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Alpdne WNanopertiole Conposites (ENARAN). ENRANT wee
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ANOVA for eech chosen el with confide nce levels preater
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Hanffleance gf each fhetor shadied.
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I. INTRODITCTION

Components based on nibbery materials are cracial and
play a very mportant role n engineering processes and
pwoducts. In recent years, natiral mbber (ME) has been
widely used in antoenobile components, ke livings, seals
and zaskets [1], engine mounts, gears, carms, and bearings,
due to it excellemt strength, fatpme msistance, high
resilience, ard low lewel of strain semsibivity. It 15 the
elastomer of cloice for a maomty of applicatiomns
mvolving high stress ard cyelic flexing. Howewer, HE 5
characternized by poor resistance to oxygen, ozome,
hdrocathon solverts, and heat. NE 15 not suitable for
maryr applications  that requir long-term resistance to
corbimous ternperabures abowe 100 °C or exposure to oils
and solwemnts [2] The itwducton of eporidized natiral
nibber (ENE] in 1522 [53] and the comtitmons developmert
n the process amd properties of elastomeric compesites
have been the efforts exerted to fill the zaps m the
Lirnitations of HE.
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ENE 15 a denvative of natral mbher produced theough
chemical modification [3] with epoxide groups randoaaly
dispersed along the mbber moleoules. Almost like NE, 1t
has the ability to strain crystallize becanse of the
sterecspecifity of the epoeridation reaction. Tlos, strain
crystallizes the eponide cxyzen ENE inits spatial position.
Oaring to its kigh miscibility and more polar urits [@4-5],
ENE offers unique propertes, such as good oil resistance,
loar zas permeability, hizh wet zrip, rollng resistance,
good damping properbes, and sigmficant strength, The o
resistance of ENE 50 wilcamzate has been reported to
approach the characteristes of medmm-acrdcemibile-
content mtile mbber and to marpass that of CE [4-3]. The
resistance to ailr pemnesbility of ENE 50 has also been
claimed to be comparable to butd mbher and medmm-
acrylomitrile-comtent mitrle mbber [4-5] In addition,
irorgame fillers conld be more easily dispersed in polar
polymes conpared with non-polar polymers, such as HE
[B-5].

In the mamfactire of mabber products, the blending of
ribbers and the ineorporation of varons fillers produce
newr materials with a wide range of applicaticrs becanse
ribbers have potential to conbine the attractive propetiss
of their coms ihert conpourds [9]. In additon, rmmerons
choices of inorgamic materials are available, whether nano-
or micro-sized particles, which can be used to modify the
properties of polymerc matenals at different wolume
frachons, shapes, and simes [10] Eecemly, ENE-based
elastomeric composites have become an attractive mbject
of research becanse of their wversatility and ability to be
reinforwed with variols types of fillers amd reinfowing
phases. Simce 1385, extersive stadies on mcorpomting
variows filles, smach as silica [4,511,12], cathon black [13-
14], nece losk ash [15-18], chitosan [17], and so on, have
been conducted. In recent years, researchers have slufled
therr foms from muero-sized fillers to nanofillers, cwing to
the unprecedented combinations of properties ohserwad in
some polymer nanocomposites since the “discoveny of
cathon manotbes in the early 1990 [18] For instanes,
crgamoclays [A2 19, cathon nanothes [20], alumina



rmanoparbclas [21-24] amd silica manmoparticles [25] have
been added to varions types of polymers.

Ahinira has been weooghized as a stectiral materal
with an extremely high melting point (2050 C), high
hardness, and capabibty of formune divese shapes and
fainctons [25]. The ieorpotation of namo-scaled abinina
has been ohserved to increase mechanical propertes [£7]
ard fractire toighress [28], as well as wear msistance
[23], dielectric constant [30] and so on of the polymer
composites. Although conventional alinuna s recogmzed
as a comunercial material and has been proven to inprove
the mecharmical properties and high the rmal performarnce of
polymers, very little Lteratire discusses this e [30].
Thas, the attempt to  produce alinuna-composite-
reintorced ENE (ENEAN] 1n cur stadysmee [31-33] ains
to explare the potertial of ahimine nawoparticles foruse as
fillers in the ENE matrix. The effort has also atteacted
other rese arc hers who compared the performance of micro-
sized and nanc-simed abimuna parbcles m the HE matix
with the presence of ENE as compabbilizer [23]. The
addition of alumina was found to improve the mechanical
ard owidation properties of ME, and the properties are
farther enhanced with the use of alumina maroparticles.
The stadies [23,231,33] showed that mterachons betareen
the alimona ard the mbber mabin emst, a5 provenhby the
ince ase i the oros slivk density of the compesite.

In the efftrt to cointer NE limitason and offer a
material with a new set of properties 1n marfactunng
processes and products, ENE was incorpomated with hard,
ahrasive, and thermalimsulated parbcles of alinona in our
research. This step ainws to produce matenals with vahe-
added propertes, which can be wused in applicatiorws
involving expomre to mlatively high tenperatires with
significant hardness and impact stiensth, as well a5 zood
processabiity of the materials. Apart from our previous
wotk [31-35], this study tries o establish a mathematical
comelation, 5o called regression model, mpresemting the
effects of the formmlation (filler loading and chermical
modification] to the properbes of epoxidized nabiral
mbberalimuing manoparbele composites (EHEALN). The
comelation was done using a statistical tool named
“regression analysis” using Mistorical data desizn through
the ®sponse surface methodology methad. It was done to
esimate the gquambtative effect of the mdependent
varlables upon the res ponse that they mfhience. Then, the
“statistical sigrificanre™ of the estitnated relaticys hips was
assessed and mstified in terms of the degree of confidence
that the tue relatiowship is close to the estimmated
relaborship and the expenmerdal analvsis of the s amples.

Processability of a composite 15 hughly depending on
additional chemicals added into rawr materials dwing
processing stage. Wanoas chemicals are imcorporated to
improve or control either processing or final properties of
composites. Silare coupling and compatibility agents are
widely used m the mbber wdushy today They are
believed to promote adhesion thwoush the formation of
strong, prmary interfacial bonds with hoth the pobamers
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and the inorgaric subs trates and to increase the winforcing
ahility of incezanie fillers to the nbber mabix [34]
Aeccording to Dharmendra et al. [35], the finctionalization
or smface treatment of the reinforcements with the
coupling agents 15 one of the methods for coute rac ing the
negative effect of fillers on tersile shength 4
compatbility agent is a cherical that has toro cherical
segments: the chemical segment that comrect o tle
polymer, and the chemical segment that cormects to other
polyies to form covalent bonds betareen the twro phases
[38]. The use of compathility azent will reduce the
terdency of phase separation by irrreasing the adhesion
irterface of both the matnx and the reinforcements. The
coupling and conpabbility agents mwestzated n fhus
study were J-anunopropyltiethosysilave [34] and maleic
anhypdride [57], respectvely.

1II. EXPERIMENT
A Materials

Table 1 shows the fommlabon used 1n thus study, ENE
was supplied by Malaysian Fubber Board under the trade
name, ENE 50 with a 55% epowddisation. The aweragze
Mooney viscosities measured at BL (1 + 4) 100°C 15 85.5
and the average specific gravity at ~25°C 5 05586,
Alumina  nanoparbicles  were  supplied by tle
N arostmetured & Amorphous Materials Ine., US4 withan
averaze diameter of 30-80 nm. Other compounding
ingredierts such as mlplr, mine owide, ard stearie acid
wew michased from SystermiClassic Clemicals 3dn
Bhd.; tetramethylthinam dimlfide (TMTD) fom Aldrich
Chemistry, N -cyelohexvhenthiazyl sulphenanude (CES)
and W4 1,3-Dimethodbatyl)-H'-ple wyl-p-phend eredianire
[BFPL] were supplied by Flaxsys America, 54, Bath 5-
antnopopyitiethongesilane and  maleie anboadnde was
parchased fom Sigma-Aldnch.

B. Preparation & testing of ENFEAN:

The conpounding process was pedonned according to
A STH D-3192 [51] and carvied ont using an internal mixer
[Haalke] working at 20°C amd a rotor speed of @0rpm for &
min [52]. Firstly, ENE was masticated for 1 munbefor all
ingredients except salplmr were added and muxed for
another 4 nun. Finally, sulploar was added amd nuxed for
ahout 1 min before the mintare was dumped ard cooled
denarn ta room te wperatre.

Deteymanation of cure characteristics on unvilcanzed
sanples

TUnwlearized conpounds were wlled irta sheets of 0.7
cm thickness using two roll mull at mom temperature. Cut
samples with weizh approxamately 8 g were tested for one
characterisHos wsing a rheowmeter, Monsante ODE 2000



from Alpha Techmologies based on ASTM D2054-01
[3tandamd Test Mathod for BEubber Propertye-Vuleanization
s ing Oseillating Dise Cuwe Meater].

Table 1. Typical Famubtoe.

Bngrediets Loadivgs g
EHE 50 1m0
I codide an
Suior 15
Stearic acid 15
CESt 19
THTD" aa
GPED* an
SCAS (% d adlmira) 00or2n
HLAHT[% o BMR) 0020
Ak e 10, 20, 30,40, 50, &)
“ Parts per lunded mbher

b M-cyelobe syplh enthiazyl slphonanide

© Tettamathyltlouram disulfide

9H-( 1,3 Dimethydbutyl)-N'-phenyl-pphendenediamine
= Faminopropritiethooyrsil ave

"Maleir anbopdride

Testing and Analysis o vuleanized conposites

After 24 h at room temperatwre [3E], urmlearized
componrds were mived imta sheets approximately 5 mum
thick nusing a hot press Sciemist fiom LabTech
Engineering Compary, Lid., at a temperamre of 150 *C
and an applied pressure of 100 kgfem®. The curing time
was based on the results from the rheometer analwsis. The
mass of the compoand to be molded was eshmated from
the wolime of the mold cavities and the density of the
compoard. At the end of the molding process, every
sample wras cooled at 20 *C for 3 minwsing FAN AZIA
Industrial Coanling syster, Lid.

TUmformity of filler disttuton was deterrned from
umpact frachire mrfices using 5 EM EVOS0 from ZEISS .
Far each sample, at least tleee nocrographs were talen at
magnificatiors of 500x and 2000x to enmre hizh
corfidence lewel in data amalysis. Chiadrat method wras
wsed to measure the unifornity of filler distrihution in the
composite through the skewness valie [39]. In the quadrat
methed, the SEM mucregraph was divided mnto 50 guds of
squate  cells. Then, the mmber of wvisible parbeles
cortained in each cell, Maq, was comnted. The shewness or
skew wvalie, [, which is the randonmwess of the particle
distrhution in the ENE matdx, was calmlated according
to Eq. 1.

g —2L (M)g

lg-1}q-2 a (b
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whera,

q = the total muwh er of quadrats

My, = the mumher of particles contaired in i square;
with(i= 12, ...q)

MNP = the wean of the mher of patticles per square

o =standard deviabion

A differential scawing calosmets (D3C) (Perldn
Elmer Tade) is used to ohtain the T, of the wilecanmzed
s arnples with a tempsratare ramp from -80 to 120 *C at 10
*C min” . The messuwement is performed thiee times for
evary sanple. The outliers were discarded, amd the mean
was caloilated from memanng values to emwure the
walidity of the data.

C. Experimental design

Establishiment of regession model ard amalysis wem
carried out by Response Surface Methodology using
Design Expert® software (Stat-Fase Inc., Statishcs made
easy, Mineapolis, MHN, U3, Wersion A.0.10). Historcal
data desizn was selected since the respomwe data wras
avallable. Independert wamables or factors m ths stady
wer loading of almina parbeles (X1 chenueal
modification wing 3CA (X2), ard chemical treatment
using MAH (X3 with levels of vanables as tabulated in
Table 2. The 1 vahies awe mimencal factor with valie of
10 plw, 20 phr, 30 phr, 40 ple, 50 phr and &0 ple. While
X2 and X3 were categorical fartors coded with wahie of 1
and -1 represemting the presence or ahsence of the
partionlar chemical in the formmlation. Additon of SCA4
and MAH to the formmlation was 2 percent of the filler
loading and 2 per cent of matrix respechvely, as shown in
Table 1. The responses (dependent wariables) mvmlred ave
the value of maxmmam tomue, MH (Y1), nonrum torque,
ML [T2), ure ine, t90 (T3], scorch e, £2 (V4), and
skawress (¥ 3). Cure charactersitics mpresermted by T1,
T2 T3 and ¥4 are very Dnportant characteristios which
define the processability of the conpound, the dymarmic
natire and the degree of filler-mabix nterachon in
ENEAN . Mearwlule, skewness mpresemts the disttbution
of abwmina pamicles and indirectly plays a rale as an
indicatar of properties nribamity.

Historical data design in this study consists of 24 sets of
experiment with a desizn matrix listed in Tahle 3. Each set
of experimert represents a different formmalation of
ENEAN . For example, the experimment mmmber 10 (Table
51 shows the ENEAN formlations at filler loading of 40
phr (coded walie = +0.2) with the presence of 5CA and
absence of BMIAH.



Tabk 2. Lemels of Warinhlkes.

Fillx kating SCA MAH
k) B (% ¥ mark
10i-1.10) 0-1) 0i-1)
A-0.6) A+1) 2+
0j-0.2)
40(+0 2)
0+ 5)

B0[+11]

Table 3. Hlisterical Tta Design Mairiz:.

Codedvarishle
Bxpeaiment  Fillerkaling, X,  SCA X, MAM,X;
1 -10 {13 {13
2 06 {-11 {-11
3 02 {13 {13
4 0z {-13 {-13
5 06 {13 {13
@ 10 t-1} i-1
7 -10 i1} {-1%
) 04 il i-1
0 032 {1} {13}
| 0z i1y {-13
11 06 {1} {13}
12 10 i1y {13
13 -1n i-1% i1}
14 08 {-13 i1
15 -0z i-1% i1}
16 0z {-13 i1
17 06 {-1% i1y
13 mn {-13 i1
19 10 {1} {1}
an 08 i1y i1
a1 032 {1} {1}
22 nz 11 {1}
a3 oA i1t i1t
24 1 i1y Q1%
III. RESULTS AND DISCTIS SION

From  experimental findings, an  approdmate

palynommal relationship for deperdent varab les (respomse)
was obtained. The result of this design was used to fit a

T4

second-omder polynomdal [@O0-41] in Eg. (2], which
ircluded all interaction terms.

1% L L
T = B, + Ly + Zhx’ + ZERxx + 8 (2)

(R3]

where Vi1 the predicted response and £ 15 2 rardom
error. In this stady, & = 3 was taken since there were three
indeperdent  variables  wrwlved. The mathematieal
relatiomslip comectnz the thwee wvariables and the
resporse from Eq. () becomes,

T =B+ BE + B, + B+ ByXf + Bl +
Bl +B o Eot B o E Ko B (3

where, ¥ 15 the predicted ®sponse; By s the offset term,
B|,B-a, ani B;ar\e ﬂE lmear CDEH’IEiEn‘fS', B||,B-n, -:‘lrd Bss
ave the quadratic coefficients; By, B; and B, are the
cross-product coefficlents; and X, X, and X, are the
indeperdent warizhles. The mesponse mrface quadratic
model for the stadied svwtem comsisted of tlree cubic
models (MH, ML and t), 2 quadratic medel (t,), and a
tero-level factoral model (skewness). The model selected
for each response was based on the lughest prionty mn
accordance with the polynormial level and the lowest P-
vahie. The dhserved wvalies for each respomse were
compared with the predicted walies gererated by the

softer arensing ESM (Table 47
Tabk 4. Brperm evta 1amnd predicted wake of Tespass .

ra Coparirared, ¢ (AP Pradbead, Fidfir)

3 2 ¥, v, 3 13 13 L3 T T
1 ] i anz X H [ a0 T TaE Lica [T}
i e L »al 125 e e L TEE Le= ag
a al 07 =] 1A ('8 - +51 T4 Lia oad
i e ax =3 13 [ e - L =T L oM
a xEl L a3y = oss =i L= A E L [
& A0 (10 & LT ['8-=] el Ak FAL L oax
7 ot £ (B nsd [ ot i ) 1 o5a o
L] s [-1- L= [=r) [ Al o (&=~ o e
@ o Bl L3 odl &) et [Tl 1% ala o
[['] Sl [[irrd LiL Ve ol e rd [Ny [t ol [
n A it [N [ [ akls .25 [T o s [
1z onw 1253 [} alg [ i (=1 [T-=] [ [t ]
(=] iy ([T Lal 1a1 =] ) e el L o
[E A 122 L3 133 i T (=3 Y gl Lla naE
(L] o 1554 % 10 i o (-0 i Lia i
[ A (LAY i (E="+] o 12El (L8 asl L A
" 4150 1647 ix 12 A Lt [r b al Lia A
la i -1 X 144 A s lai e L A
1a me -1 Lal = aal ) alg L2 Zla ao
an el ] 1 L0 (L] o nia sy o L g
x A 1213 s LiL Tan = & e Lal a3
i A1 Ta [ ax 133 Tl LLTa 1321 ala Lk &Ed
Fel Adda [Frr im 1 A Lo (%] a7 L Fd-
ol Aan 12 axl 128 - L5 12 alL L A1)

From the observed valies, a regression equation for the
selected model for the resporse, ¥, as a fmetion of ple
alumina particles (], presence of SC A (4], and presence
of MAH (X)) was denvwed. The regression equation for
sach wsporse of ¥, Ty, Ty, Ty, and ¥ are wrtten inEqs.
(47 to (21, Al model terms, whether sizmficarnt or not, are
included in each equation. This mathe matical relatinys hip
represents the quanbtative effects of the indeperdent
variables and their interarton efects 1o the msponse [42]
In ofher words, the coefficient 1s associated with variable
effects an the ¥ vahie. Coefficlents with meore than ore
factor term amd coefficients with high fictor terms



represert  the irtermeton terms  amd  the quadratie
relabonships. Positive walies reflect an effect that leads to
ophnazation whereas negative vabies are factors that zive
opposite effect on the response [42]. The siznificance of a
comstant willbe represented by the Povalie, also knowrn as
a probability = F. Table 5 lists the P-walies for each ferm
of the model inwalved in the regression model selected for
each wsporse. & P-vale zreater than 0.05 wflacts 2 model
term that 15 ms1gmificant.

¥, o= 3554 + 62K - 117X, -+ S2F, -13X%° -
014X.0, + 1 855X, + 0AFN, + 222 X 027 X X, -
181 X°.X, + X.EX, (41

¥, = 1035 + 2174 + 04LY + 32300 - 0,145 +
O2XLF, + 015K - LN + 098X - 044050, -
032 X;%K, - 094X, XX, (51

I, = 266 — 055); - 033X, + 096X, + 021y -
D00EXLY, - DAY, +0.531K.K,

o= 1.03 + 002Y; - 032%, + 0228, + 02887 -
007X + 00BN + 0.32X0 - 028 5 + 011 575 +
01 X0 - 019 XX (7

.= 173 - 000Y, - 00LY, + 1170 + 004X, -

00eX . X+ 004X .Y, (=]
Tahle 5. Frabe for eachm odel term .

Mold ¥, ¥, ¥r ¥ ¥,

Source

X 200001 0oon4 =001 0s811 ooz

i 0nnas 00340 200001 <0m0l 04005

Zr 200001 < 00001 < 00001 anoi2 <0000l

X ool 05124 nnxas ooz -

B 0A506 00963 02646 0.1254 onLEs

A onnnl 03535 nnlas 0nes 0nooLs

Eakr ool <0000l =00001  <00001 00057

xn 0n3m an&Es anie

EAE 05052 0.1326 01505

A5 0nnzs nz7a1 01779

TR onnsa = 0.0001 00006

From the regssion Eq. (4 and the P-vahie (Table 57
MH wras fourd tobe deperdent on the linear terms of X4,
¥, and X, which refer to the total loading of ahimina
patticles, the presence of MIAH, and the presence of SCA.
Zimilady, the squared and oubic terrns of X, wmiér to the
interacton  terms of H(E, XX, and X EE
Hewvertheless, the lnear terms of X, and Z; showed the
highest impact to MH, with positive coafficiernt values of
£2 and 52, respectively. This result indicates that the
additon of abwwmina particles and MAH, separately or
together, will increase the MH walue, wlich is proven by
the positive wahie of the coefficient of interacton term
0¥z and the Povalue equal to 00001, On the other hand,
regative valie of the X, coefficient (- 1.17) showrs that the
prsence of SCA will only reduce the walie of MIH.
Althoigh it was combired with mereasing filler loading,
the megative effect to BIH of the presence of SC A4 cannot
be elimunated . However, the negative effect of SC4 canbe
improved whenused i conmucbon with MAH or when all
thiee (ablimuna, 5C4, and MALH) are mixed in a
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formlation of ENEAN . This effect is represerted by the
coefficients of mteraction term .23, and X, E.X,, which
wewe equivalent t0 + 0.8 and + 1, respectively. However,
this effect is more trvial than the individual effect of the
aluruna particle loading mio the ENE mabix becanse the
alumina particles have good compatbility with the ENE
matrix, even without chemical teatrrert. MH repmsents
the effect of the filler wirforcement of 2 matix [8]. Henee,
irncreasing the MH vahe 15 an mdirect mdication of the
reinfowemert effect of ahimina particles on the ENE
matix. The remforwement effect of aluinima in ENRAN
increased as the filler loading and MAH increased.
Honetheless, fhis effect was mduced by the addition of
SC4 o the ENE matix

The dacreased reinforwement effect in the presence of
SCA 15 contrary to the effect of wsing silane conpling
agents in silica-reinfbreed mbber composites . One obvious

[Bason is the compounding process. In addition, 5CA4

directly mixed into the mixtire 15 less effective. In most
stadies, the coupling azents were pre-trated onto filler
surfares before they were added irto the mixtire during
the compounding process [12,43]. The observed declhine in
MH 15 also due to the meoreasing toughemng effect when
SCA4 15 presernt in the mixtime, aswhen alhimina was added
to PRIMA [21-22]

For the response ¥; in Eq. [(5), wlich mpresents the
vahie of ML, the factor that had the sreatest efféctwas the
preserce of MAH (), follored by alumina particle
loading (X)), and then by the nterachon term betareen
SCA and MAH (XX, These three termns were + 3275 +
217, and - 1597, respectivel v Most of the iteracton and
quadiatic ters give negatve effect to the ML value,
except for the interacton of 3,2, and ¥\, Based on the
Povalues from Table 5, only foar terms (X, X, X, and
X5 ave sigmficant factors. The mbe graghin Fiz. | s
the afftet of the terms X, ¥,, and X, and their imte ac ion
with the value of ML, The lowest ML vale was obtained
at 10 phr alumuna parbeles loading, withomt 5C4 and
MaH Th results predicted by ESM are in good
agreement with the experimental results showrn in Fig, 2.

ML represents the melt viscosity. & hizh ML wahe
irdicates high viscosity of the melt matenal dunng
vulcamization. The presernce of MAH 15 a major factor that
plays arole in inecreasing the ML value of the melt, which
is the comequence of the “selective nicwstncture™ that
formed m the ENEAN becanse of the prsence of MAH
during compounding (Fig. 3. “Selactive nicrastuchire™ is
ohserved when the material stuctive is divided irto taro
separate awas of high filler concentration and hizh matrix
concentration. The atea of high filler concentration acts as
a relatively large body amd prevents the movwement of
macromalemiles during the wvalcarmzation process of
ENEAN. The chstmcton to flowr increases the viscosity of
mibber melts under an applied force and tempemture.
Extremely high viscosity of the melt 15 not pracheal
becase of diffiemlty in the processing and production of
materials with non-umfbrm properties. Although the



prsence of SCA abo conbdbutes to an increase
viscosity, the effect 15 lower. This behavior 15 evident from
the umform dstnbuton of the filler particles on the
composite facture sarface (Fig. 5.
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Fig. 2. Minimum torque (ML) af wrions fler bading of for diferant
EHEAH: cxtem .

For the cure time (4] or ¥; mspomwe m Eq. (8], the
significant terms were X, Hy, Ea X4 HL and EE,
[Table 4). This wsult means that all the thiee variables are
important in the cpindzation of the t, value. However, the
loading of alurmina particles and the presence of SCA,
either ndividnally ar in combination, will orly lower the
tyy vahie m Eq. (4). This behavior mears that both factors
act to accelerate the maring reacton of ENEAN during
wlcanization The uriform and small size of the dispered
ahimina particles in urtweated ENEAN and SCA -treated
ENEAN (Fiz. 31 play a role in the reducton of the t
value., This msult 15 due to the iflience of particle size.
The smaller the parbicle size, the higler the parhele mrface
area available for reacton Thas, as the rate of the
wlcanization reaction becomes faster, the mre time is
lessened [15].

Ta

Area of high matrix

conczntrtion
s -

Fiz. 3. Compariedn of mimeetmicore of (3 ) EMEAN-G0/5C Anardh (b)
EHFLA - 60N AH at magpific atioe of S00x.

The presemce of MAH lowemd the rate of curing,
except when conbined with mecreasing filler loading o
the muxtare. The t, ¥ mversely proporbonal to the
increase in ahimina particles. The preserce of MAH is
suppotted by the imeraction graph (Fiz. 4). Cleady the
vahie of t for ENEANS/MAH was é0% higher than
untreated ENEAN. Howewver, the regative effect on tw
decreases with increasing ahinuna loading m ENEAHN,
whirh iz evident from the micrograph comparison in Fig.
&. Increasing the alumina parbicles weduces the density of
the large agglomerates in the matenal. The addition of
SCA with MAH in the mixtures inproved the distdbuton
and natare of the dispersed parbicles (Fiz. 8] Tlus, fhe
effact of parbicle sime on wachon rate was also reduced.
Eeferring to the cube graph in Fig. 5 the highest t,, was
ohtained in the mivtire of alumina particles at mininmm
loading in the preserce of BMAH and i the absence of
SCA.



CRAR

Usg [rwins daimae -
[
X=A Filler loadaig (phit : .
Y=C MAK
& Deekps ok RRIETE =
-
® 03 wifionl MAR = i
& C2 with WA tw t I
Reaal Boetrs P L
B SCA =wboeiSCA ol S
v n +
LR ]
056
T T T T T
(L] 22 50 35 O 4T .50 [alle o
A FEleTiouemg (par
Fiz. 4. hteraction graph betaresn factar avd teg mabae.
Ban [f2001) tye (i)
.}( = ; ﬁl::: toating (piT = NP
d=L _".I:‘_?I
-
e
B:SCA
38 S @
£ LMAH

B
A: Filler iowctng [par)

Fig. 5. Cube graph for comeltion betmrea parm ster Aithit o, make.

Seorh ime (t,) is the Hime offset during which a mibher
conpound can be workable at a given temperatare before
curing begins . An optimal vahie of t, 5 needed becanse
when t; 15 too low, the mbber compound has inadequate
timne to ill up the monld, thereby producing products that
do not meet the specificatiors. Based on the zenerated
regression in Eq. (7L 1, mwalves the lughest polynonmal
leval—a mubic model. Cleatly, the ®latonslup amons the
pamaneters of the msporse 15 complex. As shown in Table
5, Eo, Ea, 0, s, and EE.Es awe significant temms
with P-values lower than 005, Although the inear tems
of the alimina particle loading are rot significant 4o the
systerm, the squared term and the imeraction terms of X,
gives the inpression that the factor X | is stll an important
factor that increases t;. 45 canbe seen fiom the regression
niodel in Eq. (7)1, incwasing the alinina particles lowrers
the t, vahes in ENEAN, and a sinular effect 15 produced
when it 15 added separately or together with 3CA and
MAH. Howewer, the presence of MAH can help mncrease
the wahie of t, to 0.2 times, ard it showrs a positive effect
when imcoporated with increasing filler loading and when
SCA4 is presert. The preserce of SC A in the formmulation of
ENEAN has a negative effact on ty, unless conbived with
MAH., This behavicr is represented by the mmteracton

T

graphin Fig. 7. Wlhen the loading of alumina particles s
fixed at 35 phr, the walie of t, will bhe dramatically
reduced. If S5CA 15 added to the solution, t: Icmases
s ligktly from the orizinal vale, when added together with
MAH. This behavior 15 due to the small parbicle size and
the spherical shape (Fiz. &) that accelerate the wacton in
the presence of 5 Ch .




Fiz. &, Changes of disrination, chape axd eme of dispersed alm ka
particks it () EHE AH- 100HLAH, (b) EMELAT- S0TIAH, (o) EFEAH-
GOMLAH, (d) EMEAH- 1005 CATLAT, (v ) EHE AH-30/5 CATLAH mad (f)
EHE AH-60/5 CATLAH Highlighted areas dwmed the area of high filler
cancerdration.

S lewress ([T,) represents the nmfbrmity of the ahimina
particle distrbution i EHEANs and 15 calculated using
quadratic teclmiques [39]. 5 kewrress (T 9] 15 very immportant
m enunng unftenuty of composite properbes . Dhie to the
corsistercy in filler dishibuton, a tera-lewel factorial
model was used to represent the melatonship bebtwresn
shewness and the X, X2 ad X; factor. From the
matheratical relatiowskip in Eq. (8), anly X, ¥, X2,
¥ and E.X: were 1dentified as significant terms by
EEM (Table 5). Factor X;, which represents the presence
of MLAH, plays an inportant role in the optinization of the
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shewress vale. The preserce of MAH fends to merease
the vale of ¥, except when combined with increasing
filler loading This mwlatiowhip s mmmarized in the
imeraction graph (Fiz. 8), where To 5 reduced by
increasing the filler loading. The reduction became meore
appatent when MAH was added imo the compoind,
whereas the efféct of SCA to Tywas only in the nmltples
of 004, as in Eq. (5). Although the presence of 3CA4 is
ahle to reduce the dispewed particle size ard o produce
more spherical parbicles (Fiz. &1 the factor X: is
mathematically less meanmgsfal to the umfoewmty of
alumina particls distibution in the ENE matdix. ESM
predicted that a maxinmm skewness valie as high as 3.04
will be obtained at nompnmam fller loading in the presence
of MAH and without the presence of SC4 (Fiz. 9.
Howewer, high skewness valies am undesirable to the
systern becanse they reflect lugh asvmmetry and less
uniformity of distibuton. 4 walue near zew (F ~ 0] is
required in a distatution [39].

i
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Table 6. AMOWAfor model of eachfactors.

¥ ¥ 2 ¥4 ¥5
55 1270 43375 3087 FET 3391
DOF 11 11 7 11 f
ME 11700 3043 441 047 543
Fyale 12174 L7 46 17017 3656 169974
F-valpe =001 <00001 <0000 <00001  <00001
Smadedd | 0282 0333 01610 01353 0068
Devizdon

09911 0993l 0&86T 0a7l0 N99EE
Fr 00830 05549 D9E0 0o44s 09977

The significance of welationsklip for each wgression
resporse was analyzed using ANOVA | and the model’s
ahility to mpresent the sytem was confirmed wing the
Fisher test (Test F1 and the comstant of determination, E:
The details of the ANOVA for each chosen model are
Listed in Table & The analyses showr that the confidence
level for each model wras greater than 99.9%9% (P-value =
00001y, The F wahlies for each msponse were 121794,
15746, 17017, 36.56 ard 169974, with the probability =
Fat = 00001 [44]. The positive values of F and the low
probabibty = F (Povahie] showr that each model has good
comsistercy between the observed and the predicted
values. Hence, the mathemabeal relabionslops of the
models am adequate o represemt the swtem under
cowidermbon [4], especially as shown by the high
coefficients of determiration B! (ie, 09911, 09921,
09887, 0.9710 and 0.99835) (Table &). With the wahies of
E? very close to union (B = 1), almost 100% of the
variation in the overall system was represented by the
model. This result shoars that the model is aceurate in
descnbing and predicting the pattern of sigmificance of
each factor stadied. The vahie of B abo exlthited good
agreementwith the vahe of the coefficient core labion, |F.

IV. CONCLUSIONS

The regression model of the process ability prope sies of
ENEAN composites was suceessfilly developed tlwough
ESM using Historical Data Design. The  selected
mathermatical model was adequate and effechw n
represemting the behavicy of the ENEAN conposites in
termns of processing abiliby and wufoermuiby m the finchon
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of selected irdependent wariahles imvalved in the study It
showred high confidence levels zreater than 93 9% and P-
vahies smaller than 0.05. The predicted responses fiom the
model were In good agreement with the chserved and
artual amalysis data in the laboratory. The selection of a
suitable regression model is crucial to ensure the validation
of data analysis and the accurate prediction of cptinization
decision
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