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The gradient effects depending on the manufacturing conditions, such as the rotating
speed (rpm) and time (h), silica particle size and interfacial treatments on the com-
pressive properties of silica-reinforced rubber composites were examined. Based on
the experimental results, the window of the best manufacturing conditions to obtain
the maximum compressive properties was investigated. By developing a simple
model, the optimal gradient pattern of the silica distribution was proposed. The
degree of the distribution gradient (D) should be maximized to have the best com-
pressive properties. A higher D, could be obtained by increasing the rotating speed
and time. On the other hand, the highest D, has the problem of popping out the
silica located in the surface during compressive loading, even in early stages. To
overcome the model-predicted ideal pattern of silica particles, the distribution pattern
for modified experimental observations can be obtained by changing the curing
processes. In addition, the surface treatments of silica significantly affect the manu-
facturing conditions due to a higher adsorption capacity of rubber molecules that
interfere with silica movement by the centrifugal force.

Keywords: FGM; silicone rubber; compressive modulus; distribution gradient; silica

1. Introduction

Functionally graded materials (FGMs) attract increasing attention in many engineering
applications because of the increasing performance demands and tailorable reinforce-
ment capabilities of their various properties. In general, FGMs contain either a gradual
or a stepwise change in material properties along a given direction. In particulate com-
posites, a graded structure can be obtained by either changing the particle volume frac-
tion or the particle size along the thickness of the composite.[1,2] Functionally graded
metal and ceramic composites have been studied widely, fabricated, and character-
ized.[3,4] On the other hand, relatively few studies have examined polymeric materials
even though there are many advantages such as optical properties, thermal stress relaxa-
tion, and mechanical properties for gradient polymer. In particular, FGM with an elasto-
meric matrix has not been widely studied even though there are many advantages,
because rubber is used under a compressive load in many applications such as tires,
shock absorbers, and dampers. The gradient effects of FGMs can be more significant
under compressive loads than tensile loads for an elastomeric material with short or
particulate fillers due to the failure mechanisms.[5,6]
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Among many fabrication methods, applying a centrifugal force is considered the
most economical and attractive process. Centrifugation has been used to produce a
graded distribution of carbon fiber [7] and graphite, in an epoxy resin matrix [8,9] and
in polymer matrix-based FGMs. The performance of FGMs depends on the concentra-
tion profile and uniform dispersion in the matrix. In addition, epoxy-based composites
have been fabricated with different fillers [10,11], and other matrix such as polyure-
thane [12] was also studied. In these studies, the FGMs have improved mechanical
properties compared with their homogeneous counterparts. On the other hand, an
improvement in mechanical properties is achieved at the expense of dimensional
stability at various temperature and moisture conditions.

Recently, silica has attracted considering attention due to the alternative non-black
reinforcing filler that can be used widely to produce colored rubber products with
excellent tear strength, high abrasion resistance, and low rolling resistance.[13] In addi-
tion, with increasing demand for the control of vibrations and noise, the importance of
developing damping materials with silica is becoming vital in many industries.[14]
Silica, however, is less compatible with some elastomers and it is not easy to disperse
small-sized silica. To maximize the potential of silica as a reinforcing filler and expand
the applications of the elastomers, the development and optimizing of FGMs is criti-
cal.[15] Therefore, FGMs with an elastomeric matrix can be a good candidate material
for these applications with a controllable size, shape and filler content, and distribution.

To maximize the use of FGM, the key issue lies in determining the optimum spatial
dependence for the composition and in predicting the characteristics of an FGM for a
given composition profile during fabrication and under in-service conditions. Therefore,
a simple model for design, processing, and performance is needed. There are numerous
studies to establish the FGM behaviors. [16,17] However, many of these studies are
limited to a specific application and are not easy to use. Furthermore, there is very
limited study for elastomeric composites.

The aim of this study was to examine the compressive properties of silica-
reinforced gradient rubber composite depending on the manufacturing conditions, such
as the rotating speed (rpm), time (h), silica particle size, and interfacial treatments. In
addition, the optimized pattern of the particle distribution was determined based on the
simple analytical model. Also, the degree of the gradient is simplified to predict the
effects of distribution gradient. The curing process was modified to obtain the best
distribution pattern that gave significantly improved mechanical properties.

2. Experimental

The matrix material used in this study was room temperature vulcanization (RTV)
silicone rubber (Shinetsu, KE-12), and the reinforcing filler was silica with a particle
size ranging from 30 to 340 um and a volume content ranging from 0 to 40 phr. The
particle size is measured using a laser diffraction particle size analyzer (LS 13 320,
Beckman Coulter Inc. US) and ethanol as a solvent. Figure 1 shows the typical particle
size distribution of the used silica with a mean diameter of 30 um (the actual value:
26.6 um).

After mixing the matrix with the silica fillers, the mixture was placed in vacuum
for 5 min. Then, a hardener (CAT-RM) of 0.5 phr was added and placed again in vac-
uum for 5 min. The final compound was poured into the mold and placed in a vacuum
for another 5 min. By considering the working (30 min) and curing (8 h) time of the
matrix, the rotating time was 0, 0.5, 1, and 2 h; the rotating speed was 0, 210, 400,



Downloaded by [University Town Library of Shenzhen] at 12:48 28 December 2015

Advanced Composite Materials 483

Volume ( %)

10 20 30 40 50 60
Diameter (um )

Figure 1. The size distribution of used silica with the mean diameter of 30 um.

and 560 rpm. In addition, the temperature of the mold was increased up to 50 °C for
rapid curing in the mold surface during rotation, to prevent the silica from being
located at the surface. If located extremely at the surface, the particles can protrude
easily during compressive deformation. To investigate the particle distribution within
the specimen, the specific gravity of different locations is measured using the electronic
densimeter (Type DH-202, Densicom Inc. Korea).

The silica surface was treated by atmospheric pressure flame plasma (APFP, Super
Flame Center 100®, API Inc. Korea). The distance between the burner port and silica
was 40 mm, the velocity was 30 m/min, and the sample was treated reciprocally four
times.[5,6]

The specimen was a cylinder type with 40 mm in height and 25 mm in diameter. A
compressive test was performed using a Shimatzu machine (AG-5000E) with a constant
velocity of 5 mm/min. The compressive modulus is measured between the strain of
£=0.1 and ¢ =0.2 for the specimen. All data reported are the mean of more than five
specimens.

3. Results and discussion

Three different sizes of silica with 40 phr and three different rotating velocities were
initially chosen to understand the silica distribution, volume fraction, and size of silica
under a centrifugal force. Figure 2 shows the effects of the particle size on the com-
pressive modulus after 1 h at 400 rpm. As the particle size increased from 30 to
340 um, the compressive modulus increased from 2.73 to 3.52 MPa, at a rotating
velocity of 400 rpm for 1 h. As expected, when the particle size decreased, there was a
decrease in the compositional gradients that lead to a small increase in compressive
modulus for a given period. On the other hand, this trend of increasing the modulus
with the particle size is the same for different volume contents and rotating velocities,
even though the increasing rate was different. In this study, the size variations as shown
in Figure 1 are not considered since these size distribution of used silica is quite similar
for all sizes. However, the particle distribution depending on the particle size and loca-
tion should be examined carefully in a future experiment.
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Figure 2. Effect of the particle mean diameter on the compressive modulus of the composites.

Figure 3 shows the effects of the rotating velocity and particle volume content on
the compressive modulus. The gradient effects became more significant with increasing
volume content. In addition, there should be optimal condition depending on the parti-
cle size, volume, and rotating conditions, such as the velocity and time, because the
modulus decreases at 560 rpm for 1 h. For the specimen with 40phr, the maximum
modulus reaches at 400 rpm; the specimen with 25 phr shows the maximum modulus
at 210 rpm, even though the modulus was quite low. It is believed that the compound
with a low V), has a low viscosity and can have an easy alignment at a lower speed.

Figure 4 shows the compressive modulus with 110 pm and 40 phr as functions of
the RPM and rotation time. In general, the compressive modulus increases gradually
with increasing RPM and rotation time up to a certain condition and then decreases. It
closes to the maximum at 300 rpm at 2 h and 400 rpm for 1 h, and decreases slowly
thereafter. However, it keeps increasing with the specimen for 0.5 h rotation up to
560 rpm, which is the limit for experimental setup in this study. Generally, it can be
expected that the rotating speed and time have a reciprocal relationship. If one of them
is excessive, the compressive modulus deceases because the filler tends to be located
extremely in the edge of the specimens and pop out during the compressive loading.
The compressive strength also has a similar trend.

Figure 5 shows the effects of the plasma treatment on silica (110 pm) on the com-
pressive modulus as a function of the rotation time. Compared to the untreated speci-
men which shows the maximum modulus at 1 h with 400 rpm, the modulus of the
specimen with the APFP treatment shows a rapid increase even at 0.5 h with 400 rpm,
remained high until 1 h, and decreased slowly thereafter. The absorption capability due
to the interfacial treatment is believed to increase, which leads to a decrease in the
aligned movement of particles by the centrifugal force. On the other hand, the distribu-
tion depending on the particle size and better interfacial conditions had a significant
effect on this pattern.

To understand these effects and produce a better FGM, it is necessary to develop a
simple model. The FGM can be divided radically into many regions with an equal
width with the same particle content, as shown in Figure 6. Figure 7 shows the
compressive modulus as a function of the particle volume content (V),).
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If the compressive load is applied from the top of the specimen, a simple analytical
model for the FGM can be derived as follows:

n n
V, = Z V; = constant and P; = ZPi (D
i=1 i=1
The total volume of particles should be constant as a given percentage and the
applied load should be distributed equally among the regions.
Because the displacement of this composite should be constant for all segments of
the specimen under compression, the stress and strain relation gives

AL, = constant )

where 4 and A are the height and area of each segment, and E; is the compressive
modulus of each segment. The total load can be represented as

n Ej
P =P (1 +3° E“) 3)

i=

where P, and E; are the load and modulus of the matrix (V, =0). Therefore, the
modulus of FGM can be presented as

P, "~ Eij Eiv1
Ec=-1[1 d Ec = 4
=143 ) ma e 3R @

n
i=1 i=1

where k is a constant.

Based on the experimental data of the particle-reinforced composite, the modulus of
the composite increases in the following power fit with a particle volume fraction,
[15,18] as shown in Figure 7.

Hence,

Ec[ o V,B
B oe' P 4y 5)

The constant a, f and y can be determined depending on the material types and prop-
erties. For the materials used in this study, they were o = 0.15, f = 8.35 and y = 1.17.

The compressive modulus is related directly to the sum of the segment modulus.
Depending on the curve pattern, the load required to deform this FGM can be varied
according to the distribution of particles in each segment. In general, the highest modu-
lus was obtained with the stiffest outside layer with ¥, = 80 or 100% of the given vol-
ume content. In addition, depending on the number of segments or particle size, the
percentage of V), in each segment should be changed. On the other hand, as V,
increases in the outside or in only one layer, the compressive modulus of FGM will
increase. However, for the extreme case, excessive particles in the outside surface lead
to pop out during the compressive loading; thus, the modulus decreases.

Figure 8 shows specific gravity profiles as function of distance from the specimen
center with a normal curing process for RTV rubber by curing at room temperature. A
curve for random represents the uniform distribution of silica throughout the specimen
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without rotation. From the simple analytical concept, a curve for rotating at 560 rpm
for 2 h can be the best reinforcing condition. However, the specimen of this curve nor-
mally has many silica particles at the surface of the specimen, which pop out during
compressive loading. Therefore, it can have poor mechanical properties. As shown in
Figures 3 and 4, the compressive modulus after a certain time of rotation depending on
the particle size and volume decreases. The specimen with 100 pm and for 400 rpm *
1 h can be the best condition in this study. However, the best distribution profile can
be determined based on the analytical model and should be determined as a function of
the manufacturing conditions including the matrix and filler type. Based on those obser-
vations, it is believed that the ideal curve shown in Figure 8 will be the best condition
for high compressive modulus. Similarly, Figure 9 shows the specific gravity profiles in
the longitudinal direction to check the gravity effect during specimen preparation. A
small gravity effect can be observed when the values of the top and bottom sides are
compared. However, the values of the specific gravity of the specimen center and edge
show a large difference in all cases.

If the specific gravity is proportional to the filler volume content, the filler volume
distribution content with a transverse direction (Figure 8) can be generalized as
follows:

V, = ae’ (6)

where » is the distance from the center to the surface of the specimen. In general,
values of ¢ =1.5-2 and b = 0.02-0.05 can be obtained in a specimen with random or
low gradient effects. In addition, values of a=0.05-0.1 and 5 =0.2-0.4 can be
obtained in a specimen with high gradient effects. The optimal distribution pattern of
particle in transverse direction can be obtained using Equations (5) and (6) at a given
volume content. From these equations, the maximum gradient effects were found to be
the specimen with the highest gradient distribution. On the other hand, the particles in
the surface area with the highest gradient were unstable and popped out during com-
pressive loading. Therefore, as shown in Figure 8, presented as the ideal curve, the
optimized distribution pattern for a high compressive modulus is the high concentration
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Figure 3. Effects of the RPM and volume content on the modulus of the composites.



Downloaded by [University Town Library of Shenzhen] at 12:48 28 December 2015

Advanced Composite Materials 487

4.0
£,
S5F
=
(2]
= 30}
>
©
o)
= 25t
%)
>
2
3 20
€ —-0— 1hr
8 15F : : ——v-— 2hrs
@ @ Matrix

1.0 ] 1 1 1 1 1 1
0 100 200 300 400 500 600

Rotation (RPM)
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Figure 5. Effects of the plasma treatment and rotation time on the modulus of the reinforced
composites.

in the localized area, in this case, the outside section, and the low concentration in the
surface area to prevent the silica from popping out during compression.

To prevent the particle from locating extremely outside or from the surface with
the highest gradient, it is necessary to cure fast in the surface area. In this study, this
type of distribution pattern is obtained by the increase in surface temperature of mold
during rotation from 30 to 75 °C for rapid curing at the mold surface. As shown in
Figure 10, the compressive modulus increases differently with increasing temperature
depending on the rotating time and then decreases at higher temperature. The figure
suggests that the time for the optimal distribution of fillers depending on the curing
speed can be predicted as a function of temperature at the mold surface. To check the
compressive modulus changes as a function of curing temperature, the matrix is only
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h=25 mm

Figure 6. Schematic of FGM specimen.

cured from 20 to 78 °C, as shown in Figure 11. Even at low temperature around 35 °C,
the compressive modulus decreases as the heating time at mold surface increases from
0.5 to 2 h. Since the silicone rubber used in this study was room temperature-cured
silicone rubber, the compressive modulus decreased with increasing temperature. If the
matrix is not degraded, it is believed that the non-uniform curing is caused. Therefore,
the improvement of the compressive modulus, as shown in Figure 10, is only due to
the filler distribution. And, it is found that the compressive modulus of the surface-
cured specimen increased more than 40% compared to the regularly prepared FGM
specimen without the surface heating shown in Figure 4. In addition, regardless of the
rotation duration, the curing at the mold surface temperatures of 45-50 °C is the best
condition for this rubber with 100 um. This means that the fast curing near the mold
surface and increasing of the viscosity slow the movement of the particle to outside of
the mold. The temperature lower than 45 °C results in excessively slow curing and the
temperature higher than 50 °C results in excessively fast curing, for the optimal
distribution pattern of filler.

In addition, the specific gravity distribution with a transverse direction after 0.5 h at
38 and 46 °C was almost the same as before, as shown in Figure 12. This is not quite
similar to the ideal curve shown in Figure 8. However, it is believed that this distribu-
tion pattern curve can be optimized, as shown in Figure 8, by adjusting the rotation
time and surface temperature. In addition, the particle size and shape, and surface treat-
ment are other factors in the manufacturing condition. If the matrix is not degraded or
cured slowly, it is believed that the FGM with much better gradient effects can be
obtained because the particle distribution can be arranged more drastically to achieve
significantly improved properties. In general, if FGM develops distinctly different
microstructures at different processing temperatures, it is possible to introduce property
gradients by applying a temperature gradient during processing. It also needs a further
study.
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To understand the reinforcing mechanisms and to aid in design and fabrication
processes involved in FGM, it is necessary to develop a simple model to explain this
phenomenon. There have been many modeling studies to adequately describe the
behavior and predict the performance of FGM.[16,19] However, many of these studies
are limited to a certain condition such as thermo-physical properties or complex mathe-
matical expression that needs many efforts and time to understand and apply to actual
development.[17,20] Therefore, the simple model should be developed for various
applications. Figure 13 shows the simplest schematic distribution pattern of the FGMs
that contain the particle. If the geometric ratio between filled and unfilled regions is
R=r/r, the degree of distribution gradient (D,) can be generalized as D, = ell=R)
based on two regions. In general, the experimental results of the compressive modulus
vary with D, according to the following equation:
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Figure 7. The compressive modulus ratio as a function of the particle volume content.
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Ergm = DgEc (7)

where Epgnm is the compressive modulus of FGM and E. is the compressive modulus
of the composite as a function of the filler content. If R =1 as 7. = r, then D, will be 1
and Ergym will be a composite with a uniform distribution throughout the specimen at a
given filler content, and Ergm = E,. Therefore, degree of the distribution gradient (D)
should be maximized to have the best compressive properties. As expected, a higher
Dy could be obtained by increasing the rotating speed and time. Because E. is
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Figure 10. Compressive modulus after 0.5, 1, and 2 h of rotation at 400 rpm as a function of
the curing temperature at the mold surface for 110 pm silica.
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generalized from Figure 7 as E, = E,(1.5¢%%"< +1.17) as a function of particle
content, the compressive modulus of FGM is defined as

Exom/En = 170 (156837 1+ 1.17) (8)

Figure 14 shows the model-predicted modulus ratio as a function of R, D, and V.
Considering the specimen with a given D, and filler content, the compressive modulus
can be obtained for different types of the matrix because the ratio of the compressive
modulus of different rubbers is similar for particles or short fiber-reinforced rubber, as
predicted by the Halpin—Tsai equation.[18]
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Figure 12. Specific gravity distribution with a transverse direction after 0.5 h at 38 °C and
46 °C.



Downloaded by [University Town Library of Shenzhen] at 12:48 28 December 2015

492 D.-J. Lee and S.-R. Ryu

< % =

Figure 13. Schematic distribution pattern of the FGMs that contain the particle.
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Figure 14.  The model-predicted modulus ratio shown as a function of D, and V,.

Therefore, this type of simple model can be used as a guideline for manufacturing
and to better understand the reinforcing mechanisms of FGMs. In this case, as the
volume content of filler increases, the effect of D, on compressive properties is more
significant. To make it more realistic to a real FGM composite, it is necessary to
expand D, to various degrees considering the probability distribution pattern for the
particle size. In addition, other factors, such as the content and distribution, which
affect the mechanical properties of FGMs depending on the loading condition, matrix
properties, and filler type, should be considered. Although the change in particle size
and shape used in this study was not investigated, the size and shape variation are also
important factors for a range of properties, particularly for the dynamic properties.
However, the expansion of this model will be published in another paper with the
dynamic properties of this FGM introduced, because the dynamic properties related to
the performance of the damper and absorber is related directly to the modulus. Those
will be discussed in the later paper.

In general, a graded particle distribution has a beneficial impact on the modulus. If
modeled and fabricated well, the optimized FGM can be valuable, such as reduced
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weight, maximized loading carrying capability and fracture resistance, and optimized
heat transfer or insulation.

4. Conclusions

The compressive properties of silica-reinforced FGM that fabricated by the centrifugal
method was studied depending on the silica particle size and V),. In addition, the effects
of the interfacial treatment were discussed. As expected, the particle size, the rotating
time, and speed have significant influences on the gradient effects. On the other hand,
there is window of manufacturing processes for the optimal distribution pattern in the
specimen. A simple analytical model was developed to understand these phenomena,
which can also act as a guideline for manufacturing better FGM composites. In general,
the degree of the distribution gradient (D,) should be maximized to have the best com-
pressive properties. A higher D, could be obtained by increasing the rotating speed and
time. Although it is difficult to make a FGM as predicted, the optimal FGM can be
pursued. Experimentally, the compressive modulus of FGM increases more than 40%
up to 64% compared to the randomly oriented specimen.

Surface treatments of silica significantly affect the manufacturing conditions due to
a higher adsorption capacity of rubber molecules that interfere with the silica movement
by the centrifugal force. These can reduce the processing time and increase the
mechanical properties significantly.
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