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SYNOPSIS 

Thermal and flow properties of perlite-filled high-density polyethylenes ( HDPE) , studied 
in the first part of the paper, are discussed. Maximum peak temperatures of endotherms 
( TmP) and the corresponding relative peak heights were examined by differential scanning 
calorimetry (DSC). The data obtained from a Brabender torque rheometer were evaluated 
to find the melt viscosities at low shear rate during preparation of perlite-HDPE composites. 
The filler concentration, types of HDPEs, and the use of 7-APS are found to be effective 
and influential factors on the thermal and flow properties of these composites. 0 1994 John 
Wiley & Sons, Inc. 

INTRODUCTION 

The presence of fillers affects the thermal properties 
of polymer, especially when the polymer undergoes 
a phase transition such as crystallization after the 
introduction of fillers.’-3 Among the thermal prop- 
erties, the melting temperature for crystalline poly- 
mers is largely unaffected by the presence of fillers 
since crystalline material normally remains the same 
unless the filler can affect the crystal habit.’ The 
filler may act as a nucleating and/or antinucleating 
agent. In these cases, crystallite size or perfection 
may be affected and this can influence not only the 
melting but also the mechanical properties depen- 
dent on the morphology.’r2 

It is reported that crystallinity of polymers de- 
creases as the filler content increases, since volume 
occupied by the filler presents a discontinuous space 
for crystallization.2-6 Surface treatment usually is 
found to increase the degree of crystallinity if 
there is good adhesion between the filler and the 
p ~ l y m e r . ~ ~ ~  

By compounding polymers with fillers, the rheo- 
logical (flow) properties are also changed. The most 
significant parameters affecting the flow properties 
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of the composites are molecular parameters of poly- 
mers (molecular weight, molecular weight distri- 
bution, degree of branching), shape of the filler, vol- 
ume loading, degree of particle agglomeration, and 
the polymer-filler interact i~n.~.’~ In general, fillers 
tend to increase the melt viscosity and reduce the 
melt elasticity since the mobility of the chains is 
restricted by the presence of fillers.’-13 

In the presence of a coupling agent, two different 
behaviors are observed in the melt viscosity. De- 
pending on the chemical structure and the nature 
of the filler, coupling agents may act as adhesion 
promoters, thereby increasing melt viscosity,12,13 
and, second, they may behave as lubricating agents, 
thereby decreasing melt vi~cosity.”-’~ 

In the previous paper, Part I, on the perlite-filled 
HDPEs, the mechanical properties were discussed.15 
This second paper considers mainly the thermal and 
flow behavior of perlite-filled HDPE composites. 
The composites prepared in Part I were studied by 
differential scanning calorimetry (DSC) and the re- 
sults were discussed in correlation with the me- 
chanical properties and the inherent thermal prop- 
erties of polyethylenes. Melt viscosity data for the 
composites were also evaluated and the influence of 
7-APS on the flow behavior was examined. It was 
observed that 7-APS increased the melt viscosity 
values for perlite-filled HDPE composites, demon- 
strating that 7-APS acts as an adhesion promoter 
for our system. 
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EX PERlM ENTA 1 

Materials used, sample preparation, and application 
of a silane coupling agent were already provided in 
our previous paper: Part I.15 The irregular flake filler, 
perlite, was used for making HDPE composites. To 
provide the same thermal history, and also for other 
property measurements, for all composites, great 
care was taken during the compression-molding 
process. All composites were compression-molded 
at 200°C and 1400 kg/cm2 between steel plates, after 
mixing in a Brabender torque rheometer. The tem- 
perature was allowed to decrease to 175°C at the 
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same pressure. Then, the mold was cooled by cir- 
culating tap water to room temperature. This routine 
cooling procedure-slow cooling followed by fast 
cooling-took about 30 min. 

Thermal Properties 

Thermal analysis data of the perlite-filled HDPE 
composites were obtained from DSC with a Perkin- 
Elmer DSC-4. Measurements were carried out by 
using about 5 mg of the samples with a heating rate 
of 20°C /min under nitrogen atmosphere. 

Maximum peak temperatures were read directly 
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Figure 1 DSC Thermograms of ( a )  SO464 and (b )  F0753 polyethylenes. P, S, and SH 
stand for untreated, dry silane-treated, and hydrolyzed silane-treated perlite, respectively. 
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from the calorimeter and the relative peak heights 
of melting curves were examined. For the calculation 
of relative peak heights, corrections due to the 
weight difference of the samples and the concentra- 
tion of perlite in the composites were considered. 
DSC thermograms of F0753 at different composi- 
tions of untreated perlite and of SO464 at 50% per- 
lite composition, untreated and dry and hydrolyzed 
silane-treated, are shown in Figure l ( a )  and ( b )  
with pure polyethylenes. 
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Flow Properties-Brabender Torque Data 
Evaluation 

The recordings obtained from a Brabender torque 
rheometer were evaluated at  the point of 10 min 
mixing. The viscosities are represented according to 
the low shear rate from the equation 

134 

9 (poise) = 360M (m-g)/S (rpm) 
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where M is the torque in meter-grams and S is the 
speed of rotation in rounds per minute. Care should 
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be taken in using the melt viscosity values since this 
is an approximate approach in evaluating the Bra- 
bender data, as noted by Goodrich and Porter." 

RESULTS AND DISCUSSION 

Thermal Properties 

In Figure 2 ( a )  - (d)  , the variation of maximum peak 
temperatures of the melting curves ( Tmp) as a func- 
tion of the amount of perlite are presented. The ef- 
fect of filler on melting peak temperatures of HDPEs 
was small, but distinguishable. The values range 
from 138.0 to 134.0"C for H02054P, from 130.6 to 
127.2"C for F0753, from 137.5 to 134.6"C for 00660P, 
and from 138.0 to 137.6OC for SO464 untreated per- 
lite composites. Tmp was depressed suddenly for high 
molecular weight, highly viscous polyethylene, 
H02054P, just after the initial filler loading [Fig. 
1 ( a )  1. On the other hand, for other polyethylenes 
[Figure 2 ( b )  - (d) 1 ,  a slight increase in Tmp was ob- 
served, followed by a maximum at around 10-15% 
compositions containing untreated and treated per- 
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Figure 2 The variation of Tmp with the perlite concentration for HDPE composites: (a )  
H02054P; (b) F0753; ( c )  00660P; (d )  S0464. (+) Untreated perlite; (+) dry silane- 
treated perlite; (t) hydrolyzed silane-treated perlite. 
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lite. T,, decreased gradually, reaching a constant 
value after that increase. This maximum in Tmp was 
possibly caused by the restriction of mobility of 
polymer chains. Although the restriction of chain 
mobility increases with the perlite content, HDPE 
matrices lose their closed-packed structure and dis- 
continuous space for crystallization increases; hence, 
Tmp and the degree of crystallinity decrease. The 
decrease in Tmp7 which was also related to crystallite 
size and/or perfection, was affected by the presence 
of filler.2 The decrease in Tmp without a maximum 
for H02054P composites can be explained by the 
long chains of this polyethylene. The long chains in 
the presence of perlite particles in H02054P create 
more discontinuous space for crystallization, which 
leads to an instantaneous reduction in Tmp values 
and degree of crystallinity [Fig. 2 ( a )  and 3 ( a )  1 .  

Regarding the low molecular weight polyethylene 
S0464, we observed almost no change in Tmp after 
the mentioned maximum at 10 and 15% filler con- 
centration; hence, any discontinuity for the crys- 
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Figure 3 The variation of relative peak heights with 
the amount of perlite in HDPE composites: ( a )  H02054; 
( b )  S0464. Symbols used for perlite treatment are the 
same as used in Figure 2. 

tallization for the low molecular weight SO464 is not 
effective. In other words, SO464 appears to be at  the 
critical limit of crystallization, free from the effect 
of the presence of filler. 

In Figure 2 ( a )  and ( b )  , the relative peak heights 
of endotherms (i.e., the ratio of the peak height of 
the composites to the peak height of pure polyeth- 
ylenes) are plotted against the perlite concentration. 
The area under the peak in DSC measurements is 
directly proportional to the total amount of energy 
transferred. Therefore, it is also related to the 
amount of crystallinity. Figure 2 gives a clear ob- 
servation about the variation of the relative amount 
of crystallinity compared to pure polyethylenes with 
respect to the filler concentration in the composites. 
The degree of crystallinity decreased as the amount 
of perlite increased. This is expected for all com- 
posites, since the amount of filler with respect to 
the amount of polymer matrix (mass ratio of filler 
to polymer) and the discontinuous space for crys- 
tallinity increases with the concentration of filler. 

-y-APS treatment augments Tmp and improves 
crystallinity, indicating that interfacial adhesion is 
increased by using this silane coupling agent. The 
effect of hydrolyzed y-APS is more pronounced than 
for the unhydrolyzed case. 

It was observed that, although vinylsilanes grafted 
to the HDPE matrix, the methacrylate silane was 
more effective in increasing crystallinity at  the in- 
terfa~e.~, '  In addition, methacrylate and aminoalkyl 
silanes form interpenetrating polymer networks with 
polyethylenes at  the interface, and the improved 
mechanical properties of kaolin-filled HDPE com- 
posites were attributed to the polymer structure at  
the interface. A similar conclusion can be made for 
perlite / y-APS / HDPE systems. The degree of 
crystallinity is found to increase and the improved 
properties such as yield stress14 and other properties 
discussed in Parts I, 11, and 111 may be attributed 
to the enhancement of morphology of polyethylenes 
at  the interface in the presence of -y-APS. 

Flow Properties of HDPE Composites 

The variations of melt viscosity with respect to per- 
cent perlite at  10 min mixing are given in Figure 
4 ( a )  and ( b )  for H02054P and F0753 composites, 
respectively. Melt viscosity shows a maximum at 
10% composition and then reduces with increasing 
perlite concentration for H02054P. This decrease in 
melt viscosity of this composite may be attributed 
to poor mixing of perlite and high-viscosity poly- 
ethylene, H02054P7 especially at  higher concentra- 
tions of perlite. Yet, it is difficult to assess the main 
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Figure 5 The comparison of the melt viscosities of perlite-HDPE composites: (a)  un- 
treated perlite composites; (b)  dry silane-treated perlite composites; ( c )  hydrolyzed silane- 
treated perlite composites: (+) H02054P; (+) F0753; (t) 00660P; (*) S0464. 
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(Continued from the previous page) Figure 5 

reason because this behavior is rather unexpected, 
since, for the untreated compositions of H02054P, 
as discussed in the previous part, we did not en- 
counter any contrary behavior in the mechanical 
properties due to mixing difficulties. The unusual 
melt viscosity variation in H02054P may be ex- 
plained by its high molecular weight compared to 
that of the others. H02054P had a rather nonsticky 
character from the beginning to the end of mixing, 
whereas the others stuck to the walls of the mixing 
cavity. It should also be noted that the interfacial 
adhesion between H02054P polyethylene and hy- 
drolyzed silane-treated perlite was apparently as 
strong as that of the others. 

The melt viscosity variation of F0753 composites 
containing untreated and treated perlite are nearly 
the same as that of pure F0753 up to 20% perlite 
[Fig. 3 ( b )  1. After this concentration of perlite, as 
expected, melt viscosity increases with the amount 
of perlite. For the other polyethylenes studied, melt 
viscosity increased as the concentration of perlite 
increased, as it did for F0753. The effect of molecular 
weight and other inherent properties of HDPEs on 
the variation of melt viscosities a t  10 min mixing 

time, with respect to treated and untreated perlite 
concentration, are plotted in Figure 5 ( a )  - (c  ) . 

Silane treatment increases melt viscosities of 
polyethylene composites. The change in melt vis- 
cosity by the silane treatment showed no big differ- 
ences in H02054P, F0753, and 00660P composites 
compared to the untreated samples, especially at low 
filler concentrations. The effect of the silane cou- 
pling agent was observed particularly at high load- 
ings of perlite. The highest increase in melt viscosity 
by the treatment of y-APS was seen in highly crys- 
talline, low molecular weight polyethylene, SO464 
composites. Upon hydrolysis of the silane coupling 
agent, the melt viscosity increased further compared 
to the unhydrolyzed one, in all cases. Hence, it can 
be concluded that the silane coupling agent's action 
as an adhesion promoter starts during melt blending. 

CONCLUSIONS 

Maximum peak temperatures and relative peak 
heights of melting curves decreased as the amount 
of filler increased. The slight increase in Tmp at lower 
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concentrations of perlite may be attributed to the 
restriction of mobility of polymer chains, for F0753, 
00660P, and S0464. However, there is no increase 
of Tmp in high molecular weight polyethylene, 
H02054P, since the long chains of this polymer may 
form more discontinuous space for crystallization. 
For highly crystalline polyethylene, S0464, the ad- 
dition of filler does not affect the Tmp values after a 
certain filler concentration: Tmp remains almost 
constant. 

y-APS treatment increases Tmp values slightly 
and augments relative peak heights that are pro- 
portional to the degree of crystallinity, indicating 
that the interfacial adhesion is improved by using 
the silane coupling agent. 

Melt viscosities of polyethylene composites in- 
creased as the perlite content increased, with the 
exception of H02054P. H02054P showed a reduction 
in melt viscosity with the amounts of perlite due to 
its “nonsticky” property. This particular unusual 
behavior will be studied in more detail in the future. 
7-APS increased melt viscosity in all cases, es- 
pecially at high concentrations of perlite, and this 
demonstrates that this silane coupling agent acts as 
an adhesion promoter for perlite-filled HDPE sys- 
tems rather than as a plasticizer. 
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