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ABSTRACT: The effects of volume fraction, particle size,
and surface state of AI(OH); fillers on the dynamic mechan-
ical properties of EPDM/AI(OH); composites were investi-
gated by dynamic mechanical analysis (DMA). The interfa-
cial structure parameters of EPDM/AI(OH); composites
were also investigated. The results show that dynamic me-
chanical property and the glass-transition process of com-
posites are distinctly influenced by the volume fraction,
particle size, and surface state of AI(OH), fillers. With the
increase of volume fraction and decrease of particle size of
Al(OH); fillers, the temperature corresponding to the max-
imum damping factor of composites shifts to a higher tem-
perature with lower peak value and broader half-peak
width. The treatment of fillers with coupling agent can

greatly enhance two-phase interaction and thus improve the
dynamic mechanical properties of composites. Conse-
quently, a lower damping factor, broader half-peak width,
and larger apparent activation energy of glass transition can
be achieved. In addition, a novel method of calculating the
apparent activation energy of composites is put forward
based on the DMA method, which has been verified by
calculating the apparent activation energy of glass transition
of Al(OH);-filled EPDM composites. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 98: 24542460, 2005
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INTRODUCTION

Polymer-based composites filled with inorganic fillers
are widely used in electrical insulation systems and
many other engineering fields." Typical composites
are insulating materials for EPDM insulators, cable
terminations, and bushings. The fillers are filled with
EPDM to impart improved mechanical properties,
flame retardancy, and tracking resistance. However,
as composites have a great many microscopic inter-
faces, the surface state of the fillers has a great effect on
the microscopic interfaces and consequently it brings
about a lot of effects under the action of electric field,
temperature, and stress;®~8thus, the dynamic mechan-
ical property of composites was greatly changed. Dy-
namic mechanical property is one of the most impor-
tant properties for composite insulation materials,
since periodic or stochastic stress and temperature will
be imposed on the composites in their working state,
which thus change the storage module, damping fac-
tor, dynamic viscosity, and life. Although dynamic
mechanical properties of composites were investi-
gated by some researchers,” " the results are not so
satisfactory and the mechanism is not clarified be-
cause the property is influenced by many factors.
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Dynamic mechanical analysis is a powerful tool to
study the molecular motion and property of poly-
mers.'®"” Several researchers'®™ have used the
method to investigate polymeric blends and polymer-
based composites with inorganic fillers successfully to
analyze the effect of interface on molecular motion
and property of polymers. Both inorganic fillers and
the resultant organic/inorganic interface show great
effect on the dynamic mechanical property of compos-
ites, which have not been studied and understood in
detail so far. In this paper, the effects of volume frac-
tion, particle size, and surface state of AI(OH); fillers
on the dynamic mechanical properties of EPDM/
Al(OH); composites were investigated by DMA. Also,
the interfacial layer thickness was calculated by a
newly proposed method.

EXPERIMENTS

The ethylence-propylene-diene monomer rubber (EPDM,
Nordel 2522; Dupont Co. Ltd., Wilmington, NC) was
used as the matrix material. Two types of AI(OH);
fillers (provided by GuiZhou Aluminum Factory,
China) with average particle size 1.25 and 24.2 um and
specific surface area of 2.43 and 0.146 m*/g, respec-
tively, were dispersed in EPDM. Other materials like
crosslinking agent (DCP), antioxidant, silicone cou-
pling agent, and stearic acid are commercial products.
Table I shows the basic formulation of the composites.



DYNAMIC MECHANICAL PROPERTIES OF EPDM/A1(OH), COMPOSITES 2455

TABLE 1

Basic Formulation of EPDM/AI(OH), Composites

Material (phr) Content
EPDM 100
DCP 2
Antioxidant 1
Stearic acid 1
Silicone coupling agent 2
Al(OH), Varied

EPDM, AI(OH);, and DCP were put into a two-roll
mixer of 120 * 3 °C in sequence and blended for 10
min. Then the mixture was put into a flat vulcanizing
machine at 170 = 3 °C and vulcanized for 20 min
under proper pressure. Finally, samples with a dimen-
sion of 50 X 12.5 X 1.4mm were obtained. To investi-
gate the role of particle size and surface state of
Al(OH); fillers on dynamic mechanical properties of
composites, polymer-based composite samples con-
taining AI(OH); fillers with different particle size and
surface state were prepared.

A dynamic mechanical analyzer (DMA, Model
DMA 983, TA Instruments, New Castle, DE) was used
to measure the dynamic mechanical properties and
differential scanning calorimetry (DSC, Model DSC
2920, TA Instruments) was used to measure the glass
transition temperature of the composites. Table II
shows the operating parameters.

RESULTS AND DISCUSSION

Dynamic mechanical properties as a function of
temperature

Figure 1 shows the effect of temperature on the stor-
age module (E’) and damping factor (tané) of EPDM/
Al(OH); composite. The particle size of AI(OH); fillers
is 1.25 um and the volume fraction is 0.1. E’ decreases
sharply with temperature in the range of —70-40 °C,
while a transition peak of tand appears at —46.3 °C. To
clarify the transition process, samples of composites
and pure EPDM were analyzed by DSC. As shown in
Figure 2 samples of composites and pure EPDM ex-
hibit endothermal transition at —47.7 and —57 °C,
respectively, which is in accordance with the glass
transition temperature (T,) of EPDM reported else-
where.” Thus, it is suggested that variation of E' and

TABLE II
Operating Parameters of DMA and DSC
Parameter DMA DSC

Heating rate 5°C min~! 5°C min~!

Temperature range —80 to 10 °C —80 to —30°C
Mode Resonance mode
Amplitude 0.3 mm
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15} 415
=1
8
= 10F H10
=%
<
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0.0 0.0
-80 -30
T(C)
Figure 1 Temperature dependence of E’ and tané.

tand in the range of measuring temperature of Figure
1 results from the glass transition process. In addition,
it can be seen from Figure 2 results that T, of pure
EPDM is lower than that of composites, which sug-
gests that the movement of the EPDM molecule was
blocked by AlI(OH); fillers through Al(OH);/EPDM
interfaces.

Dynamic mechanical property of composites at
glassy state

Figure 3a and b shows the dynamic mechanical results
of EPDM/AI(OH); composites in the glassy state with
different particle size and surface state and fixed vol-
ume fraction of 0.10. From Figure 3(a), it is clear that E’
of composites is larger than that of pure EPDM, and E’
of EPDM/AI(OH); composites with smaller AI(OH);
particles(1.25 um) is larger than that of larger AI(OH);
particles (24.2 um). Larger E’ can be induced by cou-
pling-treated Al(OH); fillers compared with non-cou-
pling-treated samples. This result reveals that the
EPDM matrix can be reinforced by Al(OH); fillers.
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Figure 2 DSC thermograms of different samples: (1) com-

posite; (2) pure EPDM.
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Figure 3 The dynamic mechanical results of EPDM/
Al(OH); composites at glassy state: (a) E’ of composites; (b)
tand of composites.

Since smaller AI(OH); particles have larger specific
surface area and consequently larger interface area,
the E' of EPDM composites with smaller AI(OH);
fillers(1.25 um) is larger. Coupling-treated Al(OH);
fillers leads to more uniform distribution of fillers in
EPDM matrix as well as a stronger chemical bond
between the Al(OH); phase and the EPDM phase,
which can reinforce the interaction between two
phases and reduce the interface defects; thus, E' of
composites is largely increased. It can also be seen
from Figure 3(b) that tand of composites is smaller
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than that of pure EPDM. This is because AI(OH);
fillers reduce the effective volume of EPDM, which is
the so-called “volume effect.” It was reported that the
volume effect gets stronger as the volume fracture of
AI(OH); fillers increases.”? In addition, the mechanical
loss of rigid AI(OH); fillers is much smaller than that
of EPDM, which also contributes to the decrease of
tand. To investigate the effect of surface state of
Al(OH); fillers on dynamic mechanical property of
EPDM/AI(OH); composites, the interactional param-
eter (B) between two phases was calculated by apply-
ing eq. (1) proposed by Ziegel and colleagues™** to
calculate the E’ of a binary composite system com-
posed of a continuous polymeric phase and distrib-
uted inorganic fillers phase,

E' — Ej
B=E+1sEpv, 1
where E’ and E,’ are storage modules of composites
and polymeric matrix, respectively, V; is the volume
fraction of inorganic fillers; and B is the interactional
parameter between two phases. B can be achieved
when E’, E,’, and V; are obtained. The calculated B of
EPDM/ Al(OH); composites when the volume fraction
of AI(OH); fillers is 0.1 is shown in Figure 4. The value
of B gets larger when Al(OH); fillers are treated with
coupling agent, which suggests that the interaction
between the two phases is enhanced due to the chem-
ical bond formed and changed interfacial structure.

Table III shows the T, peak value of tand
(tand,,,,),the half-peak width (AW), and the apparent
activation energy (AE) of composites with the volume
fraction of 0.1 and different surface state of Al(OH);
fillers. Compared with samples with untreated fillers,
composites with coupling-treated fillers exhibit lower
tand,,,,, broader AW, and larger AE. This result fur-
ther reveals that the surface state of fillers and inter-

0.0

filled EPDM
(24.2pm)

filled EPDM
(1.25um)

DUntreated Al(OH)3

BWTreated Al1(OH)3 |

Figure 4 B of EPDM/AI(OH); composites.
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TABLE III
Comparison of Dynamic Mechanical Properties of
EPDM/AI(OH); Composites

AE
T, (°C) tand,., AW (°C) (KJ - mol™?)

Surface state of
Al(OH); fillers

Pure EPDM —49.5 1.46 8.8 64.8
Untreated Al(OH),

fillers (24.2 um) —46.8 1.40 10.0 68.2
Treated Al(OH);

fillers (24.2 wm) —46.2 0.87 114 74.8
Untreated Al(OH),

fillers (1.25 wm) —45.7 1.38 11.2 71.5
Treated Al(OH),

fillers (1.25 um) —45.3 0.81 14.6 76.7

facial structure can be improved; thus, the interface
defects can be reduced and the local motion of EPDM
molecule chains can be limited, as shown by the vari-
ation of tand,,,,, AW, and AE.

Effect of the volume fraction and particle size of
Al(OH); fillers on E’ and tané of composites

Figure 5 (a, b) shows the effect of temperature on E" of
EPDM/AI(OH); composites with different volume
fraction and particle size of Al(OH); fillers, respec-
tively. The results show that the initial glassy state E’
of two composites increases with the volume fraction
of AI(OH); fillers. At the same temperature, E' of
composites with 1.25 um Al(OH); fillers is larger than
that of 24.2 um Al(OH); fillers. Under all conditions E’
decreases with temperature in the range of —80-30 °C,
which demonstrates that the addition of AI(OH)j; fill-
ers affects the glassy state module of composites as
well as the glass transition process.

E'(GPa)

T(C)

(a) AI(OH); particle size (24.2um)
1-Pure EPDM, 2-1V=0.10,

Figure 5
Al(OH); particle size (1.25 um).
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0.4

1- simulated curve (B=1.6), 2- simulated curve (B=1.4);

J- experimental results of AI(OH); fillers(24.2um)
O- experimental results of AI(OH); fillers(1.25um)

Figure 6 The simulated and experimental results of the
E'-V; relation: (1) simulated curve (B = 1.6); (2) simulated
curve (B = 1.4). O, Experimental results of AI(OH); fillers
(24.2 pm); O, experimental results of Al(OH); fillers(1.25

pwm).

Based on eq. (1), the relation between E’ and volume
fraction (Vy) of composites at the glassy state was
simulated. Figure 6 shows the simulated curve and
experimental curve. The results shows that when V;
< 0.2, two simulated curves fit with experiment and
the values of B for Al(OH), fillers (24.2 um) and
Al(OH); particles (1.25 um) are 1.4 and 1.6, respec-
tively. However, when V; > 0.2, the simulated curves
are higher than experimental points, which shows
weaker interaction and cohesion when additional in-
organic fillers were added to the system.
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(b) AI(OH); particle size (1.25um)

3-V=0.14, 4-V=0.27, 5-V=0.36

Effect of temperature and Al(OH), particle size on E’ of composites: : (a) AI(OH); particle size (24.2 pm); (b)
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(a) AI(OH); particle size (24.2um)
1-Pure EPDM, 2-V=0.10,

Figure 7

(b) Al(OH); particle size (1.25um)

3-1=0.14, 4-7=027, 5-V=0.36

Effect of temperature and Al(OH), particle size on tand of composites: (a) AI(OH); particle size (24.2 um); (b)

Al(OH); particle size (1.25 um). (1) Pure EPDM; (2) V; = 0.10; (3) V; = 0.14; (4) V; = 0.27; (5) V; = 0.36.

Figure 7 (a, b) shows the effect of temperature on
tand of EPDM/Al(OH); composites with different vol-
ume fraction and particle size of Al(OH); fillers, re-
spectively. It is clear that, under both particle size
conditions, with the increase of volume fraction of
Al(OH); fillers, the temperature corresponding to
tand,,,, of composites shifts to higher temperature
region, while tand,,, is reduced and AW is broad-
ened, as shown in Table IV. Such a novel phenomena
of dynamic mechanical property of EPDM/AI(OH);
composites has not been reported before.

the block of AI(OH); particle to EPDM molecular
movement is realized through interfaces.

New method of interfacial layer thickness
calculation

It is suggested”® that interfacial layer thickness closely
relates to the variation of specific heat of polymeric
glass transition, which can be shown as

In the sense of molecular movement, the glass tran- A=1-— iigf (2)
sition process of polymer is micro-Brownian move- 0
ment of the noncrystalline segment in a noncrystalline s
or crystalline polymer, which is actually a relaxation (R +AR) 1= AVy 3)
transition and can be affected by many factors. It is R® 1=V

suggested that AI(OH); fillers block the micro-Brown-
ian movement of EPDM molecular chains. This effect
increases with the volume fraction of Al(OH); fillers
and leads to great variation of glass transition process,
which is shown by the variation of interfacial activa-
tion energy.” It can also be seen from Figure 7 that,
with the same Al(OH),; volume fraction, smaller
Al(OH);, fillers lead to lower tang,,,, broader AW, and

higher tand,,,, temperature, which further proves that

where A is the weight constant of interface volume
fraction; AC; and AC, are the specific heat variation of
composites with and without fillers, respectively; R is
the radius of the filler particle; and AR is the interfacial
layer thickness.

In the research of temperature dependence of
damping voltage, which is proportional to tans, the
values of two baselines besides the glass transition

TABLE IV
Comparison of Dynamic Mechanical Properties of EPDM/AI(OH), Composites with Different

Volume Fraction and Particle Size of A1(OH), fillers

Volume fraction of Al(OH); fillers 0 0.10 0.14 0.27 0.36

Al(OH);, fillers (24.2 um) T, (°C) —49.5 —46.8 —43.0 —41.8 —39.3
tand, ., 1.46 1.40 1.30 1.24 1.02

AW (°C) 8.8 10.0 10.6 123 137

Al(OH);, fillers (1.25 um) T, (°C) —49.5 —45.7 —45.0 —41.3 —38.2
tand, ., 1.46 1.38 1.28 1.13 0.93

AW (°C) 8.8 11.2 12.1 14.5 18.8
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peak are quite different. It is suggested here that the
interfacial layer thickness can be calculated by the
baseline difference. It is supposed that: (1) fillers are
uniformly distributed in the polymer in the form of
spheres; (2) fillers are separated and the interaction
can be ignored.

For DMA analysis, eq. (4) can be achieved, provided
eq. (2) is considered as a reference,

)\v =1 Auo ’ (4)
where A, is the area constant of the interfacial layer
volume fraction; AU; and AU, are the baseline differ-
ence of composites with and without fillers, respec-
tively, which relate to the cross section (A) of samples,
that is, AU = (U; — U,)/A; U,and U, can be obtained
by the method shown in Figure 8.

The interfacial layer thickness can be calculated if A,,
achieved by eq. (4) is put into eq. (3). The calculating
results of interfacial layer thickness of EPDM/
Al(OH); composites are shown in Table V (five spec-
imens for each species and the measurement error of
AlU; and AU, is =5%); the volume fraction and particle
size of Al(OH); fillers is 0.1 and 24.2 um, respectively.
The interfacial layer thickness of coupling-treated
composites is larger than that of non-treated ones,
which is in accordance with the rule of interfaced layer
thickness of epoxy composites filled with Fe fillers or
glass fibers.”*?” The values of interfacial layer thick-
ness are also in the same magnitude as shown in Refs.
2627 1t is proposed that there are two types of active
groups in silicone coupling agent. When AI(OH); fill-
ers were treated by the coupling agent, one active
group will react with AI(OH); fillers. After being put
into EPDM, another active group will react with
EPDM, and then a special wider interfacial layer struc-
ture can be formed in the process of crosslink. As a
result, interfacial layer thickness of coupling-treated

L T
g
=8
EL
i Us }
0 1 " l 1 L " 1 L 13 L’}Zn |
T(C) .
Figure 8 DMA curve applied to calculate interfacial layer

thickness.

TABLE V
The Calculating Results of Interfacial Layer
Thickness of Composites

AU,
Filler conditions (V:-m™? A, AR(nm)
Untreated AI(OH),
fillers 748 0.345 126.7
Treated Al(OH),
fillers 676 0.408 149.5

composites is larger than that of coupling -untreated
ones.

CONCLUSIONS

(1) With the increased volume fraction of Al(OH),
fillers, the temperature corresponding to tand,,,, of
the composites increases, while the peak value is low-
ered and the width of half peak is increased. When the
volume fraction of AI(OH);, fillers is fixed to 0.1, the
particle size has a great effect on dynamic mechanical
properties of composites.

(2) The interfacial structural parameters of EPDM/
Al(OH); composites can be greatly affected by the
surface state of AI(OH); fillers. Coupling-treated
Al(OH), fillers are helpful to improve interfaced struc-
ture, reduce interfacial defects, improve dynamic me-
chanical property of composites, and greatly enhance
interaction between two phases. Thus, lower tané,,,
and larger AW and AE of glass transition can be
achieved.

(3) The interfacial layer thickness of composites can
be calculated by the DMA technique, which is re-
garded as an effective method.
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