'lvesngated' Despite the extensive researches, the dynamic

accuracy for assembly tolerance and excellent surface fini@?Chan'Cs of a grinding process is highly non-linear and very

8 . . . complicated, and the process itself remains insufficiently
[plc;;l(]_:" pl_:ggi\rf;’ dt:r?n;br:;cpheil:ilr?glges reinforced in GFRP Of[e'&nderstood. Grinding wheel wear, performance of the

. . equipment, accuracy and quality of work piece are greatl
The presence of these particles causes rapid tool wear ﬂ%p y quatty P g y

) . ) . e A~ ) enced by grinding forces. Today, it is generally accepted
intermittent cutting forces during machining. Grinding of fibre,

inf 4 pol . F the wh t grinding forces comprise chip formation force, frictional
reinforced polymer composites causes more wear of the Whggleq™ 4 g ploughing force induced respectively by cutting,

compared to that of conventional material. This is due to ﬂ?ﬁbbing and ploughing actions. These forces are highly
hetgrogeneous property of the materi.al,.which in turn I?ad,sdgpendent on process parameters, so much so that the co-
variable force_s exerted on the grinding wheel. Grindingssicient of friction can vary from 0.27 to 0.86 [11]. The
procssg requires th? Iargest. amourllt of fenergy lamoﬂgationship of grinding force and surface roughness is further
machining processej or rerglovmg ":‘j"f.“me Ob mater!a_ MOghnfounded in the presence of coolant. Monici et al [12], for
energy is converted into heat and friction by cutting ar,‘gxample, reported that reduction of tangential cutting force
rubbing. During grinding cutting edges such as blunt abrasi Buld be achieved with the use of neat oil. The grinding forces,
particles can result in the formation of poor surface finish [5]) 5 \ast extent. affect the machined surface roughness, the
Malkin et al ,[6] repor_ted that, high temperatures in grinding hardening, the power consumption, the heat flux at the
affect work piece quality and productivity. contact zone between the abrasive wheel and the work piece,
the gradient residual stresses, the surface defects as well as the
wear of the abrasive grains [13]. Grinding, if not done
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Il. EXPERIMENTATION
A.Experimental Conditions

A central composite design with default alpha wasduto
produce the experimental design of grinding proe@dsthree
controllable process factors: speed, feed and defptht, with

and without coolant. Thus 15 experimental runs wereded.

Table | indicates the grinding process parameters taeir
levels.

The independent parameter values are chosen based o

machine and grinding wheel specifications. The drpantal
design of grinding conditions is and measured \smlaee
summarized in Table II.

TABLE |
PROPERTIES OFGFRPCOMPOSITE
Parameters Lowest Low Centre High Highest
Speed, (rpm) 2980 4000 5500 7000 8025
Feed, (mm/min) 830 1000 1250 1500 1670
Depth of cut, (mm) 0.17 0.2 0.25 0.3 0.33

TABLE Il
EXPERIMENTAL TABLE WITH MEASUREDRESPONSES

Tangental force, Fy (N)Grinding force ratio, 4

Surface roughness, |
3

(um]

o (Srzfﬁ)d (I;E‘ﬁ(; c?fegg: Normal force, Fx (N)
min)  (mm) Dry Syn  Emu  Dry
1 4000 1000 0.2 5007 74.98 9428 21.99
2 7000 1000 0.2 2321 91.35 7670 15.14
3 4000 1500 0.2 14386 73.53 126.08 50.32
4 7000 1500 0.2 42.02 104.29 14040 19.06
5 4000 1000 0.3 8598 83.29 50.07 34.68
6 7000 1000 0.3 3151 129.45 12284 16.61
7 4000 1500 0.3 99.66 92.57 116.56 36.64
8 7000 1500 0.3 89.16 126.73 107.71 21.01
9 2980 1250 0.25 14408 143.11 206.40 51.29
10 8025 1250 025 26.87 103.28 86.96 16.13
11 5500 830 025 4812 112.35 113.09 25.64
12 5500 1670 0.25 146.29 128.98 150.73 35.66
13 5500 1250 0.17 3786 64.97 10406 2271
14 5500 1250 0.33 13334 113.35 161.18 29.55
15 5500 1250 0.25 59.09 90.38 37.86 27.60

Syn  Emu Dry Syn Emu Dry Syn Emu
2320 2418 044 031 026 319 0.7%5 0.815
20.77 2320 065 023 030 3.694 0.731 0.872
2491 3469 035 034 028 2479 1.079 1.041
2394 3249 045 023 023 396 0.661 1.06
2491 1197 040 030 024 3819 094 1.065
2320 3005 053 018 024 2865 1.077 0.956
2418 3493 037 026 030 2568 1.531 1.072
29.31 3028 024 023 028 4.808 1.012 0.951
36.89 5862 036 026 028 2952 1.138 1.079
2418 2344 060 023 027 2786 1.137 1.09
2492 2931 053 022 026 2791 092 1.027
31.99 4030 024 025 027 3382 1129 1.118
21.01 3053 060 032 029 3226 1.233 0.925
28.09 3933 022 025 024 2404 1004 1.192
20.03 1514 047 022 040 4154 1.126 0.978

Nomenclature:

Fx :Radial force

Fy :Tangential force
LS :Low speed

HS : High speed

LF :Low feed

HF : High feed

LtS : Lowest speed

HtS : Highest speed

LtF : Lowest feed

HtF : Highest feed

LtD : Lowest depth of cut
HtD : Highest depth of cut
MS : Middle speed

MF : Middle feed

MD : Middle depth of cut

B.Machine, Material and Grinding Wheel

Grinding was carried out using a vertical spindl&lCC
(Mazak) machining centre. Fig. 1 shows the expentale
setup for the grinding tool. Glass fibre reinforcpdlymer
composite made of Chopped strand glass fibre [14] (CSM
450 R-glass fibre) and unsaturated polyester (R€@35609)
was taken as work-piece materials for the presemto$
experimental investigation. This type of materimsused in
marine and automotive applications and manufagurafh
chemical containers. The chemical, physical andhaeical
property of the material is given in Table 3. Thamposite
specimens of size of 50 mm x 15 mm x 10 mm werdrout a

plate of 250 mm x 250 mm x 10 mm, and grinding was

performed on the 50 mm x 10 mm face. The experiai¢ast
has been conducted with cutting speed range of 2880to

8025 rpm, feed rate between 830 mm/min to 1670 nimm/m

and depth of cut between 0.17 and 0.33 mm. Thedigign
process was carried out using a pink aluminmxide profile
mounted wheel (PA46QV), 25 mm diameter x 19 mm tlerxg
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6 mm mandrel. Dry and wet grinding were conducted, the
latter with synthetic and emulsion coolants.

Spindle

Grinding wheel

Work piece

Dynamometer

Fig. 1 Experimental set-up

TABLE I
PROPERTIES OF GFRP COMPOSITE
Tensile strength 80-90 MPa
Tensile modulus 1.55-1.65 GPa
Density 1600 kg/m®
Hardness 53-56 HRB
Elongation at break 5.5-5.7 mm

Coefficient of thermal expansion 5.3-7.5x 10° K™

C.Coolant

The properties of commercial coolants used in this research,
Y ushiroken SC95 and Aeroil cutting oil emulsion are listed in
Table 4.

TABLE IV
PROPERTIES OF COOLANT
Name Y ushiroken SC95 Koolcut C-300
Type Synthetic 5% Emulsion 5%
Colour Light yellow transparent Clear amber liquid

D.Force and surface Roughness Measurement

Grinding force was measured using Kistler 9257BA type
dynamometer and recorded with the help of DWETRON
software. The ground surface roughness was measured using
MAHR Perthometer surface roughness measuring instrument.

I11. RESULTSAND DISCUSSION

The experimental results of dry and wet grinding, cutting
force and surface roughness were analysed for the optimal
grinding conditions of CMS GFRP. The calculated force ratio
values are given in Table |. The results of the measured forces
and surface roughness values are shown in Fig. 2 to Fig. 5.

A. Grinding Force

It is observed that forces are non-uniform for all three
grinding conditions namely dry, synthetic and emulsion

grinding. In dry metal grinding, material emerged as a solid
extruded sheet has a thickness corresponding to equivalent
chip thickness. Equivalent chip thickness, hy,, is defined as

—a Y
%—%% €y

where, & isthe depth of cut, v, is the work piece speed (which
in this case the feed), and vs is the wheel speed. In cylindrical
plunge grinding, it was observed that either grinding forces
(normal or tangential), F, can be approximated by a power
function such that

F=ch,’' )
where, ¢ and f are empirical constants[5].
This observation on grinding of metal is very much

applicable to dry grinding of CSM GFRP in the current study,
although not equally applicable to wet grinding.

a 0.2 mrm depth of cut
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Dry Synthetic Emulsion

Fig. 2 Normal force, Fx for dry, synthetic and emulsion coolant with
high and low values of speed and feed (a) 0.2mm depth of cut, (b) 0.3
mm depth of cut

1. Effect of Speed

At constant low feed, as speed is varied from low to high
(i.e. DOE runs 1 to 2), dry grinding shows low normal and
tangential forces due to lower chip formation, and similar trend
is observed for dry grinding at higher depth of cuts. On the
contrary, there is a rise in norma grinding force when
synthetic coolant is present, regardiess of depth of cut. The
same is also true for grinding in emulsion coolant except at
low feed. Water-based emulsion coolant is more effective in
cooling the work piece, but its lower viscosity often translates
toitsinferior performance in lubrication compared to synthetic
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oil-based coolant. In this case, as speed is increased, emulsion
coolant shows decrease in grinding forces due to the
breakdown of lubricant, resulting in an increase of grinding
force ratio as rubbing predominates material removal.
Grinding force ratio is largely reduced in the presence of
synthetic coolant, as higher normal forces related to cutting is
achieved at higher speed accompanied by lower tangential
force.

a 60 0.2 mm depth of cut
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@ HS LF
BLS,HF

B HS HF

Synthetic Emulsion

0.2 mm deptn of cut

R0L008
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000050000
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8

5% mHS LF
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S
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B2
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s
i
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SOOI 0N
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e
e

B

Synthetic Emulsion

Fig. 3 Tangential forces, Fy for dry, synthetic and emulsion coolant
with high and low values of speed and feed (a) 0.2mm depth of cut,
(b) 0.3 mm depth of cut

At higher depth of cut, similar observations can be made on
dry and wet grinding in synthetic coolant with regard to the
effects of increased speed. Grinding in emulsion coolant shows
high forces due to reduced lubricating effect and increased grit
to work piece contact.

At high feed, increasing wheel speed in dry grinding
generally increases the grinding efficiency regardless of the
depth of cut. Thisis because the cutting grains tend to rub over
the work piece surface, resulting in less material removal per
wheel revolution, and consequently lower grinding forces at
greater material removal rate by increased feed. Similar trend
happens to grinding in emulsion at high feed and high depth of
cut.

It is interesting to note that tangential force in the presence
of synthetic coolant does not seem to vary much in most of the
experiment runs. At low feed and high depth of cut (i.e. DOE
runs 5 & 6), increasing speed increases the normal forces in
wet grinding tremendoudly. This leads to sharp drop of
grinding force ratio in the case of synthetic coolant, making the
grinding wheel behave like a blunt wheel. The same is not true
for emulsion coolant. Except in cases where the lubricating
effects of emulsion coolant break down, such as at low feed
and high speed, dry grinding and wet grinding in emulsion
coolant tend to show similar trend.

Referring to Fig. 4, at constant mid feed and mid depth of
cut, varying speed from lowest to highest (i.e. DOE runs 9 &
10) reduced both normal and tangential forces significantly by
almost 60% for all three grinding due to reduced undeformed
chip thickness.

a i 0.25 mm depth of cut
200 ]
175
—_ = £ LtS,MF
= = gs £
= 5 : o115, MF
= % g B LtF,MS
% o2 = B HF,MS
&
. - .
= 2 i
g:% & e
2
Cry Synthetic Emulsion
b 60 0.25 mm cepth of cut
50 [
40 -+
§ E1LtS, MF
= 30 s
= 30 1 M H1S, MF
= 32
B LtF,MS
20+
£ B HF.MS
10 s
<
)
Dry Synthetic Emulsion

Fig. 4 Grinding forces for dry, synthetic and emulsion coolant at
medium depth of cut with lowest and highest speed and feed; (a)
Normal force, Fx, (b) Tangential force, Fy.

2. Effect of Feed

At constant low speed, as feed isincreased (i.e. DOE runs 1
to 3), dry grinding shows increased normal and tangential
forces due to higher undeformed chip thickness (18% higher)
and increased material removal rate. However, grinding with
synthetic coolant shows margina reduction in normal force
and increase in tangential force. This phenomenon indicates
that the presence of synthetic coolant between work and wheel
has inhibited cutting and promoted rubbing (force ratio
increased 3%). Grinding with emulsion coolant recorded
higher normal and tangential forces than that with synthetic
coolant, but lower forces than dry grinding, indicating possibly
a breakdown of lubrication. At higher depth of cut (i.e. DOE
runs 5 to 7) and increasing feed, similar observations can be
made on dry and grinding with emulsion coolant. Contrary to
previous observation, grinding with synthetic coolant at higher
depth of cut shows a marginal increase in the normal force and
reduction in tangential force with increased feed because
higher depth of cut leads to more cutting.

At constant high speed with feed varied from low to high
(i.e. DOE runs 2 to 4), dry grinding shows increased normal
and tangential forces. This is because high feed contributes to
increased cutting and high speed leads to more rubbing.
Similar trend happens to grinding in synthetic coolant and
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emulsion coolant. However, at higher depth of cuts, grinding
with synthetic and emulsion coolants at high speed show lower
norma forces and higher tangential force indicating the
coolant effect.

Fig. 4a and 4b show the normal and tangential forces in the
case of constant middle speed and middle depth of cut.
Varying feed from lowest level to highest level (i.e. DOE
runll to 12) increases force level for al grinding conditions
due to increased undeformed chip thickness at higher material
removal rates.

3. Effect of depth of cut

Figure 5a and 5b shows that as depth of cut is increased
from lowest level to highest level (i.e. DOE runs 13 to 15),
norma and tangential forces increase tremendously due to
increased undeformed chip thickness (11%) for all three
grinding conditions. At middle, speed, feed and depth of cut
(i.e. DOE run 15), however, the presence of coolants tends to
promote contact sliding and subdue cutting, resulting in lower
forces for grinding in both coolant. This effect of coolant in
promoting sliding ceases at high depth of cut.

B. Surface Finish

The influence of cutting speed on the surface finish during
machining of CSM GFRP using different coolant at designed
parameters with combination of speed, feed and depth of cut is
shownin Fig. 6.

From the experimental results, it is concluded that during
dry grinding, higher speed and higher feed produces poor
surface finish among other combinations of experiments. On
the contrary, it can be seen that better surface finish is
produced at high speed and high feed when grinding with
synthetic coolant, and at low depth of cut, low speed and low
feed when grinding in emulsion coolant. In generd, it can be
easily concluded wet grinding, either with synthetic or
emulsion coolant, is effective in producing significantly
improved surface finish compared to dry grinding.

1. Effect of speed

At low feed and 0.2 mm depth of cut, increasing grinding
speed (i.e. DOE runs 1 and 2) increases surface roughness in
dry grinding due to increased rubbing of the abrasive grains at
high wheel speed. On the contrary, under similar grinding
condition, surface roughness values decreases slightly in the
presence of synthetic coolant due to lubrication effect as
grinding force ratio drops to 0.22. Compared to the use of
synthetic coolant, slightly higher surface roughnessis recorded
with the use of emulsion coolant due to higher friction in the
contact surface (force ratio of 0.3). With feed maintained and
the depth of cut increased to 0.3 mm (i.e. DOE runs 5 and 6), a
reverse trend is observed in dry grinding due to higher removal
of material by cutting rather rubbing; while grinding in
synthetic coolant led to a minimal increase in roughness due to
oil-smothened cutting action. In the case of emulsion coolant,
again higher surface roughness results as compared to that of
synthetic coolant owing to less effective lubrication and the
corresponding increased rubbing (i.e. force ratio increased

from 0.25 to 0.3). At high feed (i.e DOE runs 3, 4 and 7, 8),
regardless of the depth of cut, increasing wheel speed in dry
grinding will only worsen the surface finish. In general, wheel
speed does not seem to be of much influence in wet grinding
as it is in the case of dry grinding, except in the cases of
synthetic coolant at high feed, which feature significantly
improved surface finish with increased wheel speed.

@aLDd

Fx(N)

o mMd
BHD

aLsD
o md
BHtD

Emulsion

Dry Synthetic

Fig. 5 Effect due to depth of cut a) normal force b) tangential force

At middle range of feed and depth of cut, as speed is varied
from lowest level to highest level (run such as 9 to 10), surface
roughness reduced except for grinding in emulsion. In this
case, a sight increase in roughness observed due to reduced
lubricating effects.

2. Effect of Feed

Regardless of the depth of cut, at constant low speed, as
feed is increased from low to high (i.e. DOE runs 1 and 3),
surface roughness decreases in dry grinding due to larger uncut
chip thickness, which in turn causes self-sharpening of the
wheel surface and smoothening of the work surface. In
grinding with synthetic coolant, surface roughness values
increase due to coolant layer preventing the effective abrasive
work contact. As the lubrication effect of emulsion coolant
reduces with increasing feed, surface roughness is increased
when grinding in this coolant.

At constant high speed, as feed is varied from low to high
(i.e. DOE runs 2 to 4), abrasive particles cut the materia at
high speed in dry grinding, leaving scratch marks on the
material, which increases its surface roughness. Under similar
conditions, grinding in synthetic coolant marginally reduces
surface roughness due to reduced friction effect while grinding
in emulsion coolant resultsin slightly higher surface roughness
dueto less lubrication effect than in synthetic coolant.
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Fig. 6 surface roughnesses, Ra, for low and higiked and feed

conditions. (a) 0.2 mm depth of cut, (b) 0.3 mmtHeyf cut (c)

Middle (0.25 mm) depth of cut with lowest and highspeed and
feed, (d) Lowest to highest depth of cuts with nedspeed and feed

Similar observations can be made for dry grindingigher
depth of cut; whereas for wet grinding marginalia@ons in
surface roughness remain.

At middle range of middle speed and depth of catywng
feed from low to high (DOE run 11 to 12) leadsrorease in
roughness values for all grinding conditions duentreased
cutting and smoothing by abrasive grains.

3. Effect of Depth of Cut

At constant middle range of speed and feed, ahdefptut
is increased from lowest level to highest leved.(DOE runs
13 to 15) surface roughness is reduced for symthetolant
grinding but increased for dry grinding and emuis@olant
grinding due to lack of lubricating effects.

IV. CONCLUSION

In this paper, a study on CSM GFRP grinding to stigate
the effects of grinding forces and surface rougbness
conducted. The design of experiment with a cemahposite
design with 8 factorial, 6 axial points and 1 cerpioints was
adopted. The speed, feed and depth of cut wereenhas
process factors. The variables recorded are notawagential
grinding forces and surface roughness.

Based on the test results, the following points are

concluded:

(i) Dry grinding exhibits lower grinding forces bw feed
and high speed with all depth of cuts due to lowhip
formation factor. Grinding in synthetic coolant éits lower
grinding forces at high feeds and low speed dumdmeased
cutting and increased lubricating effect. Wheremsding in
emulsion coolant exhibits lower forces, at loweeexp, feed
and higher depth of cuts.

(i) Higher feed and
roughness for dry grinding. On the other hand, &igtpeed
and higher the depth of cut improves surface finigien
grinding in synthetic coolant. With emulsion cautlabetter
surface finish is obtained at higher speed andemifged.
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