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Abstract

In a previous study we showed that a unique combination of high stiffness and high viscoelastic
loss could be achieved by filling a polystyrene matrix with rigid inorganic spheres coated with
a thin (~200nm) layer of a viscoelastic material. The sandwiching dldkis’ layer between

the two rigid components was found to give a significant amplification of tleeldaa peak
associated with this material, without significantly compromising the sample stiffness. This
was an experimental validation of the effect originally proposed by Gusev using finite element
numerical studies. Following on from this, in the current study we have developed this concept
further and shown that a similar amplification of viscoelastic loss can be achieved by
incorporating rigid, but uncoated, particles into a phase separated matrix blend of polystyrene
(PS) and a polystyrene/polyisoprene/polystyrene triblock co-polymer (SIS). The inspiration for
this choice of the PS/SIS blend as the matrix came from some previous work where we studied,
and modelled, the viscoelastic properties of these materials. In this work we show that in the
filled PS/SIS blends, the loss amplification effect can been seen for different PS8 Soati
different SIS polymers with different glass transition temperatures and also for glass fibres as
well as for spherical particles. The key to sedimgeffect is the fact that the SIS rubber phase
was found to form a thin coating on the surface of the embedded particles during prpcessing

effectively producin@surface coating layer on the particles (as well as phase separating within



the PS matrix). As with our previous studies, it is shown that the experimentally measured
effects are closely predicted by numerical micromechanical modelling based on the measured

bulk properties of the three discrete components.

1 Introduction

The research into new composite materials for reducing sound and vibration levels eemains
dynamic area of scientific study due to ongoing concerns of environmental noise pollution.
Thus, for example, when designing new buildings, or new vehicles (for instance cars or
aircraft), the level of noise that is generated or the ability to absorb noise in service is an
important consideration for the designer. Access to materials that are both structural (have
reasonable stiffness) and able to absorb or damp unwanted noise or vibration is highly desirable
but it is a technological challenge to develop materials that simultaneously possesses these two

requirements, namely high stiffness and high dynamic loss.

One method to trade-off stiffness and damping, is to utilise a composite material where the
reinforcing fibre has improved damping characteristics, such as the recent work of Rueppel et
al . An alternative strategy for achieving this balance between structural stiffness and loss
properties is through the use of laminate systems, for example a sandwich compased of
viscoelastic ‘lossy’ layer between two composite stiff and elastic Iaye, 3]. Van Vu ‘ [4]
describes how this approach can help to damp out structural vibrations by exciting additional
shear deformation in the constrained layer. AIveﬁ [5] also describes how a laminate system
can help reduethe number of vibrational modes in an automotive body, and how a high loss
visco-elastic layer was attached to the base structure and then capped by a stiffer outer (metal)
layer. Alvelid also proposed that when the base structure was subjected to bending, high shear
deformations were developed in the visco-elastic layer leading to enhanced energy absorption.
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The phenomenon of enhanced energy loss in dynamic loading of composite structures has come

to be referred to as loss amplification.

Kristensen], following on from earlier theoretical studies by, for example, Keﬂvin [7] and
Wang ] has explored the phenomenon of loss amplification using modelling. Using a
combination of simple beam theory and a full 2D finite element model he was able to
demonstrate loss amplification in composite beams and show how the addition of a stiff outer
constraining layer led to enhanced damping of the structure by forcing large shear strain
deformations ito the constrained visco-elastic layer, thereby confirming the proposal of
Alvelid. Other authors have used intricate finite element simulations to explore the
phenomenon and shown that the damping properties of sandwich structures can be optimised

using either continuous [[9] or discrete visco-elastic layers added as patches onto a composite

structure].

A key parameter to emerge from sle¢heoretical studies is the thickness of the visco-elastic
layer. In a further theoretical paper, Gu [11] showed that for a laminate morphology
composed of two layers (a stiff, non lossy layer and a weak, lossy layer) the effective loss
modulus of the combination passed through a peak at a volume fraction of the lossy layer of
~0.001. Intriguingly, the loss amplification was very large, with the loss modulus of the

combination being around 300 times larger than the value for the individual viscoelastic layer.

While these loss amplification effects in laminate composites are very interesting andycurrentl
used commercially, there is a significant limitatesiaminate structures can be inappropriate

for manufacturing parts with non-simple shapes . G 1, 12] offered an alternative to the
multi-layer laminate approach, based on the incorporation of coated spherical inclusions. A
combination of finite element studies and analytical modelling approaches showed that

significant amplification of the loss properties could be achieved by coating each particle with



a thin, and lossy, visco-elastic layer. These results mirrored those for the laminate beams, but
offered a material in which the amplified lossy behaviour was isotropic and which also could
be processed into a complex final shape using, for example, injection moulding. In a recent
study ] , we proved that such materials could be experimentally realised by embedding
coated glass spheres into a polystyrene matrix, and that the loss amplification effects produced

were in close agreement to those predicted micromechanically.

In this current work we have further developed ttiea by utilising and combining a number

of existing concepts from the polymer blend Iiterat , 15]. In a recent er [16], we
investigated the properties of a range of blends of polystyrene (PS) and a
polystyrene/polyisoprene/polystyrene (SIS) triblock thermoplastic rubber copolymer using a
combination of experimental and numerical approaches. The two components were found to
phase separate during processing. But most importantly, as is found in this current work, on
incorporation of a rigid particle (either spheres or fibres) a thin layer of the SIS copolymer is

seen to form on the surface of the particles, see Fig. 1, effectively producing a coatks partic

as investigated and described in our previous [13].

Four main systems were fabricated and studied in this work and were as follows: spherical
Barium titanate beads in a 90/10 PS/SIS (glass transition temperature®Q@y rh@trix
spherical Barium titanate beads in an 80/20 PS/SIS (T@)X0atrix spherical Barium titanate

beads in a 90/10 PS/SIS (Tg ¢CY matrix glass fibres in a 90/10 PS/SIS (T C) matrix.

2 Experimental
2.1 Materials
All the composite samples investigated here have been produced using a combination of three

components, namely a polystyrene, a triblock rubber and a rigid glass filler. The polystyrene



was a commercially available, grade BASF PS2, with a weight-average moleaglatr(Visv)

of 274 000 g/mol and a polydispersity of 2.74. The triblock thermoplastic Hybrar rubbers had
the chemical structure polystyrene/polyisoprene/polystyrene (SIS) and were obtained from
Kuraray Co Ltd.The symmetric SIS triblockbad a total fraction of polystyrene in the end
blocks of 20%.

Two Hybrar grades were chosen that had glass transition temperatures (Tg) significantly lower
than that of the PS grade (2@g, with which they would be blended. Our previous research
showed that i PS/SIS combination formed phase separated blends. The two grades were
5127 with a Tg of 18C and 7125 with a Tg of -2&: for the remainder of this paper these will

be designated as high Tg and low Tg.

Two forms of rigid fillers were used in this study, in the form of glass spheres and glass fibres.
The spherical glass spheres, grad-02M, were obtained from Unitika, Ltd. and were
selected for the narrowness of its size distribution, but mainly to retain consistency with
previous studies where they were used in a coated [13]. The beads were made from a
Barium titanate glass with a density of 4¢hg® and had an average diameter, measured using

a standard particle sizer, of 42. The glass fibres (E glass) were supplied by Asahi Fiber

Glass Co. Ltd and had a diameter ofiifand an average aspect ratio of 20.

2.2 Sample manufacture

2.2.1 Production of the composite blends

Two stages were involved in the preparation of the composite samples, namely preparation of
the matrix (PS/SIS blends) and subsequent incorporation of the fillers into these blends. Both

of these stages were carried out using a Europrism twin screw extruder set to a temperature of

220°C.



The matrix for all the composite samples considered here was a blend of the PS3&d the
triblock, so these materials needed to be blended as a prerequisite to composite prodluction.
premix, at the desire®@SHSIS ratio, was first produced by weighing pellets from the two
components. These hand mixed pellets were then introduced at the start of the extruder using
a controlled speed feeder. The blended extrudate was passed directly into a water bath and then
immediately chopped into pellets. Two blend ratios of PS/SIS were prepared, namely 90/10
and 80/20 by volume. As described in a previous public [16], these blends were phase
separated comprising distinct zones of the SIS rubber within the PS matrix as also previously
reported by Matsu¢ [17].

The second stage was to blend the particles into the chosen matrix. For this stage, the blended
extrudate pellets of the matrix were reintroduced at the start of the extruder barrel while the
particles were introduced between the second and third mixing zones using a controlled feed
from a second hopper. The mass feed rates of the two hoppers were first calibrated, so a range
of mass fractions of the final composite could be achieved. Particle volume fractions between

0 and 40% were prepared for the various blends. Final particle fractions were determined by
measuring the sample densities and knowing the densities of the various phases. Table 1 shows

the four different composite systems that were investigated.

Sample SIS grade | PS/SIS ratio| Filler type Filler Volume
designation and Tg fractions
(%)
1 5127 10C 90/10 Spheres 18, 33, 39, 44
2 5127 10C 80/20 Spheres 20, 32, 41, 45
3 7125 -18C 90/10 Spheres 19, 28, 41, 49
4 5127 10C 90/10 Fibres 34

Table 1: Different composite systems investigated in this study

2.2.2 Preparation of samples for the viscoelastic testing



Pellets of the blended composites were placed between brass plates in a hot pregs set at
temperature of 180C and then pressed for four minutes before slow cooling to room
temperature under pressure. Spacers were placed between the brass plates to achieve the

required specimen thickness for the subsequent tests.

2.3 Dynamic mechanical thermal analysis (DM TA)

The viscoelastic tests were carried out in rectangular torsion using a Rheometrics Dynamic
Spectrometer RDS II. Samples of the required dimensions (10mm wide, 1.4mm thick and
55mm long) were cut from the compression moulded sheets. Samples were tested over a range
of temperatures (between -40 and ¥ZPat a frequency of 1Hz and an oscillatory strain of

0.05%.

2.4 Morphology SEM

The morphology of the multi-phase blends was studied using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). For the SEM micrographs, the samples
were prepared in two different ways. The chosen surfaces were first prepared using a cross
section polisher (JEOL Ltd Model SM-09010), which irradiates the sample with an argon beam
inside a vacuum chamber and produces a flat surface for examination without the plastic
deformation often seen in other preparation techniques (for example freeze fracture). Then for
the first technique (which worked best for the glass bead composites), the flat surfaces were
subjected to ion-beam milling, which preferentially etched away the softer (rubber) component
to give contrast in terms of surface height. In the second technique (which worked better for
the glass fibre composites), the flat surfaces were stained with osmium tetroxide. The dispersed
rubber phase was then preferentially stained darker by this technique, also giving contrast

between the various phas&he TEM studies were carried out using a JEM-1230 (JOEL Ltd.). The



prepared microtomed slices were stained with osmium tetroxide. The dispersed pldxberwas

preferentially stained darker by this techrequ

3 Results

3.1 Morphology

Figure 1 shows a number of SEM and TEM micrographs from the various composite blends
to illustrate the composite morphology at different length scales. Figure la is a low
magnification SEM picture of a sample incorporating spherical particles, showing that the
particles are well dispersed. Figure 1b is a higher magnification (stained) TEM micrograph of
a matrix region from a 90/10 PS/SIS blend. Here, the phase separated SIS rubber zmnes can
clearly seen, which in this region have been elongated during processing. In the DMTA results
that are presented in the following sections, these distinct SIS zones within the PS matrix are
associated with the glass transition temperature of the pure SIS component (as seen in our
previously published PS/SIS stu16]). Figure 1c shows a high magnification stained TEM
and shows clearly the presence of a precipitated layer of the SIS rubber on the partege surfa

as well as phase separated rubber zones within the PS matrix as shown on Figure 1b. Most
interestingly, for interpreting the experimental results of this study, is the variable thickness of
the interfacial rubber layer on the surface of the beads. Finally, Figure 1d shows a stained
SEM picture for a glass fibre PS/SIS blend. Again there are darker regions within the PS matrix
which can be associated with the phase separated SIS component. However, and equally
important, Figure 1d again shows evidence for a darker SIS rubber layer on the glass fibre
surfaces, which in some cases is connected to some of the SIS regions within the PS matrix.
Figures 1c and 1d lead us to conclude that a thin layer of the SIS rubber component has by

good fortune, precipitated on the surfaces of the embedded particles (both for glass beads and



glass fibres) during melt processing and cooling, hence forming a thin coating layer. The
proposal is that this thin precipitated layer is responsible for the second, and highly amplified,
peak, seen in the following DMTA témesults. This will also be corroborated by numerical

modelling results presented in section 4.

3.2 Dynamic temperatureresults

3.2.1 Spherical Barium titante beadsin a PS/SI S (High Tg) 90/10 blend

Figure 2 shows the DMTA torsion results ©90/10 PS/SIS blend filled with a range of
spherical bead fractions. In terms ofdawhich shows the most interesting results, all four
glass bead fractions shedia small peak at a temperature associated with the Tg of the SIS
component (~1TC). Interestingly, the height of this peaikl hot change as the volume fraction

of the glass beadsas increased. The emergence of the second peak at a higher temperature
(~30°C) in the composite samples is striking and is seen to be very dependent on the volume
fraction of filler, reaching a maximum value of 0.14 for the highest bead fraction of 44%. The
corresponding modulus is approximately 2.5GPa $® ¢bmbination had both a higher
modulus (x2) and significantly higher tnx14) compared to pure polystyrene. This

combination of increased stiffness and loss is a rare combination.

3.2.2 Spherical barium titante beadsin a PS/SIS (High Tg) 80/20 blend

These striking results were also seen in composites using the 80/20 PS/triblock blend as the
matrix (Figure 3). Again the composite samples gbtwo distinct tad peaks at similar
temperatures to those observed in the composites based on the 90/10 PS/triblock matrix. The
height of the lower temperature peak is seen to be almost twice as high than for the 90/10

blend, confirming that this due to the SIS component and mirroring the results from our



previous study on PS/SIS bIe[16]. Again the amplitude of this lower peak is practically
independent of the glass bead volume fractions, while the higher temperature peak is very
dependent on the filler fraction (cf. Figure 2). Interestingly, the magnitude of the uppsr peak
at the various particle fractions is similar to that seen for the 90/10 blend (~0.14) suggesting
that the height of the amplified peak correlates with the percentage of glass beads (or their
surface area), rather than with the fraction of the PS/SIS/PS triblock. In this case, a lower SIS
fraction would seem a more practical option, as the additional SIS component leads to a fall
in the stiffness of the sample. We suspect that once there is enough of the SIS rubber to
precipitate on the surfaces of the embedded patrticles, then adding further SIS rubber is
counter-productive as it leads to a larger decrease in the storage modulus without any benefit
in loss amplification. We also found that for a 70/30 blend (which we did manufacture but

not reported here), the SIS rubber zones become conjoined and that the storage modulus was
quite low. It is quite possible that an even lower fraction of SIS than 10% might be optimum,

but that was not studied in this work.

3.2.3 Spherical Barium titanate beadsin a PS/SIS (Low Tg) 90/10 blend

Figure 4 shows the DMTA torsion results for a 90/10 PS/SIS blend filled with a range of
spherical bead fractions but this time for the SIS blend with a lower Tg o€ +Ebher than

+10°C as shown in Figure 2 and 3. In essence the results are almost identical to those for the
higher Tg SIS component shown in Figure 2, but just shifted down RCs;-2hich is close

to the difference in Tg of the two SIS grades. As seen before, the height of the lower peak
associated with the SIS component is independent of the fraction of glass beads and is at the
position associated with the Tg of the pure SIS materials, while the upper peak (which is again
~30°C higher than the lower peak) increases significantly as the particle fraction is increased.

The maximum amplitude of ~0.14 for tais very comparable to the other two materials so far
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investigated. The use of the lower Tg SIS component results in the peal m@imum
loss) being just below room temperature, showing that this effect can be achieved at a particular

temperature by changing the nature of the viscoelastic component.

3.24 Glassfibresin a PS/SIS (High Tg) 90/10 blend

The final system to be studied mixed short glass fibres (with an average aspect ratio of 20) into
a matrix of the PS/SIS (High Tg) 90/10 blend and the results, for just one fibre volume fraction
of 34%, are shown in Figure 5. It is seen that the results for the glass fibres mirror those shown
previously for the spherical particles in Figure 2, suggesting strongly that the loss amplification
effect can achieved using either spheres or fibers. There is obviously another layer of
complexity when using fibres as the rigid filler, as they are likely to have both a polydispersed
length distribution together with an orientation distribution. While these aspects are outside the
current study, it is clear that the enhanced loss amplification peak can be achieved using glass
fibres, offering the possibility of achieving this behaviour in standard injection moulding fibre

reinforced polymer grades.

4 Numerical Modelling

The results in Figures 2-5 exemplify that the proposed loss amplification effect can be
experimentally achieved. For further optimisation of the balance of stiffness and loss, it would
be advantageous to have validated numerical models, as this would allow more rapid design of
the important variables (Tg of the viscoelastic component, particle shape and fraction, etc) to
be more easily investigated rather than have to manufacture and test each composite.

In a previous published study, Gule] used finite element techniques to validate a purely
analytical approach for predicting the viscoelastic properties of coated spherical particle

compositesit was shown that the ‘n-layered’, or composite sphere micromechanical model,
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analytically solved by Herve and Za18], could provide almost identical results to a finite
element approach but with a fraction of the numerical effort required. The study also made use
of the elastic-viscoelastic correspondence principle where the elastic modulus is replaced by a
complex form incorporating both elastic and loss components.

In the current study we have used the conclusions of this previous work and hatte tsed
layered’ micromechanical model to produce numerical predictions of the storage shear
modulus and tahof appropriate idealised composite microstructures in an effort to gain insight
into the relationship between the morphology and mechanical behaviour of our samples. This
strategy is strengthened by another recent sﬁy [13], where we showed excellent predictions
of the experimental behaviour using the same Barium titanate beads used here, but spray coated
with a different viscoelastic polymer and then incorporated in the same polystyrene matrix

. In that study, very close agreement was found between the experimental measurements
and the numerical micromechanical predictions, giving us confidence to follow the same
strategy with the materials in this study.

Figure 6 shows the details of the micromechanical model, which comprises three concentric
spheres embedded in a fourth material (phase n=4), which is an effective homogeneous
medium which will have the properties of the composite once they are determined. The inner
sphere, with radiusiRis the rigid reinforcing particle. Next, the shell between ragarki R

is the coating layer. Finally the shell between radiaRd R corresponds to the polystyrene
matrix. The values of RR> and R are varied in order to achieve the desired ratios of the three
components determined for the various experimental materials and perfect bonding is assumed
at all interfaces. Isotropic homogeneous linear elastic phases are also assumed. For solving,
the medium is subject to uniform strains at infinity and the displacement and stress continuity

equations at interfaces are solved using the generalized self-consistent Christeesergy

12



approach] , I.e., by requiring that the average strain energy density stored in the multi-
layered inclusion be the same as in the effective medium at infinity.

To determine the effective shear modulus, a simple shear is applied at infinity. In a spherical

0.9)

. r cq . . .
coordinate Syster(n with its origin at the common spheres’ centres (see Figure 6), the

fundamental (homogeneous) solutions of the Lamé-Navier equilibrium equations for the

displacement vectcL)Jr:(ur Y uV))are known from LovO], Goodil], Mat022] and

Wang and Schonh3] and they are given by

u :{Ar——l&/i I3r3+£+ > 4 R]Sinzﬁcosﬁ

- r* 1-2; r? 1)
ug) =—u$) :(Ar_z:g:i I3r3— ﬁ' + ?:,jjsine co¥ cos@ (2)
|

where r is the distance from the ori(ﬁnand¢ are the two spherical anglé/s'Poisson’s ratio
i and B C D. . . . :
of phase i, and!, ', “Tand~" are the undetermined coefficients. To avoid singularity at the
origin, coefficientsclanlemust vanish Whi|§4 must vanish to avoid divergence at infinity.
A . A=y R b .
Coefficient “* is related to the simple strdi@t infinity as . Coefficient~4is obtained

using the Chistensene’s energy condition . This givesD4 :0. The remaining eleven
unknown coefficients plus the yet unknown effective shear modulus are determined by
satisfying the twelve independent displacement and stress continuity conditions at the three
interfaces, see Figure 6.

The effective shear modulus G is then given by the positive root of the following second order

equation

a(G/Gy) + G Gy)+ =0 @)
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WhereGm is the matrix shear modulus andkaand c are the coefficients given by rather

cumbersome but nonetheless closed-form arithmetic expressions involving as input parameters
the elastic moduli and the volume fractions of the matrix, interface and inclusion phases, see
Section lli(b) of Hervé and Zao 8].

Since solution (3) is in analytical form, the elastic-viscoelastic correspondence principle is used

to convert this static solution to steady-state harmonic solution simply by replacing static phase

bulk and shear moddﬁi andGi , respectively, by the complex viscoelastic mogﬂjl{w) and

G (w) at a given angular oscillation frequerﬂ%y(Hashin,]; Christense5], Gusev,

). Mathematica 9.Quwiww.wolfram.con) was used to implement andlg®the model’s

complex arithmetic equations. For a single evaluation of the effective shear modulus, the

solution time was some tenth of a second on a typical Intel Pentium i7 processor.

A key aspect for any modelling is the input parameters, which here are the viscoelastic
properties of the three components. For the Barium titanate reinforcing beads the average
diameter was 42n; and the bulk modulus (142 GPa) and shear modulus (47 GPa) were taken
from . For the high Tg Hybrar rubber and the polystyrene matrix, the viscoelastic properties
have already been measured as a function of temperature by the authors in a previous paper
investigating the properties of blends of these two mats [16]. Figures 3 and 4 in this
previous reference show the properties of the PS and SIS rubber components.

The simulations also require the bulk modulus of the different viscoelastic components and this
is known to be lossy and temperature dependent across the glass transitiogion [27]. Inthe
absence of experimental measurements it has been assumed that the bulk modulus is purely
elastic, temperature invariant and has a value of 4GPa. This is a reasonable assumption, as a

previous study by GusZ] showed that introducing a lossy component for the bulk modulus
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for coated spheres gave almost indistinguishable results from those obtained using a purely
elastic form. This strategy can be considered validated by the success of the predictions for
coated Barium titanate beads describeErr [13].

Figure 7 shows a comparison between the predictions from the numerical model for a range of
particles fractions in the PS/SIS (high Tg) 90/10 blend, based on an average estimate of an SIS
layer thickness around each particle of 200nm, chosen based on the SEM pictures. The
numerical results show noise as they are based on real experimental torsion measurements from
samples of the pure SIS rubber and unfilled PS/SIS bls [16]. It is clear the model, which
considers only micromechanical effect, captures the essence of the experimental results very
well. In particular the amplitude of the loss amplification peak (the higher temperature peak)
is very well predicted. However there are some interesting differences between the
experimental results and predictions, which can be seen more clearly in Figure 8, which shows
a direct comparison of the experimental measurements and numerical predictions for only the
highest particle fraction of 44% he Figure shows that the storage modulus above and below
the glass transition of the SIS high Tg rubber is well predicted, but that the transition for the
experimental measurements is more gradual than predicted. Similarly, while the amplitude of
the loss peak in tans in good agreement, the temperature of the amplified peak is seen to be
predicted to be at a lower temperature ¢€)do that measured experimentally and the peak
also is predicted to be much narrower. This is an intriguing result, as the previous study on
directly coated particle systems showed much closer agrentT[Ii@]e are a number of
possible reason for this interesting divergence. First, as seen from the SEM pictures and in
particular Figure 1d, the precipitated SIS layer is not always of a constant thickness (as was
achieved with the previously reported direct spraying method), and this would have the effect
of broadening the transition. Second, while the spray coating used in the previous study was

amorphous, the SIS rubber itself forms phase separated structures within the SIS zones (see
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Figure 1d here and Figure 2 in the previous work on only the PS/SISnd [16]),cutdis
produce some very interesting structures around the Barium titanate beads with different
properties to the bulk. These aspects were outside of the current study but would be of interest
for future work.

For the other spherical particle composites, a similar pattern was seen for both the 80/20 PS/SIS
(High Tg) blend as the matrix and the 90/10 PS/SIS (Low Tg) as the matrix. For pgetheti
properties of the short fibre composite, this is a much more detailed proposition, as it requires
finite element predictions, as there is currently no available analytical model for coated
cylindrical particles (which also requires orientation averaging to produce the final
predictions). This two-step finite element viscoelastic homogenization procedure has been used
in our recent work on uncoated short fibre compo [28] but is outside the scope of the

current paper to achieve this for coated fibres.

5 Discussion

There are two main strands to the work presented here. The first shows, from experimental
measurements, that composites made from uncoated glass spheres or fibres in a PS/SIS matrix
can display a significant loss amplification effect. This effect by itself is not novel as laminate
structures also show the effect (for examEleﬁz) but unlike the laminate structures these
materials are isotropic and do not require special structural construction so they are suitable for
conventional production methods such as injection moulding. Furthermore, the lack of critical
sensitivity to matrix composition and the nature of the filler content suggests that control of
any manufacturing process would not be difficult to achieve. The second strand relates to
micro-mechanical modelling using the n-layered m [17] to investigate the mechanical

behaviour of specific model structures.
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Many authorq [4

ﬂ have shown that the amplification of the viscoelastic loss of a thin

constrained rubber layer (over a bulk measurement) is due to the development of very high
shear strains in this layer. Simulations investigating the effect of changing the thickness of thi
layer have shown that if the layer is too thin, then sufficient material is not involved, whereas
if the layer is too thick the constraint effect is not significantly enhaﬁdﬁor the Barium
titanate beads used in this work, a layer thickness of the order of a few hundred nanometres
would appear to be optimum (giving maximum amplification without significant stiffness loss).
Fortuitously, this is the range of thickness of precipitated rubber layers developed in the

materials produced for this study.

It is of interest to assess the combination of stiffness and damping achieved in these materials
against other materials. In a previous stﬁ [13], we compared such properties against the
commonly used Ashby Materials Selection chart fob t@vhich Ashby termsy) versus the

storage Young’s modulus E’ (simply termed E in the cha 30]. This chart (shown as the
background in Figure 9), indicates that there is usually a trade-off between viscoelastic loss
coefficient and storage modulus, with materials clustering around a dashed line where the
product of these two quantities is given fji, = 0.04 GPa. In this study we have measured

the viscoelastic torsion modulus, G, and so to produce a value for plotting on the Ashby Loss
Coefficient chart we have used the normal approximation of E ~ 3Gbé&heresult from

this study, for a PS/SIS 90/10 matrix incorporating 44% spherical particles, has also been
added to this design chart, and is seen to lie significantly above this dashed line, with a value
of the productnE = 1.1 GPa, which is an increase of well over an order of magnitude,

validating the aim of producing materials with an increased stiffness and damping.
6 Conclusions
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In this study we have used a combination of experimental measurements and numerical
methods to investigate the unusual viscoelastic behaviour of a range of multiphase composite
materials, which incorporate rigid particles into a phase separated matrix blend of polystyrene
and polystyrene/polyisoprene/polystyrene triblock co-polymer. DMTA torsion measurements
showed that these materials displayed a novel combination of high shear stiffness and high
viscoelastic loss close to the glass transition temperature of the bulk triblock co-polymer. In
particular, a second, highly amplified, peak was seen in theDisiTA torsion measurements,

which we attribute to a thin precipitated layer of the viscoelastic SIS component. This study
has displayed a practical way to achieve such matls [31], which can prove alternatives to
the normally used technique of sandwiching a thin viscoelastic layer between two stiff outer
layers. While the laminate approach can be limited in terms of shape and anisotropy, the new
proposed materials display this novel behaviour in all directions (isotropic) and would have the

ability to be injection moulded into more intricate shapes if desired.

The study also shows how simplified pure micromechanical modelling schemes can be very
helpful in understanding the key underlying physics for a particularly measured behaviour.
While this does not necessarily give a perfect quantitative match with the behaviour of the real
systems the agreement is striking even though it does not contain any molecular level detail
(structure within the triblock blends, molecular constraint in thin layers etc) and hence such

modelling will be very valuable for further design optimisation of these interesting systems.
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Interfacial

Interfacial
rubber

Figure X SEM and TEM micrographs of the filled composites showing the morphology at the
various length scales.

a) Low magnification SEM image showing dispersed spherical particles. b) Stained TEM
picture showing details of the phase separated SIS rubber regions in the PS matrix. c) High
magnification stained TEM of the same sample as in Figure 1b with incorporated spherical
particles showing structure within the phase separated SIS rubber zones, and the intermittent
nature of the SIS rubber on the surface of the glass be&thided SEM 90/10 PS/SIS (high
Tg) sample with incorporated glass fibres again showing the precipitated rubber layer on the
glass fibre surfaces.
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Figure 2 Storage modulus (G’) and tan 6 versus temperature for various fraction of Barium
titanate glass beads in a PS/SIS (high Tg) 90/10 blend.
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Figure 3 Storage modulus (G”) and tan d versus temperature for various fraction of Barium
titanate glass beads in a PS/SIS (high Tg) 80/20 blend.
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Figure 4 Storage modulus (G’) and tan 6 versus temperature for various fraction of Barium
titanate glass beads in a PS/SIS (low Tg) 90/10 blend.
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Figure 5 Storage modulus (G’) and tan 6 versus temperature for a volume fraction of 34%
glass fibres (aspect ratio = 20) in a PS/SIS (High Tg) 90/10 blend.



.

effective medium, n=4

7

Figure 6: A representation of the n-layered model for a composite filled with coated spherical
particles. The three concentric spheres have radikRand R . The inner sphere (Ris the
rigid particle, the shell between Bnd R is the coating layer, while the shell betweeraRd
R corresponds to the polystyrene matrix. This structure is then embedded in an infinite
effective medium.
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Figure 7 A comparison of the experimentally measured (Experiments), and numerically
predicted (Predictions)t@age modulus (G’) and tan 6 versus temperature for the same
fractions of Barium titanate glass beads in a PS/SIS (high Tg) 90/10 blend.
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Figure 8 A comparison of the experimentally measured and numerically predicted storage
modulus (G’) and tan 6 for 44% of Barium titanate glass beads in a PS/SIS (high Tg) 90/10
blend.
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