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ABSTRACT

Natural fibres have long been used as cost cutting fillers in the plastics
industry. Now a day, they are considered to be a potential replacement of
glass fibers for use in composite materials. However, although natural
fibres have many advantages, the most important being their low cost and
low density, they are not totally free of problems. The present study
focuses on the devel opment, optimization and characterization of pine bark
reinforced with polyester resin by the use of cement by-pass dust (CBPD)
asafiller material. For thisa standard pin-on-disc experimental test set up
and Taguchi orthogonal array are used. This method not only determines
the significant interaction and respective factors but also determines the
significant interaction factor combination. Finally, Genetic Algorithm (GA),
a popular evolutionary approach, is employed to optimize the factor
settings for minimize specific wear rate under specific experimental
conditions have been determined. The methodology described here is
expected to be highly beneficial to manufacturing industries, and also other
areas such as aerospace, automobile and tool making industries.
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INTRODUCTION

Intherecent years, theuse of natural fibresasrein-
forcement isincreasingly replacing the conventiond in-
organicfibresin polymer matrix compostes. Especidly,
naturd fibre- reinforced thermoplasticshaveagood po-
tentid inthefuture asasubstitutefor wood-based ma-
teria inmany applications. The devel opment of envi-
ronment-friendly green materia sisbecause of natura
fibre’s biodegradability, light weight, low cost, high spe-
cific strength compared to glassand carbon, recycling

and renewing natural sourcesof plants, such asbast,
seed, leaf, wood and fruit. Thejutefibreisan important
bast fiber and comprisesbundled ultimatecells, each
containing spiraly oriented microfibrilsbound together,
which hassimilar structuresof other natura fibreslike
hemp, flax, S etc.

Someaspectsof plant fibrecompositeshave gained
consderablescientificinterest, i.e. methods of extract-
ing thefibrefrom the plantsin order to preservetheir
good mechanica properties, methodsto increasethe
comptibility betweenthepolar lingoceluloscfibresand
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thenonpolar polymeric matrix, and measurements of
interface properties1¥, Thus, sofar, most studieshave
primarily focused on thefibre and matrix component of
the composites, and ignored the existence of thethird
components, theporosity. Porosity, whichisdefined as
ar-filled cavitiesins deand otherwise continuous ma-
terials, isamost often un avoidable component inall
compositematerias, caused by themixing and consoli-
dation of two discrete materialscomponentswith most
synthetic composite materials, such asglass/pol yester
and carbon/epoxy, cons derable knowledge has been
built up over theyearsin order to control and optimize
thefabrication process, and consequently the porosity
content isnormally relativelow (< 2%)™. However,
with plant fibre composite, the fabrication techniques
arenot yet that devel oped, and the natural origin of the
fibre component necessarily inducesan dement of varia-
tionintothe composites; both factors cause the poros-
ity component to make anoteworthy contribution to
the overall composite volumein plant fibre compos-
ited?4, K nowing that porosity hasadirect effect on
composite physical and mechanical properties>*8 un-
der linesthe need for more studiesincluding thiscom-
ponent into theoverall material characterization. The
quantities of bark available are substantial, since ap-
proximately 10-15 % of the volume of every log con-
sistsof bark. Bark and heart wood of somewood spe-
ciescontain large quantities of water soluble extrac-
tives of polyphenolic nature suitable asastarting mate-
rid for the production of adhesives™®. Whilesomebark
isused asfud andin agriculturad gpplications, aconsd-
erableamount of bark remainsunused. Bark disposa
becoming aserious problem because of therestriction
ontheincineration of bark residues®.

A possibility that theincorporation of both particles
andfibersinpolymer could provideasynergisminterms
of improved wear resistance has not been adequately
addressed sofar. Attemptsto understand the modifica
tionsinthetribologica behavior of thepolymerswith
theaddition of fillersor fiber reinforcementshave been
made by afew researchers?+?2, Theenhancementin
tribological propertiesof Poly-phenylene-sulfide (PPS)
withtheaddition of inorganicfillers? and fiberd? has
been reported. Bahadur et al.[>>? reported that the
fillerssuch as CuS, CuF,, CaS, and CaO reduced the
wear rate of polyamide but many other fillerssuch as
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CaF, increased the wear rate. But most of the above
studiesare confined to dry diding and abrasive wear
behavior of composites. The erosive wear aspects of
polyester compositesreinforced with fibersaswell as
particul ates has not been adequately investigated. An
inexpens ve and easy-to-operate experimenta strategy
based on Taguchi’s parameter design has been adopted
to study the effect of various parametersand their in-
teractions. Thisexperimental procedure has aready
been successfully applied for parametric appraisal in
wiredectrica dischargemachining (WEDM) process,
drilling of metal matrix composites and wear behavior
of polymer matrix composites?-*3 etc. The present
study aimsat studying the erosion behavior of particu-
latefilled glass-polyester composites using Taguchi
method. Further, theanaysisof variance(ANOVA) is
donetoidentify themaost sgnificant control factorsand
thair interactions.

Inview of theabove, the present work studiesthe
effect of induson of avariety of particulatefillersonthe
erosivewear behavior of pine bark-polyester hybrid
composites under multipleimpact conditions. Such
multi-component hybrid compaositesform complex sys-
temsand thereis aninadequate data avail able about
phenomenabehind the modified wear behavior dueto
the presenceof particul atesinthefiber reinforced poly-
mer components. Itisthusobviousthat afurther study
inthisrespect isneeded particularly with ceramicfillers
both in view of the scientific understanding and com-
mercid importance.

EXPERIMENTAL DETAILS

Specimen prepar ation

Natural fiber (Pinebark) arereinforced in cement
by-pass dust (CBPD) filled unsaturated isophthalic
polyester resinto preparehybrid composites. Thedough
(polyester resin mixed with pine bark and cement by-
passdust) isthen lowly decanted into theglasstubes,
coated beforehand with uniform thin film of silicone-
releasing agent. The composites are cast by conven-
tional hand-lay-up techniquein glasstubes so asto get
cylindricd specimens(@® 12 mm, length 1220 mm). Com-
posites of three different compositions (0 wt%, 8 wt%
and 12 wt% pine bark content) are made and the ce-
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ment by-passdust remaining constant for al thethree
different samples. 2% cobat nephthal ate (asaccd era
tor) ismixed thoroughly inisophthalic polyester resin
and then 2% methyl-ethyl-ketone-peroxide (MEKP)
ashardener ismixedintheresin prior to reinforcement.
Thefiller material CBPD (averagesize 20 um, density
1.75 gm/cc) isprovided by solan cement industry, Ltd
India. Pinebark and polyester resin have modul us of
19.5 GPaand 3.25GParespectively and possess den-
sty of 963 kg/m? and 1350kg/m? respectively. The cast-
ingsare put under load for about 24 hoursfor proper
curing at room temperature. Specimensof suitabledi-
mension are cut using adiamond cutter for physical
characterization and erosion test.

Test appar atus
Slidingwear test

To evaluate the performance of these composites
under dry diding condition, wear testsare carried out
inapin-on-disctypefriction and wear monitoring test
rig (supplied by DUCOM) as per ASTM G 99.The
schematic diagram of the experimental set up isas
showninFigure 1. The counter body isadisc made of

Sliding pulley

Lever arm
‘-F"'-j?

7 V7

777,
BE A
7

Figurel: Schematic diagram of a pin-on-disc set-up

hardened ground sted (EN-32, hardness 72 HRC, sur-
faceroughness 0.6 u Ra). The specimenisheld sta-
tionary and thediscisrotated whileanormal forceis
applied through alever mechanism. A seriesof test are
conducted withthreediding velocitiesof 210, 261 and
314 cm/sec under threedifferent norma loading of 10N,
20 N and 30N. Thematerial lossfrom the composite
surfaceismeasured using aprecision el ectronic bal -
ancewith accuracy + 0.1 mg and the specificwear rate
(mm?3/N-m) isthen expressed on ‘volume loss’ basis as
W =Am/pt V_F, ()

where Am is the mass loss in the test duration (gm), p isthe

density of the composite (gm/mm?®), t is the test duration
(sec)., V. isthe diding velocity (m/sec), F, is the average
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normal load (N).

The specific wear rateis defined asthe volumeloss of
the specimen per unit diding distance per unit applied
normd load.

Experimental design

Designof experiment isapowerful andysistool for
modeling and analyzing theinfluence of control factors
on performance output. The most important stagein
the design of experiment liesin the selection of the
control factors. Therefore, alarge number of factors
areincluded so that non-significant variablescan be
identified at earliest opportunity. The operating
conditions, under which erosion testscarried out, are
giveninTablel.

TABLE 1: Control factorsand levelsused in the experiment

Control factor Leve -

I I Il Units

A: Sliding velocity 210 261 314  cm/sec
B: Normal load 10 20 30 N
C: Fiber content 0 8 12 %

D: Sliding distance 3000 4000 5000 m

Thetests are conducted as per experimental de-
sign givenin Table 2 under room temperature. Four
parametersviz., diding vel ocity, normd load, filler con-
tent, and diding distance each at threelevels, are con-
sidered inthisstudy in accordancewith L, (3*%) or-
thogonal array design. In Table 2, each column repre-
sentsatest parameter and arow givesatest condition
whichisnothing but combination of parameter levels.
Four parameterseach at threelevelswould require 3*
=81 runsin afull factorial experiment. Whereas,
Taguchi’s factorial experiment approach reduces it to
27 runsonly offering agreat advantage.

Theexperimentd observationsaretransformedinto
asignal-to-noise (S/N) ratio. There are several S/N
ratios avail able depending on thetypeof characteris-
tics. The S/N ratio for minimum erosion rate coming
under smaller isbetter characteristic, which canbecd-
cul ated aslogarithmic transformation of thelossfunc-
tion asshown below.

Smadler isthebetter characteristic:

%:—wlog%(Zyz) (2
wherenthenumber of observations, andy the observed
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data. “Lower is better” (LB) characteristic, with the
above SN ratio transformation, issuitablefor minimi-
zations of erosion rate. The standard linear graph by
Gleni® asshownin Figure 2, isused to assignthefac-
torsandinteractionsto variouscolumnsof theorthogond
array.

TABLE 2: Orthogonal array for L, (3*) taguchi design
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Figure2: Linear graphsfor L array

Theplan of the experimentsisasfollows:. thefirst
columnisassignedto diding velocity (A), thesecond
columntonormal load (B), thefifth columnto fiber con-
tent (C), theninth column to diding distance (D) and
thethird and fourth column areassignedto (A x B),
and (A x B),, respectively to estimateinteraction be-
tweendidingveocity (A) and normd load (B), thesixth
and seventh column areassignedto (B x C), and (B x
C), respectively, to estimateinteraction between the
normal load (B) and fiber content (C), theeighth and
eleventh columnareassignedto (A x C), and (A x C),
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respectively, to estimateinteraction between thediding
velocity (A) and fiber content (C). Theremaining col-
umnsareassigned to error columnsrespectively.

RESULTSAND DISCUSSION

From Table 3, theoverall meanfor the /N ratio of
thewear rateisfound to be 83.88 db. Figure 3 shows
graphically the effect of thefour control factorsonwear
rate. Theanaysisis made using the popular software
specifically used for design of experiment applications
known asMINITAB 14. Beforeany attempt ismade
tousethissmplemode asapredictor for themeasures
of performance, the possibleinteractions between the
control factorsmust be considered. Thusfactorial de-
sgnincorporatesasmplemeansof testingfor thepres-
enceof theinteraction effects.

TABLE 3: Experimental design using L ,, orthogonal array
Fiber

Siding Normal Siding Wear rae

g S/Nratio

No veodity load content digance \évs (db)
"Accm/sec) B(N) C (%) D(m) (mm7N-m)
1 210 10 0 3000 0.0006736 63.4320
2 210 10 8 4000 0.000550 66.5960
3 210 10 12 5000 0.000046 80.4790
4 210 20 0 4000 0.0000282 91.0000
5 210 20 8 5000 0.0001414 76.9930
6 210 20 12 3000 0.0002300 72.7690
7 210 30 0 5000 0.0002403 72.3890
8 210 30 8 3000 0.0000%63 80.41%0
9 210 30 12 4000 0.0001906 74.3980
10 261 10 0 4000 0.0000600 84.4440
11 261 10 8 5000 0.0000082 101.704
12 261 10 12 3000 0.0002183 73.220
13 261 20 0 5000 0.0000034 109.475
14 261 20 8 3000 0.0000618 8&4.1790
15 261 20 12 4000 0.0002167 73.2820
16 261 30 0 3000 0.0000331 8&.5910
17 261 30 8 4000 0.0000479 85.3970
18 261 30 12 5000 0.0002501 72.0380
19 314 10 0 5000 0.0000017 115.65
20 314 10 8 3000 0.0001476 76.6210
21 314 10 12 4000 0.0002893 7M.770
22 314 20 0 3000 0.000088 100.19
23 314 20 8 4000 0.000021 113.630
24 314 20 12 5000 0.0004016 67.9240
25 314 30 0 4000 0.0000128 97.8310
26 314 30 8 5000 0.0000116 9B.6960
27 314 30 12 3000 0.0002576 71.7830

Anaysisof theresult leadsto the conclusion that
factor combinationof A, B,, C, and D, gives mini-
mum wear rate. Theinteraction graphsareshownin
Figure 4. Asfor as minimization of wear rateis con-
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cerned, factors A, C and D have significant effect
whereasfactor B hasleast effect. It isobserved from
Figure4 that theinteraction between A x B shows least
sgnificant effect onwear rate. Smilarly, interaction be-
tween B x C also having second highest significant ef-
fect ontheoutput performance as shownin Figure5.
But thefactorsA and C individually have greater con-
tribution on output performance, and their combination
of interactionwith factor A and CisshowninFigure6
have greater effect on wear rateand fromthisanaysis
thefactor B hasleast effect on the specific wear rate
but itseffect in combinationwith other factor likefactor
C havesignificant effect on the output performance.
Hence, factor B can not be neglected for further study.

Main Effects Plot (data means) for SN ratios
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Figure3: Effect of control factorson wear rate

Interaction Plot (data means) for SN ratios
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Figure4: Interaction graph between AxB for wear rate
ANOVA and theeffectsof factors

In order to understand aconcrete visualization of
impact of variousfactorsand their interactions, itisde-
srabletodevel op analysisof variance (ANOVA) table
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to find out the order of significant factorsaswell as
interactions. Table4 showstheresultsof theANOVA
withtheerosonrate. Thisandysiswasundertakenfor
alevel of confidence of significance of 5%. Thelast
column of thetableindicatesthat themain effectsare
highly significant (al havevery small p-values). From
Table 4, one can observe that the fiber content
(p=0.049), diding velocity (p=0.107) and diding dis-
tance (p=0.370) havegreat influenceonwear rate. The
interaction between sliding velocity x fiber content
(p=0.288) and normal load x fiber content (p=0.743)
show significanceof contribution onthewear rateand
thefactor normal load (p=0.564) and diding velocity x
normal load (p=0.969) present |esssignificanceof con-
tribution onwear rate.

TABLE 4: ANOVA tablefor wear rate

Source DF SeqSS AdjSS AdjMS F P
A 2 1084.3  1084.3 542.2 3.33 0.107
B 2 205.8 205.8 102.9 0.63 0.564
C 2 1698.1  1698.1 849.1 521 0.049
D 2 384.7 384.7 192.4 1.18 0.370
A*B 4 80.5 80.5 20.1 0.12 0.969
A*C 4 10446 1044.6 261.2 160 0.288
B*C 4 320.8 320.8 80.2 049 0.743
Error 6 9779 977.9 163.0

Total 26 5796.8

Confirmation experiment

The confirmation experiment isthefind testinthe
design of experiment process. The purpose of the con-
firmation experimentistovdidatethecondusonsdravn
during theandysi sphase. The confirmation experiment
isperformed by conducting anew set of factor settings
A B,C.D,topredict thewear rate. Theestimated SN
ratio for wear rate can be cal culated with the hel p of
following prediction equation:

M =T+(A;=T)+(Co-T)+[(A,C5-T)-
(A,-T)=(C3-T)]+(B,-T)+ (€)

[(B,C3-T)—(B,-T)~(Cs-T)1+(D,-T)

n, Predicted average, T Overall experimental average,

A,,B;,C; and D, Mean response for factors and interac-

tions at designated levels.
By combining liketerms, the equation reducesto
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m =K1€3 +§1E3 —63 +D2-T 4

A new combination of factor levelsA ,B,, C,and
D, are used to predict wear rate through prediction
equation anditisfoundtobe n, = 74.97dB . For each

performance measure, an experiment isconducted for
adifferent factors combination and compared with the
result obtained from the predi ctive equati on as shown
inTableb.

TABLE 5 : Results of the confirmation experiments for
Erosonrate

Optimal control

par ameters
Prediction Experimental
Leve A1B:CsD, A.B:C;D,
SN rat'o(fé’g)wear e 749741 73.1147

Theresulting model seemsto be capable of pre-
dicting wear rateto areasonable accuracy. An error of
2.48 % for the S/N ratio of wear rate is observed.
However, theerror can befurther reduced if the num-
ber of measurementsisincreased. Thisvalidatesthe
devel opment of themathematical mode for predicting
the measures of performance based on knowledge of
theinput parameters.

Factor settingsfor minimum wear rate

In thisstudy, an attempt ismadeto derive optimal
settings of the control factorsfor minimization of wear
rate. Thesingle-obj ective optimization requires quanti-
tative determination of the rel ationship between ero-
sionrateswith combination of control factors. In order
to express, wear rateintermsof mathematica model in
thefollowingformissuggested.

Ws=K+K;xA+K,xB+Kzx
C+K,xD+KgxAxC+K gxBxC ©)

Here, Wsisthe performance output termsand K. (i =
01......... 6) are the model constants. The constant
arecaculated us ng non-linear regression analysiswith
the help of SY STAT 7.0 software and the following
relationsare obtained.

Ws=1.899-1.550x A -0.403x B - 1.592x
C-0.237xD+1.826x AxC+0.335xBxC (6)

r?=0.96
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The correctnessof the calculated constantsiscon-
firmed ashigh corrd ation coefficients (r?) inthetune of
0.96 are obtained for Eq. (5) and therefore, themodels
arequitesuitableto usefor further anaysis. Here, the
resultant objectivefunctionto bemaximizedisgivenas.

MaximizeZ =1/ f @)
f Normalized functionfor wear rate

Subjected to congtraints:

A SAZA (8)
B, <B<B, _ ©)
C,..<C<C__ (10)
D,.<D<D, . (1)

The min and max in Eqs.8-11 showsthelowest and
highest control factors settings (control factors) usedin
thisstudy (Table 1).

Genetic agorithm (GA) isused to obtain the opti-
mum valuefor single-obj ective outputsto optimizethe
single-objectivefunction. Thecomputationa agorithm
isimplementedinTurbo C* andrunonan|BM Pentium
IV machine. Geneticagorithms (GAS) aremathemati-
cal optimizationtechniquesthat smulateanatura evolu-
tion process. They are based onthe Darwinian Theory,
inwhichthefittest speciessurvivesand propagatewhile
thelesssuccessful tend to disappear. Genetic dgorithm
mainly dependson threetypesof operatorsviz., repro-
duction, crossover and mutation. Reproduction isac-
complished by copying thebest individua sfrom onegen-
erationtothenext, what isoften caled an ditist Srategy.
Thebest solutionismonotonically improving from one
generationtothenext. The salected parentsare submit-
ted to the crossover operator to produce one or two
children. The crossover iscarried out with an assigned
probability, whichisgenerdly rather high. If anumber
randomly sampledisinferior totheprobability, thecross-
over isperformed. Thegenetic mutation introducesdi-
versity inthe population by an occasiona random re-
placement of theindividuas. Themutationisperformed
based on an assigned probability. A random number is
used to determineif anew individua will be produced
to subgtitute the one generated by crossover. The muta-
tion procedure consists of replacing oneof thedecision
variablevauesof anindividua whilekeepingthere-
mai ning variablesunchanged. Thereplaced variableis
randomly chosen anditsnew vaueiscd culated by ran-
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domly samplingwithinitsspecificrange. In genetic opti-
mization, popul ation s ze, probability of crossover and
mutation are set at 50, 75 %, and 5 % respectively for
al thecases. Number of generationisvariedtill theout-
put isconverted. Table6 showstheoptimum conditions
of thecontrol factorswith optimum performanceout put
givesabetter combination of set of input control factors.

TABLE 6: Optimum conditionsfor perfor mance output

Control factors and

Performance characterisics Optimum conditions

A: Sliding velocity (cm/sec) 209
B: Normal | oad (N) 24.75
C. Fiber contert (%) 6.336
D: Sliding distance (m) 4710
Secifi c wear rate (mm?*/N-m) 0.000844

CONCLUSIONS

Inthiswork, an attempt has been madeto devel op
ahybrid composite (polyester, pine bark and cement
by-passdust asafiller) material to study the wear rate
of thecomposite. Factorslikediding ve ocity, fiber con-
tent and diding disanceand thair interactionshavebeen
foundto play sgnificant rolefor maximizationsof wear
rate. In order to optimize the objective, mathematical
mode isdeveloped using non-linear regresson method.
The confirmation experiment showsthat theerror as-
sociated with specific wear rateis2.48 %isobserved.
Thisstudy aso used, GeneticAlgorithm, apopular evo-
lutionary approach, to optimize thefactor settingsfor
minimizespecific wear rate under specific experimenta
conditionshave been determined. Therationaebehind
theuse of geneticadgorithmliesin thefact that genetic
agorithm hasthe capability to find the global optimal
parameterswhereasthetraditional optimization tech-
niquesnormally arestuck up a theloca optimumval-
ues. In future, the study can be extended to find out
better wear rate by using different work materials, and
hybrid optimization techniques.
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