CHAPTER 1V

RESULTS AND DISCUSSIONS

4.1 Factorial Design 7 &\\&‘ V/////
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The normal probability c%mulatlve plot of the 2 % secant modulus
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whereas those far from the line are significant effect.

All variables, A, B, C, D and E are found to have significant effect
on the 2 % secant modulus. Significant two-factor interactions is (BE),

significant four-factor interactions are (ABCD, ABCE).
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Figure 4.1: The normal probability cumulative plot of 2% secant modulus.



66

The 2 % secant modulus of unfilled and filled-HDPE is shown in
Figure 4.2.
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Figure 4.2: The 2 % nt modulus of id filled-HDPE.
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In Figure 4.; an addition of CaCO,, talc, carbon black and a

combination ﬁ(ﬁﬂ‘)ij wﬂ:ﬂﬁfw 55914 95 phr increases the

secant modulu§iby 24.8, 16.1, 1 9.7 and 66.4 % respectively.
o
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0.2 % Offset Yield Stress

The normal probability cumulative plot of the 0.2 % offset yield

stress 1s shown in Figure 4.3

The variable of A, B, C and D are significant effect of yield stress.
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The effect of significant two-factor interactions (BE), significant

three-factor (ABE) and significant four-factor interactions (BCDE).
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Normal probability, (P jX 100)
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Figure 4.3: The normal probability cumulative plot of 0.2% offset yield
stress.
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The 0.2 % offset yield stress of filled-HDPE is shown in Figure 4 4.
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In Flgure 4 4). an addition of arbon black and a

95 phr increases yield

stress by 33.2, 16.9, u
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2 % Offset yield strain
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Thé normal probability cumulative plot of 0.2 % offset yield strain

' 5 and 552% respectlvely

1s shown 1n Figure 4.5.

The variable of A, B, C and D are found to have significant effect
of the 0.2 % offset yield strain. The significant two-factor interaction is
(AD, CE), significant three-factor is (ABE) and significant four-factor
interactions (BCDE).
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Normal probability, (P jx 100)
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Figure 4.5: The normal probability cumulative plot of 0.2% offset yield
strain.
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The 0.2 % offset yield strain of filled-HDPE is shown in Figure 4.6.
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Theé normal probability cumulative plot of hardness shown in

Figure 4.7.

The variables of A, B and E are found to have significant effect on
the hardness. Significant two-factor interaction is (BE) and significant

three-factor interaction is (ABE).
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Figure 4.7: The normal probability cumulative plot of hardness.
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The hardness of filled-HDPE is shown in Figure 4.8.
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Figure 4.8: The hardness .“:"i”“‘,' HDPE.~

In Figure 4.8 n addition of Ca Os, tam, carbon black and a
combination of ABCEbcontcn 30 15, 5 and 95 phr increase
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The normal probability cumulative plot of Izod impact strength

shown in Figure 4.9.
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Figure 4.9: The normal probability cumulative plot of Izod impact strength.



75

The variables of A, B, C, D and E are found to have significant
effect on the Izod impact strength.

The Izod impact strength of filled-HDPE is shown in Figure 4.10.
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4.1.4 Falling Weight
Absorption Impact Energy

ative plot of absorption impact

o

The normal probabili |» u

energy shown in Figure 5:--.
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Figure 4.11: The normal probability cumulative plot of absorption impact
energy.
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The absorption impact energy of filled-HDPE is shown in Figure

4.12.
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Figure 4.12: The absorptlo _energy of filled-HDPE.
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In Figure 442, an additic ; 5, talc, carbon black and a

combination of A DE content by 30, 15, 5 and 95 phr decrease
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The normal probability cumulative plot of falling weight impact

cracking deformation is shown in Figure 4.13.
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Figure 4.13: The normal probability cumulative plot of falling weight impact
cracking deformation.
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All variables, A, B, C, D and E are not found to have significant
effect on the of falling weight impact cracking deformation. All effect two
and higher factor interactions of A, B, C, D and E are not significant

interactions.

The falling welght i@\:\&u@e&maﬁm of filled-HDPE is
\_ 4 / —
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Figure 4.14: T@ M wjgyt]ij‘ar‘gamcgcng%]efmtgn of filled-HDPE.
Iﬁfﬁg ﬁﬁ gl?dgko}] onlg3,ul§,l :]arana)lack and a

combination of ABCDE content by 30, 15, 5 and 95 phr decrease falling
weight impact cracking deformation by 49.0, 44.1, 42.6 and 60.5 %

respectively.
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4.1.5 Differential Scanning Calorimeter (DSC)

Melting Point Temperature

The normal probability cumulative plot of melting point

temperature is shown in Figure 4.15. '+ o+

All vanables, Ay B

effect on the melting

found to have significant

Significant three-factor

interactions are (ACE, AF
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The melting point temperature of filled-HDPE is shown in Figure
4.16.

140
$)
o 130 N
& 1254 1256 12 3, 1267 1265
= ! \ 124
g
g 120 :
E ) ~
8 ' oy Coupiing Agent
2 TAC Agent
3 Mor v 3 pgort
'[ =
100 L e . .
1 V.. E  ABCDE
PIEL
) . W iassd - o |
Figure 4.16: The melting poi of filled-HDPE.
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In Figure 4.16, ar

combination of ABCBE cntcnt oy 30, 15, 5§ an'm95 phr do not change

M 1211 1) [ (RTE
TR UM INGA Y

The normal probability cumulative plot of percent crystallinity is

shown in Figure 4.17.
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Figure 4.17: The normal probability cumulative plot of percent crystallinity.
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All variables, A, B, C, D and E are not found to have significant
effect on the percent crystallinity. All effect of two and higher factor

interactions of A, B, C, D and E are not significant interactions.
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percent crystallinity of filled-HDPE.
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4.1.6 Heat Deflection Temperature.

The normal probability cumulative plot of heat deflection

temperature 1s shown in Figure 4.19.

The vanables of A, E irefound to have significant effect
on the of heat deflecti ..-., ‘ ' t of two and higher factor

nificant interactions.
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Figure 4.19: The normal probability cumulative plot of heat deflection
temperature.
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The heat deflection temperature of filled-HDPE is shown in Figure
4.20.
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Figure 4.20: The heat deflection te of filled-HDPE
In Figure 4.20, an : O, Elc carbon black and a

combination of ABCD content by 30, 15, 5 and 95 phr increase heat

deflection terﬂ fahird Q fﬂsﬂ?/g} 3.2/ and 3210/% respectively.
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4.1.7 Glass Transition Temperature

The glass transition temperature of filled-HDPE is shown in Figure
4.21.
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Figure 4.21: The glass trans of filled-HDPE.
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4.1.8 Density

The density of filled-HDPE is shown in Figure 4.22.
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4.2 Mixing

A plot of torque and melting temperature against the time of mixing

was obtained for the HDPE composites of all compositions. A sample of

the plots of the torque requlred ixing over the mixing periods of 10
is shown in Figure 4.23. "'Tﬁ\ s done by using the Mixer
Evaluation Software i m tlg; c mterfaccd with the mixer.

Peak torque appears di
cold and unmelted.

as the HDPE melts.

Afte: a_rgiq\ly.\Kmple which was initially
7 L\ :

King torque ish\lg\but it gradually decreases
ig 101G ventually becomes stable after

. ‘ -

mixing for approximate
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Figure 4.23: Torque-time curve during compounding of HDPE composites.
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As the fillers content increases, the mixing torque associated with
all samples seen to rise as shown in Figure 4.24. This enhancement is
believed to due to the presence of the fillers particles among the HDPE
matrix. Hence, the mobility of the molecular chains of HDPE is reduced

and thus the flow is limited. Wi addition of more fillers particles, a

greater amount of energy o

associated with the pu

12

Torque (Nm)
[02]
1

ANEA
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Figure 4.24: The effect of fillers content, coupling agent on torque at

10 min mixing time.
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The fillers particles have a tendency tend to form aggregates which
are called agglomerates. The agglomeration has a great effect on the
mixing properties. As shown in Figure 4.24, the higher torque for
untreated CaCO; (B) and TALC (D) implies that there may have been
higher degree of agglomeration of particles than the system with surface
treated fillers (A and C), as show inFigures 4.25 to 4.28. The surface
treatment of the fillers, i.e. CaCQs and falc by titanate coupling agent
decreases the torque required fo the level close to that required for mixing
pure HDPE. Hence, it.s€ems that the titanate coupling agent serves as an
external lubricant dunng the mixing process of the HDPE composites.
Consequently the flow /properties, ‘are improved while the energy
consumption and machinery. wear may be reduced. On an industrial
scale, the increase in the flow properties may lead to enhancement in the

production rate.

Figure 4.25: Scanning electron micrograph of CaCOs + 0.5% titanate

coupling agent.



Figure 4.26: Scanning/elgctron  mierograph of CaCO; without any

coupling agent.

Figure 4.27: Scanning electron micrograph of TALC + 0.5 % titanate

coupling agent.



Figure 4.28: Scanning electron micrograph of TALC/without any
F
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coupling agent. =l
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Figure 4.29: The effect of the fillers content and the titanate coupling

agent on the melt temperature after mixing for 10 min.
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Figure 4.29 shows the melting temperature of unfilled and filled
HDPE. The melting temperature remains relatively constant despite the
change in the filler content and the presence of a coupling agent in the
system. However, the melt temperature of all filled and unfilled HDPE
are higher than the set temperature 9f 190°C. This is because during
compounding, there may be a slight c;r(hﬁac,cynent in the temperature due
to the high shear stress.and the latent hea{ of tusion of polyethylene .

4.3 Mechanical Propeatie f CzﬂaCO&-ﬁlled HDPE

4.3.1 Tensile T/ N A

to 4.35. The tensilelstress-strain behavior of pu;ngDPE is a typical one

of ductile plastic. ;‘f'fje curve shows clearly the e':h‘flinsic yield point and
the necking which aTilses due to non-uniform pliiétic deformation. Pure
HDPE has a modulus|ofelasticity /of-about?454 8 WPa. The extrinsic
yield stress is 4t the level of 8.25 MPa. The pure HDPE was tested to
fracture, )\ The elongation at-break is about 1600/%
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Figure 4 31: Stress-strain curve of HDPE/CaCO-.
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Figure 4.35: Stress-strain curve of HDPE/CaCO4/1.5% titanate coupling

agent.
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Figures 4.31 to 4.35 show the effect of CaCO5 and titanate coupling

agent on the tensile properties. The stress-strain behavior is strongly
affected by the CaCOs content. The fracture strain gradually decreases as
the CaCOs content increases. The streqq strain curve with the lowest
amount of CaCO,; at 10 phr, has a J){}g@ manner close to that of the
unfilled HDPE. Those with-greater, contcnt"?if (CaCQOs, 1.e. more than 10

phr, tend to be bnttleje

' :Kl of the titanate coupling are clearly
increase the fracture str the

PE with 10 phr CaCO;.

The deformation €xhibits b,y tlig'i)ure HDPE 1s believed to be the
f &l i4d

bility mg&céd by the external tensile stress.

AT the Hookean’s region r'thejmu'&" ‘

the elastic deformation in the HDPE chams anses due to bond stretching.
This 1s shown bch_eglaucally n Flgure 4.36. A{ jehe applied stress is

consequence of the chai

101 of the stress-strain curve,

increased, the long }'iDPE chains because uncoﬂed This corresponds to
the pre-yielding reglon of the stress-strain curve. Further stretching
beyond the yield point, the HDPE chains are permanently deformed due to
chain slippage. The yield point isthe onset of plastic deformation.
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Figure 4.36: The polyme _- e ation: of ductile semi-crystalline
polymermthe ensilc properti

| g& ) |
If the plastic defo ’ U g will take place in

the tensile specimen. l}e tailure of pure | HDPE is clearly a ductile one.

AUYINYNINYINT

For HDPE and several polymers, after reaching the yield point, the

s RIS HGT VDM V17 L s g

decrease ]oca]]y in width, 1.e. necking within the specimen gauge length.

The conventional tensile stress-strain relationship of a polymer is a

function of the temperature and the strain rates as shown in F 1gure 4.37.
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The resulls studies by S. Matsuoka [64] on the tensile behavior of

POlyeﬂlﬂﬂqﬂaﬁ éﬂxﬁﬁ m Nom 'm?/l E.IT’Ila &Jches were

summanzed in the plot as shown in Figure 4.38.

Increasing the strain rates has

temperature of tes "-.';'_
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The straifl rate selected for the present test is 5 mm/min. This

corrspiafdy il ol sheifedndn WSt Bl

For HDPE and several polymers, after reaching yield point, the
stress drops to a lower yield stress or draw stress. The tensile specimen
begins to decrease locally in width, i.e. necking within the specimen gauge
length.  Further, the cross-section area of necking does not change and
neck propagates along the length of the gauge length until the sample

finally breaks.




104

The process of neck propagation of HDPE occurs between above

glass transition temperature of -105.5°C and the melting point temperature
of 127°C. This 1s also called cold drawing. The mechanism of necking
usually occurs at the chain folded lamellae within the spherulite in the
HDPE.  When HDPE specimens aré//sﬁtched by uniaxial stress, the
lamellae slip rigidly pastone-another and ‘align in the direction of the
applied stress. Mlor@c :

ante of the chains and their alignment

during the formation 74113 1s shown schematically in Figure 4.39.

- o
. > ﬁy?fallme region
\ mam folded lamellae)

Figure 4.39: Steps in the deformation during necking of crystalline region

of HOPK.
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The tensile properties are calculated in term of the stress at yield,
% stramn at yield, modulus of elasticity, the maximum stress, the stress at

break, the strain at break and the energy required to break the specimens.
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In Figure 4 49 tor the CaCO ﬁ]led HDPE systems with and

vt he i A1y IS Bty s

increases with the CaCOs content. This may be due to, the stiffness
ity el o il Sldomoilion of  anki e upling sgen
mto the qystem decreases the modulus of elasticity as compared with the
untreated system.  The decrease in the modulus of elasticity with
ncreasing concentration of the titanate coupling agent may be attributed to

the plasticizing action cause by the titanate coupling agent.

For the untreated CaCO- system in Figure 4.40, an increase in the

CCaC’O); content from 10, 20, 30, 40 and 50 phr results in an increase in the
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corresponding modulus by 128, 22.0, 27.5, 31.4 and 34.8 % respectively
n comparison with that of the virgin HDPE.

For the 0.5 % titanate coupling agent treated CaCO; system in
Kigure 4.40, an increase in the Ca /f ent from 10, 20, 30, 40 and 50
phr results in an increase.in the - \’torres odulus by 9.7, 17.8, 23.8,

27.2 and 29.8 % resp

comparison with'that of the virgin HDPE.
\

pw ‘with.0.75 % titanate coupling

0,20, 30, 40 and 50 phr

For the CaCOx-

agent, an increase 1

results 1n an increas

19.0, 22.2 and 24.0 % e ectiéfy” ¢ on with that of the virgin
’tl};;',

HDPE. —
iy

| ;I‘J % titanate coupling
agent, an increase in he (,a(”Og content from 16J 20, 30, 40 and 50 phr

results in an xﬁﬁﬁ %eﬁWﬂrﬂﬁe%e by 7.3, 13.0,

17.6, 20.7 and 22.2 % rerecuv%ly n companson with that of the virgin

TEARIANN I URIINYIR

For the CaCOx-filled HDPE system with 1.5 % titanate coupling

agent, an mncrease in the CaCOy content from 10, 20, 30, 40 and 50 phr
results 1n an mcrease in the corresponding modulus increase by 68, 12.0,
16.0, 19.1 and 20.7 % respectively in comparison with that of the virgin

HDPE.
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The sequence of the ability of the titanate coupling agent to
decrease the modulus of elasticity is 0.5, 0.75, 1.0 and 1.5 % respectively

3

as shown in Figure 4.40.

The effect of CaCO the titanate coupling agent

concentrations on the ed HDPE 1s shown in

Figure 4 41.

14
- | Coupling age;
13 - ® 0%
L 10 0.5%
12 F O 0.75% i . e0%
g LY 1.0% BRI, N
= 49 L|* 15% VI
g [ 0.5%
= it 1 5 oo 0%
ke ;—————Vm%
f *1.5%
9 = v
8T m
7 |
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Figure 441: The yield stress of CaCOs-filled HDPE. with and without

the titanate coupling agent.

In Tigure 441, for the CaCOsfilled HDPE systems with and
without the titanate coupling agent, the appearent of the yield stress
increases with the adding of CaCOs content. This effect may be due to the

higher modulus composite than virgin HDPE.  The incorporation of
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titanate coupling agent into the system decreases yield stress compare with
the untreated CaCOs-filled HDPE samples, which may be due to lower

modulus of composites

For the untreated CaCO; s ZYZ/:\ Figure 4.41, an increase in the
CaCO4 content from 10, 20,&40

corresponding yield s crc/ss—_u;z 1741, zsqs 424 and 454 %

respectively in compari f the vir MPE.

esults 1n an increase in the

HDPE.

For the CaCOQilled HDPE s 0@5 % titanate coupling

agent , an mcr@e n tHe:&a(“O content'from 10, 20, 30, 40 and 50 phr

Ll&l&l %@ﬁ&l&% 8.4, 15.1, 19.5,
) Nie19 bl TR Y

For the CaCOs-filled HDPE system with 1.0 % titanate couphng

results in an

agent, an increase in the CaCO, content from 10, 20, 30, 40 and 50 phr
results in an increase in the corresponding yield stress by 5.0, 10.3, 13.9,

17.1, and 18.9 %6 respectively in comparison with that of the virgin HDPE.
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For the CaCOs-filled HDPE system with 1.5 % titanate coupling
agent, an increase in the CaCO; content from 10, 20, 30, 40 and 50 phr
results in an increase in the corresponding yield stress by 3.0, 8.0, 124,

12.7 and 13.9 % respectively in comparison with that of the virgin HDPE.

The sequence of ”Z&titanate coupling agent to
._‘
decrease the yield str [¢clas cit._ S5, 075, 1.0 and 1.5 %
respectively as shown.i '

The effect o

Coupling agent
®0%
— |0J0.5%
m 00.75%
-g Y V¥ 1.0%
@ < ie1.5%
: INUINT
Q2 |
> — =
P T
o 5%
%i’_ , ’]a E‘--VLO%
' ——10.75%
_ 5%
i 0%
, . : ) : ; ,
0 10 20 30 40 50
CaCOs (Phr)

Figure 4 42: The yield strain of CaCO--filled HDPE, with and without

titanate couphng agent.



111

In Figure 442, for the CaCOs-filled HDPE systems with and
without titanate coupling agent, the appearent of the yield strain decreases
with the adding of CaCO; content. This effect may be due to the greater
elasticity of the HDPE matrix than that of the CaCO-. the deformation of
composite Is thus lower than that of ih}/\;irgin HDPE. The incorporation

of the titanate coupling agent into the sjfs_tfm_»_increases the yield strain as
compared with the unt&_ggcd CaCOs-filled TIDPE. This may be due to

may be due to the plasi¢izi — o ractiox% of titanate coupling agent and lower

P g

corresponding yield strain déere%e b*"- 2, 26.6, 28.6, 28.6 and 28.6 %
respectively in companqon with that of{ﬁ'e"ﬁrgm H}DPE

—

‘tj i = .:J
For the 0.5 %/ titanate coupling agent treated CaCO, system in

Figure 4.42, an increase i the CaCQs fontent from. 10,20, 30, 40 and S0
phr results in ‘a, decrease m the corresponding yield ‘strain by 12.5, 19.5,

22.5, 229 and 225 %o tespeciively, ingeomparison with, thatcof the virgin
HDPE.

For the CaCO;-filled HDPE system with 0.75 % titanate coupling
agent , an merease in the CaCOy content from 10, 20, 30, 40 and S0 phr
resulls n a decrease in the corresponding yield strain by 10.2, 164, 19.6,

19.6 and 19.6 % respectively in comparison with that of the virgin HDPE
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For the CaCOs-filled HDPE system with 1.0 % titanate coupling

agent, an increase m the CaCO; content from 10, 2U! R; 40" amd' 50 piir

resulls in a decrease in the corresponding vield strain by 7.6, 12.6, 15.9,
17.5 and 17.5 % respectively in comparison with that of the virgin HDPE.

For the CaCO;-filled HD .5 % titanate coupling
, 20, 30, 40 and 50 phr
rain by 6.0, 10.2, 13.0,

1 that of the virgin HDPE.

agent, an increase in t
results in a decrease i

14.3 and 14.3 % resps

aCCgﬁlled HDPE 1s shown

ﬂ%ﬂﬂ]‘iﬂlﬂ'ﬂ’ﬁWﬂ’]ﬂ'ﬁ
amaﬂmm UAIAINYA Y

concentration on thegaxim

in Figure 4.43



113

29 |

Coupling agent
(e 0%
1o | |0 05%
1O 0.75%
17 V¥V 1.0%
*x 1.5%

Maximum stress (Mpa)

15

I '
In Figure 4 43 %r the C aCOq-hlled HDPE system» with and without

the titanate coﬁh‘ﬁ %&:{J % m Wﬁ Sqlﬂe‘ﬁly decreases with

the CaCOy comtent. Before the. maximum _stress point b reached, the
Hore Qi TN Elad ¥R Rl R59) B ncrasing
CaCOn content has a tendency to reduce the mass fraction of the HDPE. .
hence the number of the uncoiling cham during the deformation of the
tilled-HDPE 1s less than that of the virgin HDPE. Other possible effect
may be due to the presence of the CaCO; particles which may act as a
constraint or barrier to restrict the uncoiling deformability of the IIDPE
matrx.  The maximum stress of the CaCOs-Nlled HDPE is reduced with

the CaCO- content as show n Figure 4 31 to Figure 4.35 It is obvious
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from the plot in Figure 4.43 that the presence of the titanate coupling agent
does not have any effect on the maximum stress of the CaCOs-filled

HDPE.

stems with and without titanate

coupling agent in Figure 4 ‘~ nered e CaCOj; content from 10,

concentration on the alil « £ the -filled HDPE i1s shown in

Figure 4.44.

1800
Coupling agent
| ® 0%
b O 0.5%
O 0.75%
£ 1200 v 10%
£ *1.5%
@ 900 [\ o
[}
2 ¢ a Y]
s FWIQNNITUNR 1IN E
| '

300{ \th:
0 A : - »

0 10 20 30 40 50
CaCO4(Phr)

figure 4.44: The fracture strain of CaCOx-filled HDPE, with and without

the titanate couphng agent.
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For the CaCOs-filled HDPE systems with and without titanate
coupling agent in Figure 4.44, the fracture strain greatly decreases by
93.69 % when CaCOs; content was added by 10 phr. Beyond 10 phr
concentration, the fracture strain is approximately constant.  The
E 1s that the chains deform
@m fracture takes place in a
ductile manner as sho es 436 ﬁcorporanon of the CaCO;

content decreases th ¥ .Wdue the restriction on
o : “r q NN,

mechanism of the pure or un

abundantly chain shppmg

voids developed 4 y.--:——--'—'—--- ——————————————— the voids, the drawn
region of the tensile @tg actd cryogenically in the

direction parallel to the draw direction as.shown in Figure 4.45.

ﬂuﬂ’mamwmm
awmﬂﬂmum'mmaﬂ
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figure 4 45 SKM micrograph of the neck region of a filled-ductile

polymer.

The filler particles of Figure 4.45 are assumed to be spherical of

uniform size and arrayed in a cubic lattice as shown in Figure 4.46.
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Figure 4.46: The mogd ‘ dﬁt ccking region of filled-ductile

lllll

shown m Figure 4. -—~— ------------- ';y the corresponding
he@ller content. The five
modes of fracture were’observed by Hiltner EE"-] 37] who proposed the

schematic moc@u Mm 1?./17 M 457“ rmejnarmer when the

changed from'th glﬁn 1 io ; 1own inMode A to

the bnttle manner when the filler content increased as shown in Mode E.

fracture strain and 1s \Ery much d

The ductile behavior pure HDPE and very low filler content fractured
durning stram-hardening (Mode A) and during neck propagation (Mode
B). As the filler content increases, quasi-bnttle fracture occurred during
neck formation (Mode C and D). Mode C fracture occurred through the

thmned region at the site of mcipient neck formation. In Mode D, the
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specimens fractured shortly after the maximum stress. In Mode E,
specimens fractured in a brittle manner perpendicular to the loading

direction before reaching the maximum point.

In the present study, pure Hi was found to exhibit much
ductility prior to its fracture. Filled as found to undergo less
e ——
wed. The greater the

ed HDPE behavior
forwards the brittle fraetu; . fHowe v r, the it in the fracture pattern

from Mode A toward de F he fill ECOMES greater.

AUFNERINENG

R TAEFETIN FNYNS

Figure 4 47 Schematic representation of the five tensile fracture modes.



Mode A fracture behavior was observed in the 10 phr CaCOs-filled
HDPE with prior surface treatment by titanate coupling agent on the
(CaCO, particles. The microscopic process detail of Mode A fracture

which 1s observed when only a s ount of filler particles was added

1s schematically represented i

debonded from the HD

The filler particles 1s
duting . As aresult, voids are

formulated around the matrix is plastically

deformed during nec fs , of the ligaments between
the particles 1s decre ‘ 5 - while the width of the
void remains constant ¢ eter. Because of the
low filler content, the Ii __ is thick enough that they
could undergo thinning g ut fracturing. Mode A
fracture surface consisted aﬁjﬁ pullout region of the slower

AU INININYINS
ARIAN TN INGINY
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MODE A DUCTILE FRACTURE

O O Undeformed
.

Void Formation
and Growth

Tearing Fracfure A A Out Fracture
of Ligament Bu — of Ligament Bundles

Fibril Bn‘dle Rosette

Figure 4.48: ﬂema 1c rcprcseELZ])n om g'l ’] Lc‘ta:re
QWW@Qﬂ‘iﬂJNWﬂWEWﬂ t

Made B fracture behavior was observed in the 20 phr CaCOs-filled

HDPE with prior surface treatment by titanate coupling agent on the
CaCOs particles. The microscopic process detail of Mode B fracture is
shown schematically in Figure 4.49. The greater filler content means that
the fillers particles are closer than those in Mode A. The ligaments
between the particles are also thinner but they are still thick enough to

extend during necking without fracturing. Upon stretching, the elongated
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voids coalesce longitudinally. Hence, the resulting longitudinal cracks are
longer and more numerous than those in Mode A. In some places,
especially where the filler particles are not well dispersed, the ligaments

are sometimes thin enough that necking causes these thin ligaments to

fracture. Mode B fracture con

”n a ductile pullout texture.

Z
ILwURE

ANINNT

Tearing Fracture

ST A

Figure 4.49: Schematic representation of Mode B fracture.

Mode C fracture behavior was observed in the 30 phr CaCO;-filled
HDPE with prior surface treatment by titanate coupling agent on the

CaCO; particles. The microscopic Mode C fracture is presented
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schematically in Figure 4.50. With even greater concentration of the
filler, the fillers particles are close enough to each other that when global
or macroscopic necking starts the high local stress concentration on the

thin ligaments between the fillers particles can produce local necking with

| Wnts are not able to support the
load, they will fracture a ﬁj)alcsce laterally. Mode C

fracture surface exhibits—secondar Qatures that sometimes

a large extension. When the

include the herringbone

A\ Herringbone
Initiation

Figure 4.50: Schematic representation of Mode C fracture.
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Mode D fracture behavior was observed in the 40 phr CaCO5-filled
HDPE with prior surface treatment by titanate coupling agent on the
CaCO; particles. Mode D fracture process is schematically represented in

Figure 4.51. Yielding occurs and it is observed as the formation of a
macro-shearband. Within the ma‘I hearband, thin ligaments between
the debonded filler partlcle@; %n. Tearing fracture of the
ligaments occurs as thmrogugamgh the macro-shearband.
As a result a dimple p

nt on the surface. The size

and the shape of the di ined by the filler while the depth

Mode D

. o
crack accelerates until sl ; rittle fracture.
fracture surface consisted of a_ﬁﬁ:éss
J'

fracture region.

. ’ .
Dimples Brittle
Fracture

Figure 4.51: Schematic representation of Mode D fracture.
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Mode E fracture behavior was observed in the 50 phr CaCO;-filled
HDPE with prior surface treatment by titanate coupling agent on the
CaCO; particles. Mode E fracture surface exhibits primarily the rough

texture characteristic of brittle fracture.

FRACTURE STRAIN

v,
¢ £VOLUME FRACTION OF FILLER Vi

ﬂUﬂ’mﬁJﬂ’ﬁWﬂ ﬂi

Figure 4.52: The effect of the filler content

AN IUNIT

In Figure 4.52, three fracture modes are distinguished. At low filler
content, the fracture is ductile with the propagation of the neck throughout
the entire gauge length of the specimen. Filler-HDPE with intermediate
filler content fails during neck propagation. This fracture mode is the

transition between the ductile and the Quasi-bnttle fracture modes. With
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the highest filler content, the fracture occurs during the formation of the

neck without necking propagatian:

The titanate coupling agent when applied at concentration ranges

from 0.5 to 1.5 % can improve t

ure strain as shown in the plot in
Figure 4.53. ”

160

Coupling agent
® 0%
] 0.5%

120
N O 0.75%
éCS Y 1.0%
T * 1.5%
% 80
o
=
8
L

40

. -

10

hr)

ﬂﬂﬂ’mﬂﬂ‘mﬂ'ﬂﬂ‘ﬁ

Figure 4 53: T he fracture strain‘with and without the titdwate coupling

YRIDIA S A T TN E

For the untreated CaCOs system in Figure 4.53, an increase in the
CaCOs content from 10, 20, 30, 40 and 50 phr decrease the corresponding
lracture strain by 97.0, 98.0, 99.0, 99.3 and 994 % respectively in
companson with that of the virgin HDPE.
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The incorporation of the titanate coupling agent 1s believed to have
improve of the bonding between the interface of the CaCOs particles and
the HDPE matrix because of the increase in the fracture strain. This effect
is clearly seen at the lower concentration of CaCOs content such as 10 and
20 phr i which crack occurs dunng ngckmg deformation. With CaCO;
concentration from 20-50 phr, the iractur/e/fges place before necking or
sometimes it happens even-before yielding

HDPE and the CaCO--
of the filled-HDPE at t
Within the neck, the it

r CaCC%g content as shown 1 Figure 4.45.
e of the HI E-CaCOq is separated and voids
are formed as shown in Figuré 4;6 Tl(é,addltlon of the titanate coupling
agent seem to be able to prevet. v01dmg “or the small cavity around filler

particle. Consequently: fation is enhanced.

For the 0.5 % titanate coupling, agent treated CaCO; system in
Figure 4.53, an increase urthe GaCO5 content from (10, 20, 30, 40 and 50
phr increases the corresponding fracture stramitby 150, 93.8746.3, 45.4 and

54.2 % respectively in'comparison” with that ‘of “the ‘untreated CaCO,

system.

For the 0.75 % titanate coupling agent treated CaCO; system, an
increase in the CaCOs content from 10, 20, 30, 40 and 50 phr increases the
corresponding fracture strain by 113.0, 59.2, 40.2, 454 and 54.2 %

respectively in comparison with that of the untreated CaCO; system.
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For the 1.0 % titanate coupling agent treated CaCOs system, an
mcrease in the CaCOs content from 10, 20, 30, 40 and 50 phr increases the
corresponding fracture strain by 176.6, 104.1, 46.4, 454 and 54.2 %

respectively in comparison with that of the untreated CaCO; system.

ﬁt treated CaCQOy system, an

and 50 phr increases the

For the 1.5 % titan;
increase in the CaCO;

corresponding fracture stia 150, 93.82,.46.35, 4542 and 54.25 %

The effect ;__ .';;f:.==67.61;}:3;i:aii:'a::'--"-:%ﬁ1 ate coupling agent
concentration on the 3-d HDPE 1s shown in

T Auganeniwenns
AN TUNNINGA Y
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igure 4.54: The fracturc sitess of the €aCO;-filled HDPE with and
without W'J&{f‘

\

For the untreaBi Ca ure E54, an mcrease in the

(CaCO5 content from 10 20, 30, 40 and ﬁOPhr increases the corresponding

fracture stresf{ll)uﬁj ’Aﬂ %IM‘;? ’JSTS] i respectively in
comparis ith that, irg] —y stress-Strain - response
sho\:n ﬁ;ﬁﬁﬁﬁ%‘mﬁja ﬁﬂﬂ:ﬁ{ a:l no:) take

place when the untreated (CaCO: with 10 phr was stretched. However,
with the addition of the titanale coupling agent, a greater plastic
deformation up to necking deformation took place in the stretched
specimen. This enhancement in the fracture stress is believed to be due to

the better mterfacial bonding between the HDPE and the titanate coupling

agent treated CaCO), and the larger voids.
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For the titanate coupling agent treated CaCOs; system,

necking is observed only in HDPE filled with 10 phr of CaCO;. The

stress-strain response of the titanate treated CaCOs-filled HDPE systems

are shown in Figures 4.30 to 4.35. The fracture stress decreases because

the reduction in the mass fraction of’ the HDPE-matrix can subsequently
decrease the amount ot necking. / /

9
t coup!lmg agent freated CaCO; system in
e CaCA, content from 10, 20, 30, 40 and 50

For the 0.5 % fita;

Figure 4.54, an increasgd
phr decreases the corrgsp
by 35.4, 31.3, 26.5 and 22
HDPE.

ng fraetﬁre stress by 5.92 % and increase

o-rcgpeétlvely in comparison with the virgin
il

rd :
#d -’,4 L

< o

* i
‘,.:.i". -’:jd

‘- j : (J’J

For the 0.75 % t1tanate eouplmg:agent treated CaCO; svstem, an
increase in the CaCG)3 content from 10 20 30, 40cand 50 phr decreases
the corresponding f@ture stress by 5.92 % and ;nérease 24, 28.8, 254

and 20.6 % respectively in comparison with that of the virgin HDPE

For the 140 % titanate coupling agent treated CaCO; system, 10 phr
CaCOs dectéase, thiz fiagture stressibyl fiearly 6% .0 Howédef! an increase
in the CaCO; content from 20, 30, 40 and 50 phr increases the
corresponding fracture strain 11.3, 16.9, 15.5 and 11.3 % respectively in

comparison with that of the virgin HDPE.

For the 1.5 % titanate coupling agent treated CaCO; system, 10 phr

CaCO; decrease the fracture stress by nearly 6 %. However, an increase
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in the CaCO; content from 20, 30, 40 and 50 phr increase the
corresponding fracture stress 18.2, 23.1, 20.6, and 16.1 % respectively in

comparison with the virgin HDPE.

The fracture energy of the O;-filled HDPE systems with and

without coupling agent i Increasing the CaCO;

content to 10 phr 51gn1 5/4 eragc fracture energy by

I mE Between 20 and 50

onstant. Irrespective of

97.71 % as compared
phr CaCQs, the frac

its concentration, the p  of tl €aCOs- particle decreases the
t the virgin HDPE.

Fracture energy (J)

’Q‘W’] ﬂmumwmaa

0 10 20 30 40 50
CaCOs (Phr)

Figure 4.55: The fracture energy with and without a titanate coupling

agent of CaCOs-filled HDPE.
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The effect of the titanate coupling agent at concentration ranges 0.5

to 1.5 % can improved fracture energy is shown in Figure 4.56.

Coupling agent
® 0%

O 05%

O 0.75%

VY 1.0%

* 15%

Fracture energy (J)

Figure 4.56: The f {cture energy j .he titanate coupling

agent ﬂ CaCOs-filled HDPE. m
[

i LG L7 S W I

phr increases the corresponding fracture energy by 141.4, 72, 33.7, 34.9

and 53 % respectively in comparison with that of the untreated CaCO;

system.

For the 0.75 % titanate coupling agent treated CaCO; system, an

increase in the CaCO; content from 10, 20, 30, 40 and 50 phr increases
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the corresponding fracture energy by 73.7, 48.2, 33.7, 34.8 and 53.1 %

respectively in comparison with that of the untreated CaCO; system.

For the 1.0 % titanate coupling agent treated CaCO; system, an
, 20, 30, 40 and 50 phr increases

the corresponding fracture m{} &;6 159, 176 and 17.6 %

increase in the CaCQO; content

7 ted CaCO; system.

ted CaCO, system, an
0 and 50 phr increases
33.7, 349 and 53.1 %
ted CaCOs; system.

the corresponding fractiire e '-'; by, 141 2\
J‘J‘_-:g ¥
respectively in comparisgn with that of th

""J{_’:f ‘.‘

a’l-‘i‘g 4

crease the fracture energy
plinglagent is 0.75, 0.5 or 1.5

] -
and 1.0 % respectively as show :

7 B {
AUEINENINYINg
AMIANTUUNIINYAY

promoted by the usg of by
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4.3.2 Compression Properties

The compression stress-strain curve of the CaCOs-filled HDPE is

shown in Figure 4.57.

40

, ‘ "" 50 phr
ol ‘\,\ i
g
2
w 20 -
¢
%)
10 L

20 25

i e et

v | ‘ Oxfilled HDPE.

Figure 4.57: Compres

Beyonmﬁ\ﬂ sress %.’qwﬂmrﬂ ?ds to deform by

bucking. Thetcompression stress-strain curve was used to calculate the

g A AT AN S

modulus’was estimated as the ratio of the stress correspondent to the 2 %

strain. Since the yield point is not well defined, the 0.2 % offset yield

stress and vield strain will be estimated.
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The effect of the CaCOs; content and the titanate coupling
concentration on the compressive modulus of the CaCOs-filled HDPE is

shown in Figure 4.58.

900 .
Coupling agent ' /). o%j
||~ 0% // ’ /,.///91.0%
O 0.5% = = /‘. e  05%
80 o 075% ? 5 KT
LY 1.0%. e ’ j( / ’://///////*//il'p ’

700

Modulus (Mpa)

600

b,

2 £ )
Figure 4.58: The 'czzmpressive modulus of the Q;éOyﬁlled HDPE with

and without titanate coupling agent.

For the €€aCOs-filled HDPE systems with and without titanate
coupling agent shown i Figure 4585 it i3 apparent] that'theé ¢ompressive
modulus ‘increases with the CaCO; content. This may be due to the
stiffness of the CaCO; which is much higher than that of the HDPE
matrix. The incorporation of the titanate coupling agent in the system
decreases the compressive modulus as compared with the untreated
CaCOs-filled HDPE system. The reduction in the compressive modulus
with increasing concentration of the titanate coupling agent may be

attributed to the plasticizing action of the titanate coupling agent.
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For the untreated CaCO; system in Figure 4.58, an increase in the
CaCO; content from 10, 20, 30, 40 and 50 phr results in an increase in
the corresponding compressive modulus by 27, 41.8, 53.6, 62.2 and 69 %
respectively in comparison with that pf the virgin HDPE.

2
For the 0.5 % titanate coupling agént treated CaCO; system in

Figure 4.58, an increaﬁru;h -CaCb3 content from 10, 20, 30, 40 and 50
phr results in an incive/“ihe C &jesponding compressive modulus by
18.4, 33, 44, 53 and/éO/:(’ 4

virgin HDPE.

spectively in comparison with that of the

- \S #
N b
4 idd
r o ] 4
) :‘4 L

T A
For the CaCOx-filled HBPE m@} with 0.75 % titanate coupling

".a'—"'-' i -
agent, an increase in the Ca_C_@g contegjfrom 10, 20, 30, 40 and 50 phr

T el

results in an increase in the go"rfesporidiflg compressive modulus by 17.1,

—

31.4, 43, 51 and 5-77_% respectively in comparisog‘:&ith that of the virgin

HDPE. J

For the €aCO;s-filled HDPE system with 1.0 % titanate coupling
agent, an, inerease in the \CaCO,| contentfrom 10, 20,8¢;,40|and 50 phr
results injan increase in the corresponding compressive modulus by 22 .2,
37.3, 48.2, 58.1 and 65.3 % respectively in comparison with that of the
virgin HDPE.

For the CaCOs-filled HDPE system with 1.5 % titanate coupling
agent, an increase in the CaCOj5 content from 10, 20, 30, 40 and 50 phr

results in an increase in the corresponding compressive modulus by 15.6,
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28.7, 38.4, 44.8 and 49.1 % respectively in comparison with that of the
virgin HDPE.

The sequence of the ability of the titanate coupling agent to
decrease the compressive modulus of elasticity is 1.0, 0.5, 0.75 and 1.5 %
respectively as shown in Figure -

o2

— J —

The effect of 2 ge\am!' the titanate coupling

DIess ield stress of CaCO;-filled HDPE is

.
.

concentration on the con

shown in Figure 4.59.

2
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Figure 4.59: The compressive yield stress of the CaCOs-filled HDPE with
and without titanate coupling agent.
For the CaCOs-filled HDPE systems with and without titanate
coupling agent shown in Figure 4.59, it is apparent that the compressive

vield stress increases with the adding of CaCO; content. This may be due

to the compressive modulus of CaCOs-filled HDPE higher than virgin
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HDPE. The incorporation of the titanate coupling agent in the system
decreases compressive yield stress as compared with the untreated
CaCOs-filled HDPE system, The reduction in the compressive yield
stress with increasing concentration of the titanate coupling agent may be
attributed to lower modulus of compqs}tes.

For the untreated CaCO; system i Figure 4.59, an increase in the
CaCO; content from @

30, 4¢) and 50 phr results in an increase in

the corresponding co;’/ssri‘ve yield stress by'2.8, 5.4, 9.0, 13.3 and 18.5

% respectively in compari wdh that of the virgin HDPE.
a 7§:. '
For the 0.5 % t%e coupling agent treated CaCO; system in

Figure 4.59, an increase i the-‘ééC();‘i;_h;qtent trom 10, 20, 30, 40 and 50
P i

phr results in an increase in the——correspjférfding compressive vield stress by
g " \:- .

-

=y RIS
22,44,72,11 and 15.3 % respectively in comparison with that of the
virgin HDPE. ;:’1' \

3 4.3
St -

For the €aCOs-tilledy HDPE, system jwith-0.75 % titanate coupling
agent, an increase 1n the CaCO; content from 10, 20, 30, 40 and 50 phr
results An a6’ mcrgase in theccarresponding compressive, vield stress by
1.3, 3.1,75.8, 9.0 and 12.7 % respectively in comparison with that of the
virgin HDPE.

For the CaCOs-tilled HDPE system with 1.0 % titanate coupling
agent, an increase in the CaCO; content from 10, 20, 30. 40 and 50 phr
results in an increase in the corresponding compressive yield stress by

0.7,2.4,4.8, 7.8 and 11.1 % respectively in comparison with that of the
virgin HDPE.
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For the CaCOs-filled HDPE system with 1.5 % titanate coupling
agent, an increase in the CaCOs content from 10, 20, 30, 40 and 50 phr
results in an increase in the corresponding compressive vyield stress by

0.2, 1.5, 3.6, 6.2 and 9.0 % respectively in comparison with that of the
virgin HDPE.

The sequence
decrease the compressi

% respectively as sho

The effect of
concentration on the ¢

is shown in Figure 4.60.

45
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Figure 4.60: The compressive yield strain of the CaCOs-filled HDPE with

and without titanate coupling agent.
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For the CaCOs-filled HDPE systems with and without titanate
coupling agent shown in Figure 4.60, it is apparent that the compressive
yield strain decreases with the adding of the CaCO; content. This may be
due to the elasticity of HDPE matrix higher than the CaCOs particles.
The incorporation of the titanate coupling agent in the system increases
compressive yield strain as comparefd({@i'lﬂ the untreated CaCOs-tilled

HDPE system. The ificreasing in the ¢ompressive yield strain with

increasing concentra‘n/f the tltahate coupling agent may be attributed

to lower modulus of CO/.a‘lles. S

For the untreated

CO3. systcm; n Figure 4.60, an increase in the

3@)*40 ané-sz phr results in a decrease in the
T .|"4
corresponding compresswe vxeid stram;by 27.5.32.3,32.7,32.7 and 32.7

'\= .a,_

% respectively in companson w1th that of the v1rg1n HDPE.

CaCO; content from 10,

\Z X

For the 0.5 % titanate coupling agent treated CaCO; system in
Figure 4.60, anancreasein the €a€Oy-content from-10:20, 30, 40 and 50
phr results in aydecrease in the corresponding compressive vield strain by

24.8, 30757323, 32,3 and32:3 Yairespectivelyan contpatisoniwith that of
the virgin HDPE.

For the CaCOs-filled HDPE system with 0.75 % titanate coupling
agent, an increase in the CaCO; content from 10, 20, 30, 40 and 50 phr
results in a decrease in the corresponding compressive vield strain by
21.7,27.8,29.4, 29.4 and 29.4 % respectivelyv in comparison with that of
the virgin HDPE. |
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For the CaCOs-filled HDPE system with 1.0 % titanate coupling
agent, an increase in the CaCOs content from 10, 20, 30, 40 and 50 phr
results in a decrease in the corresponding compressive yield strain by

15.6, 21.7, 23.5, 23.5 and 23.5 % respectively in comparison with that of

the virgin HDPE. ’ ,/
For the CaCO3M§ 1 5 % titanate coupling

agent, an increase in the A L from 10, 20, 30, 40 and 50 phr

results in a decrease | compressive yield strain by

17.6, 239,262,262 , spec 1 n_comparison with that of
the virgin HDPE. 2

The sequence of titanate coupling agent to

increase the comprcsswe y lasticity 1s 0.5, 0.75. 1.5 and 1.0

% respectively as sh

Y]

;
ﬂ‘lJEJ’J“fIHﬂ‘ﬁWﬂ’]ﬂ‘ﬁ
ﬂW']ENﬂ‘iﬂJ UAIINAY
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4.3.3 Hardness

The hardness test was conducted to determinine the indentation

hardness of the unfilled and the filled HDPE systems. It is closely related
to the resistance of the material i«
hardness of the unfilled an&@‘

| ——— J -

e penetration on its surface. The

PE 1s shown in Figure 4.61.

80
Coupling ages
-|® 0% :
0J 0.5%
S 1O 0.75%
¥ 1.0%

Hardness (Shore D /15 S)

40 50

AWIANNIEUNRINE N E

There 1s an improvement in the hardness of the CaCOs-filled HDPE
at all concentrations. The increase is steady. With 50 phr of CaCOs, the
hardness is improved by 4 %. This improvement in the hardness may be
attributed to the higher hardness of the CaCO; phase which has a
hardness value of 3 Mohs scale. It is obvious from the plot in Figure
4.61, that the presence of a titanate coupling agent does not have any

effect on the hardness of the CaCO;-filled HDPE.
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4.3.4 1zod Impact Strength

The Izod impact strength of the unfilled and the CaCO;-filled
HDPE both with and without titanate coupling agent drops dramatically

by 37 % when CaCO; was ad v only 10 phr. Beyond the 10 phr
concentration, the 1mpac mately constant as shown

Figure 4.62. The d lmmctm,may be attributed to the

reducing deforma’uon s a lower ductility 1s

observed.

Coupling agent
® 0%
O 0.5%

E
= © 0.75%
g ¥V 1.0%
& * 1.5%
@
B
a
E
3
* &
L~ T
, . d 40 50
¢ Cacoy(Phn) v

Q‘W’]ﬂﬁﬂ‘immﬂﬂ’m | ¢

Figure 4.62: Izod impact strength of CaCOs-fille

al
a
-,
e,
s

An addition of the titanate coupling agent at the concentrations of
0.5-1.5 % can improve slightly the Izod impact strength as shown n
Figure 4.63. The enhanced impact strength is due to the additional

interfacial bonding at the polymer and filler intertace.
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Coupling agent
® 0%

0 0.5%

O 0.75%

V¥V 1.0%

* 1.5%

Izod impact streagth (J/m)

Titanate coupling contains both

and the compatibiligr group The R’Omgroup reacts with the

. [ 1 Qs . - .

available prot tE] Qﬁ ﬁ organofunctional
AVRIN N Den i el e

ibility with HDPE chains by

layer. The R"jgroup enhances the compat

: - o e/ _
o R YT T T RN SV d VTR TR Bylocon of
organofunction layer on CaCOs also leads to its deagglomeration because
the reaction of the titanate coupling agent with available water of

hydration and filling of air voids as shown in Figure 4.64.
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Figure 4.64: The monolayer f‘t‘itanaﬁe"gqupling agent on CaCO; surface.
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The impact s"_t-_rrength_do,_f:'ﬁxe Caéd;ﬁlled HIPPE was measured by

the Izod impact test?z.lThe Izod impact strength rgﬂécts the ability of the
filled HDPE to resist an impact load before afailure will take place.
Figure 4.63 shoaws the, [zod, impaet strength cof HRPE-system filled with
the CaCOs; from 10 to 50 phr and various concentration of the titanate

couplingragént.

For the system filled with the CaCO; but without an earlier the
titanate coupling agent treatment, the impact system remains relatively
unchanged from the CaCO, concentration of 10 to 50 phr. With the
presence of titanate coupling agent on the CaCOs5 surface, the impact

strength becomes greater than those without the titanate coupling agent.
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At CaCOs 10 phr, a concentration of 0.5 % titanate coupling agent
yields the highest elevation by 10.5 % in the impact strength.

With 0.75 % titanate coupling agent, the increase in the impact
strength is about 7.1 % at CaCO 0 phr

couphng agent 1e., at 1

% and 1.5 %, the imp: th incr slightly. This probably

due to the effect im ling ~“Excess titanate coupling

The falling wexgh e ' |

: 1.-65 The area to any

point under thlS curve is ‘the specimen. The energy

of crack initiation a& ropag an be compﬂed on the basic of crack

Z:t; :;:;n@ﬂ ﬁi ﬁ a forcedis laccmcn: yields information on
amaqmm URIAINYIAY
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FORCE x DEFLECTION = ENERGY

CRACK
< INITIATES

CRACK
/ PROPAGATION

.

4/ ”%,

Figure 4.65: Schema (of the force-displacement curve

The falling weig edict the energy required
iile the Izod impact test

he 1mpact cnmgy of unfilled and the
filled HDPE & Mntjm mm‘ms of the CaCO,
with and withsﬁtﬁlws ce ‘treatment with the titanate coupling agent

"R TAINNINGIAY

for impact and the. deforma
yields only the impm strength.
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Figure 4.66: Absorption
: T
and without coup

For the CaC z‘éi"’_ ' ‘tﬁ d without coupling

agent in Figure 4.6@ incresm aCO, coxmnt from 10 to 20 phr
significantly d rﬁﬂ‘tﬁ . rﬁm‘ﬂﬁﬁ%6 % and 74.5 %
as compared ﬁt m irgi ~B en 20 to 50 phr of
: g . )
RSN T AT
: ,

The titanate coupling agent at the concentration ranges from 0.5 to

1.5 % can improve the impact energy absorption as shown in Figure 4.67.
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Figure 4.67: Absorption
For the untreated CaCO- 4.67, an increase in the

CaCO; content from 10, 20, 30, 40 and 50 phr decreases the

e R ST Ty
ARIAININ NN INY AL

Fot the 0.5 % titanate coupling agent treated CaCO; system in
Figure 4.67, an increase in the CaCO; content from 10, 20, 30, 40 and 50
phr increases the corresponding impact energy by 43.2. 31, 40.2, 31.3,
and 31.3 % respectively in comparison with that of the untreated CaCO;

system.
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For the 0.75 % titanate coupling agent treated CaCO; system, an
increase in the CaCO; content from 10, 20, 30, 40 and 50 phr increases
the corresponding impact energy by 47.7, 56.8, 45.8, 40.5 and 40.5 %

respectively in comparison with that of the untreated CaCO; system.

For the 1.0 % titanate coupliifé{%gnt treated CaCO5 system, an
increase in the CaCOs content from, 10,--2{30', 40 and 50 phr increases
neigy by 76.1, 92:55100.6, 90.8 and 90.8 %
th that\‘of the untreated CaCO5 system.

' ¥
.ﬂlr‘.

For the 1.5 ¢ t Qo;plgl'g«;agent treated CaCO; system, an
increase in the CaCQO; ¢ nt ,ffbm f,Qﬂ ,20, 30, 40 and 50 phr increases
the corresponding impac enc_m'g‘)‘/ byi&l.@ 17.6, 24.7, 15.3 and 153 %

o W
respectively in comparison with that of the untreated CaCO3 system.
-J'_ _."..".: J -

Pt -
> | | £
—

The sequenééffof the ability to increase the impact energy promoted

by the use of by thetitanate coupling agent is 1.5, 0.5, 0.75 and 1.0 %

respectively as-shown in-Figure.4 67.

Thes falling- weight ampactgdeformafion, efsunfilled” and the filled
HDPE systems is plotted against the concentrations of the” CaCO; with

and without prior surface treatment with the titanate coupling agent in

Figure 4.68.
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Figure 4.68: Falling wéight impact deformation at fracture of the CaCO;-

filled HDPE. / —

For the Ca( Os-filled H f nd without coupling

e

agent in Figure 4. 6£B increasing the CaCO; co nt from 10 to 20 phr
significantly ﬁ ﬁ ?J Eﬁﬂjﬂnﬂ\ﬁaﬁ pact deformation
by 44.24 % ﬁs the virgin HDPE.
TR

The titanate coupling agent at the concentration ranges from 0.5 to

1.5 % can improve the falling weight impact deformation absorption as

shown in Figure 4.69.
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Figure 4.69: Falling wéight impact ¢
;-E—“: i.'._‘. _. 5
filled HDPE. =

_—

For the untreated C

CaCO; content from 10, and @0 phr decreases the

corresponding ﬂ (&ﬁg % tﬂéﬁnﬁtﬁnﬁﬁﬁk 578, 60.2,

60.2 and 60.2 ilti@:l Ma S h that of the virgin HDPE.
¢ o e/

Fa E’J.ﬂ/ﬁmjﬁﬂ‘iup i;w; ;]g;tgt Yl]ezgl’!a(’i.] @Jg system in

Figure 4.69. an increase in the CaCO; content from 10, 20, 30. 40 and 50

phr increases the corresponding talling weight impact deformation by 39,
31.5, 26.5, 26.5. and 26.5 % respectively in comparison with that of the
untreated CaCOj system.
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For the 0.75 % titanate coupling agent treated CaCO; system, an
increase in the CaCO; content from 10, 20, 30, 40 and 50 phr increases
the corresponding falling weight impact deformation by 17.3, 8.5, 2.7,

2.7 and 2.7 % respectively in comparison with that of the untreated

For the 1.0 % tlthcpupgng éeated CaCOs; system, an

1 ,\3‘0-40 and 50 phr increases

CaCOj; system.

increase in the CaCQO

the corresponding falli eformation by 11, 8.5, 6.6, 6.6
and 6.6 % respectively 4 arise 1 ih'i;t%o the untreated CaCO,
system. (1%

For the 1.5 % ;; ling agen treated CaCO, system, an

increase in the CaCO, contefr{-ﬁem' 0, 20,
I_g 1D AT, P?:

the corresponding ighng welgﬁf 1mf)ac defor

17.1 and 17.1 % tespec o that of the untreated
CaCO; system. D ’ ﬂj

e LU U AVEN TNYINI, i e
TS Ay e
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4.4 Characterization of CaCOs-Filled HDPE

4.4.1 Differential Scanning Calorimeter (DSC)

DSC thermal scans in the

form of the heat flow and the

-2

Heat Flow (W/g)

-3

ARIANNTUNRANYA Y

Figure 4.70: DSC thermal scan for virgin HDPE a heating rate of 10 °C/

min.



Heat Flow (W/g)

180 200
DSC v4.08 DuPont 2000

154

Figure 4.71: DSC therafal/Scai for CaCOs filled HDPE with CaCO; 10
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Figure 4.72: DSC thermal scan for CaCOs-filled HDPE with CaCQO; 20

phr at a heating rate of 10 °C/min.
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illed HDPE with CaCOj; 30

Figure 4.74: DSC thermal scan for CaCOs-filled HDPE with CaCO; 40

phr at a heating rate of 10 °C/min.
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Figure 4.75: DSC thermal s Os-filled HDPE with CaCO; 50

An addition of 1 nate coupling agent

‘o' significantly effect the mielting temperature and
be e N VBN NN
Y
TR R L Y 3 B of

unfilled and the filled HDPE systems is about 126 °C and 59 %

concentration does

respectively as shown in Figures 4.76 and 4.77 respectively.  The
constant melting temperature of the system implies that the filler particles
and the HDPE are totally immisible. This is also verified by the existence
of the two phases in the microscopic study by SEM as shown in Figure
4.78.
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Figure 4.76: The mclting fem nrn atu \ lled and CaCOs-filled

HDPE with and ‘» H-n e coupling agent.
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Figure 4.77: The degree of crystalinity of the unfilled and CaCOs-filled
HDPE with and without titanate coupling agent.
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= ‘J'!-l

Figure 4.78: SEM microgra;;h of HD

O phr CaCQs;.

442 Dynam}c Mechanical Thermal Analysis (DMTA)

The storagé (elastic) modulas) (E' jand the, loss“tangent (tan ) are
obtained from‘he DMTA test and plotted against the temperature as
shown in Figure 4179.7 The fest was eonducted under a'bending mode.

The glass transition temperature of the HDPE is defined at loss tangent
peak.
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Figure 4.79: Temperaturg de wéndenoelof the bending modulus and loss
the tangent of fitled Hi
The glass transi L. omposites system is

about -105.5 °C as shown in Figure 4.80. )
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Figure 4.80: The gle
filled HDPE

he unfilled and CaCO;5-

Though boﬂ’nthe CaCO3 . ?: oncentration of the

titanate coupling agént have incre _‘ ansition temperature

does not change. Tlﬂ glass transition tcmpera is the property of the

e BRI (i
Acsordiggo *‘rﬁ‘\iﬁmw TINETRY o o

crystallimty of the fi composite systems, however, does not

change.

Other study by Flocke [48] observed the glass transition on both
the low density (branches) and high density (linear) polyethylene as

shown in Figure 4.81.
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The parameters of loss tangent peaks are labeled as o, 3 and vy for

the highest peak. the middle peak and the lowest peak respectively as

shown 1n Figure 4 .81.

The o peak 1s due to the vibrational or reorientational motion of the

PE chains within the crystal line region. In LDPE, the narrowing of o
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peak appears at room temperature and it occurs at a higher temperature in
HDPE, as shown in Figure 4.81. The temperature of the o peak depends
on both the side-branch content and the method of crystallization which
tends to lower the melting point and affects the lower o temperature peak.

Quenching appears to lower o temperature peak.

'/,

In the present study, the tan 8|'at temperature above 100°C can not
be measured. At sueh’

'mper!ltgure, one is. within the softening

the melting temperature of HDPE.

temperature range an /p’éroaphi
The B peak is a\}{t/ tothc kgt'z;ltion of the side-branching group.
d

The B peak of HDPE dges not Péﬁpeai%}l';the present study as HDPE has
A’ ¥

FYPE 3

very few branching. On the gontary, the Bipeak can be observed in LDPE

which has many lopg sidc--bra;l"ches. Eﬁé‘ebserva_tion of the B peak in

LDPE by Flocke i’sj

. »'ﬁgi'ease of side-branch
. P
group content greatly increases the magnification of the B peak but it

does not change the corrgsponding peak,temperature as shown in Figure

4.82.

The y peaktis most significant for the(glass ltransition-temperature
of polyethylene. This is because the y peak is associated with the rotation
of the main chain C-C bond in the amorphous part. The magnitude of the

vy peak 1s a function of the volume fraction of the amorphous region.
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Figure 482: The effect of the side-branch content on the B peak
magnitude in polyethylene. The upper, the middle and the

lower curves are for specimens containing 32, 16 and 1

methyl group per 1000 carbon atoms.
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4.4.3 Heat Deflection Temperature (HDT)

The heat deflection temperature of the CaCOs-filled HDPE system

1s shown in Figure 4.83.

100 \ 0% |
_05%

95 AS — 0 0.75%
1.0%

1.5%

90 -

85 | g

Heat deflection temperature at 66 Psi (C)

80

Figure 4.83: Showg‘the heat detlection tempﬂature of CaCOs-filled
AR INENINEINT
?&Wﬂ‘ﬁ'ﬁ‘ﬂﬁfﬁfﬂlﬁﬂgjﬂ E}h‘]iﬁe&jing CaCo,

content. I This is because the CaCO; content which has a tendency to
increase the modulus, as is evident in the study in Section 4.3.1, has
made the filled HDPE a thermally stable material. The decomposition
temperature of CaCO; is 800-900°C. The HDPE matrix is stiffened by
the CaCOj particle. At CaCO; content ranges from 0 to 50 phr, the heat
deflection temperature of untreated-CaCO; filled HDPE increases by

20.48%. The increase in heat deflection temperature may be due to the
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restriction to mobility and deformability of HDPE chains. When the
titanate coupling agent is incorporated into the system by 0.5 %, 0.75 %,
1.0% and 1.5%, the heat deflection temperature of the CaCOs-filled
HDPE increases by 15.7, 13.2, 11.4 and 9.5 % respectively. The effect of
the titanate coupling agent on heat d;e/ﬁectlon temperature was attributed

to reduction of high temperature creep: //I/ )poratlon of titanate coupling

agent was also found in-plasiicizing action as -indicated by the yield strain

— - ”
and modulus as evident secti<&n 43.1.

The density, « of CaCO3 ﬁlled HDPE graduall& _increases by 10.6 %o,
16.8 %, 22.2 % 27i°/ and 32.6 % when the Ca.Cd3 content is raised by
10, 20, 30, 40 and 50 phr. The density of both th'“e CaCO; and the HDPE
are 2.7 and @947 jg/cni’réspectively) | Hence,) the density of the

composite systéms is naturally higher than that of the virgin HDPE.
When titanste conpling agent s used,; the 'density ‘of the ¢omposite is not
significantly affected. By application of the rule of mixture, the
calculated density from the mass fraction of the composite are slightly
less than those measured by the density gradient method by about 12.3

%.
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Figure 4.84: The density ﬂ' afilled and CaCOs-filled HDPE
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445 Crystaiiza

In the ﬂ:ﬂm%ﬂwxﬁtﬂ Eld]sﬂd?htes can not be

observed due té!the lack of a pglarlzes in thc mlcroscopc Despite the
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the unfilled and filled HDPE at 120 °C for 10 hrs. A micrograph of pure
HDPE crystallites and spherulites are shown in Figure 4.85.
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Figure 4.85: The light migrosecope shows spherulite of pure HDPE.

Crystallization kinetics of HDPE was explained by Chew [21] to be
related to the spherulite radius, the numberof nuclei and the

crystallization tempesature (T).

The number of nuclei was plotted against the time of crystallization

of HDPE, ascshown im Eigure 41861
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From Figure 4@6 the number o nucleatlo ate 1s very high at the

first five secoﬁ ﬂﬁ ﬁ%fwﬂsbj ucleation rate is
constant. At low crys lllzatlonﬁrmpcrature of 1 he nucleatlon rate
" h‘ghﬂ‘wmfﬁ‘ﬂﬁ’?ﬂl’ﬁﬁﬂwm‘ﬂ d

The growth of spherulite radius is plotted against the time of
crystallization of HDPE as shown in Figure 4.87.
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Figure 4.87: Spherulite i tediagainst the time of crystallization

of HDPE at ys ’ 1

changed by only 1 °C:
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The spherulite morpholog¥ pends sg:)ngly on thc;t’emperature of
crystalli & 1 . logies had
been oﬁtﬁdqwmma% %mm:re?;ﬂs %’ﬂ[@;ﬂ; 127 *°C,
namely (a) round, ringed spherulites at the crystalline temperature of 121
°C. Then was a gradual transformation to (b) which were coarse, non-
ringed spherulites at the crystalline temperature of 126 °C. Eventually, to
(¢) at the crystalline temperature top of 127 °C, axialite growth takes

place [21].



170

Figure 4.88: Three morphologies of spherulite observed in HDPE; (a)
ringed shperulites crystallized at 120 °C; (b) coarse grained
spherulites crystallized at 126 °C; (¢) axialites growth at

127 °C.



171

4.5 Fracture Behavior of CaCOs-Filled HDPE

The study of the fracture surface of 50 phr CaCOs-filled HDPE
with and without the titanate coupling agent are shown in Figure 4.89 to

4.94.
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Figure 4.89: SEM photomicrograph of virginHDPE.



Figure 4.91: SEM photomicrograph of 50 phr CaCOs-filled HDPE with

0.5 % titanate coupling agent.
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Figure 4.92: SEM photemicrograph of 50 phr CaCOs-filled HDPE with
0.75 % titanate coupling agent.
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Figure 4.93: SEM photomicrograph of 50 phr CaCOs-filled HDPE with

1.0 % titanate coupling agent.
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Figure 4.94: SEM photomierograph of 50 phr CaCOs-filled HDPE with
1.5 % titanate coupling agent.
For the untreated CaCO; systen‘l' in Figure 4:90, it seems that the
CaCO; particles is pulled out from the HDPE' matrix. This effect
attributable to poor bonding between CaCO, and HDPE.

The effect of titanate coupling agent 'on the fracture behavior of
CaCO;-filled HDPE are shown-in Figure 4.91 to 4.94 It is found that the
better adhesion between CaCOs particles and HDPE matrix as compared

to the untreated system.
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