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Abstract

Coatings and engineering plastics often require high impact strength. This property can be achieved with tougheners. For the present paper,

core-shell impact modifiers were synthesized using ethylene–propylene copolymers (EPM), ethylene–propylene-diene copolymers (EPDM)

or a mixture of both types (EP(D)M) as core material, as well as poly(methyl methacrylate) (PMMA) as shell material.

EP(D)M-based polymers were dispersed in water using an Ultra-Turraxw and a high pressure homogenizer. The prepared artificial latexes

were used, either without further treatment or after crosslinking, as seed latexes in the emulsion polymerization of methyl methacrylate

(MMA). The free radical seeded emulsion polymerization of MMA was investigated in the presence of an oil-soluble initiator, i.e. cumene

hydroperoxide (CHP), combined with a redox system, i.e. sodium formaldehyde sulfoxylate hydrate (SFS), disodium salt of ethylenediamine

tetra-acetic acid (EDTA), iron (II) sulfate heptahydrate (FeSO4). This initiation system promotes polymerization of MMA near the surface of

the seed particles, partially suppressing homogeneous secondary nucleation and polymerization in the aqueous phase.

Kinetic and thermodynamic considerations were used to predict the particle morphology. The monomer type, the monomer-to-rubber

ratio, the monomer feed type, and crosslinking of the seed latex particles were investigated, to optimize the polymerization kinetics and the

properties of the resulting dispersions. The particle morphology was determined by cryo-transmission electron microscopy (cryo-TEM).

Monomer-flooded conditions led to the formation of inverted core-shell particles, whereas starved–feed MMA or MMA/styrene mixtures

gave rise to partially engulfed structures, i.e. snowman-like. Crosslinking of the EP(D)M seed particles was found to be required to provide

the desired core-shell structures.

Finally, the obtained core-shell structured particles were used to toughen a PMMA matrix. The tensile properties of the modified PMMA

matrix were investigated. The micro-morphology of modified PMMA was studied by scanning electron microscopy (SEM). Tensile tests as

well as TEM and SEM analyses demonstrated that the main mechanism of deformation operating in the EP(D)M-toughened PMMA matrix is

shear yielding, accompanied by debonding and cavitation processes.
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1. Introduction

For many applications, high performance materials, e.g.
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coatings [1,2] and engineering plastics [3–8], require high

impact strength. The paint of a car, for instance, should

withstand being hit by a piece of gravel without film rupture.

Thermoplastic materials, such as polycarbonate (PC), have

a tendency to undergo brittle failure under environmental

stress cracking conditions, e.g. by the presence of a sharp

notch. Therefore, such materials need some adjustments to

extend their applications under high impact conditions, for

example in the automotive industry.
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Fig. 1. Preparation of core-shell particles by heterocoagulation [11].
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Improvement of impact strength may be achieved with

tougheners, which consist of an elastomeric part, providing

impact resistance, and a rigid part, providing good adhesion

with a polymer matrix. Core-shell tougheners with a

crosslinked core, as opposed to linear tougheners, have a

fixed morphology and are the preferred impact modifiers,

especially in injection molded engineering plastics and in

coatings.

The size, volume fraction and morphology of rubber

particles dispersed in a polymer matrix are of considerable

importance. Emulsion polymerization [9] is usually the

method of choice for the preparation of well-defined

particles. Excessive heat evolvement and viscosity pro-

blems, as encountered during polymerizations in homo-

geneous media, i.e. bulk or solution polymerization, may be

overcome by the use of water as dispersing medium.

Methods of preparation of core-shell polymers include

controlled surface precipitation of the coating materials on a

core material, or direct surface reactions.

One of the most commonly used precipitation methods is

controlled heterocoagulation. Controlled heterocoagulation

has been applied, for instance, by Okubo et al. [10] to

produce soft core-hard shell composite polymer particles.

As depicted in Fig. 1, see Li et al. [11], dispersions of

oppositely charged large and small particles are first

synthesized. The small particles should exhibit a glass

transition temperature lower than the glass transition or

melting temperature of the large core particles. When both

dispersions are mixed, heterocoagulation occurs driven by

electrostatic attraction. This heterocoagulation results in the

formation of a monolayer of small beads on the surface of

large cores. After controlled heat processing, a homo-

geneous shell is obtained around each core particle.

However, traditionally, polymer-based core-shell par-

ticles are obtained by interfacial polymerization of the shell-

forming monomer onto the core-forming polymer. This

process is generally referred to as two-stage or seeded

emulsion polymerization. The two-step polymer latex is

produced by free radical polymerization of a monomer onto

a seed latex. The use of an oil-soluble initiator or a water-

soluble initiator will result in grafting due to the formation

of radicals on the seed polymer backbone. However, the

presence of monomer droplets or micelles may lead to side

reactions, e.g. polymerization in secondary nucleated

particles. Secondary nucleation not only affects the colloidal

stability of the obtained latex product, but the grafting

efficiency may also decrease tremendously. Moreover,

seeded emulsion polymerizations lead to many different

heterogeneous structures. Therefore, a number of
parameters including monomer-to-core polymer ratio,

polarities of core and shell polymers, and operational

details of the polymerization process, have to be taken into

account to obtain the desired composite latex particles.

Depending on the applications, the obtained dispersion

may then be mixed with another latex, such as a paint for

instance, or the particles may be harvested by coagulation or

freeze–drying, and then dispersed at specific volume

fractions in the material to be toughened.

The work presented in this paper is based on the use of an

artificial latex, containing ethylene–propylene copolymers

(EPM), ethylene–propylene-diene copolymers (EPDM) or a

mixture of both types (EP(D)M), as seed latex in the

emulsion polymerization of methyl methacrylate (MMA).

Interfacial adhesion between the rubber phase and the

polymer matrix is regarded as playing a significant role in

the toughening of the brittle matrix. An improved adhesion

leads to enhanced toughness. Therefore, the nature of the

matrix considered in the present paper was chosen similar to

that of the shell, i.e. PMMA, in order to assure adhesion

between the impact modifier and the fragile matrix.

The morphology of the obtained particles will be

discussed, using kinetic and thermodynamic considerations

for morphology predictions. The mechanism of grafting will

be emphasized, taking into account the occurrence of

secondary nucleation and its effect on grafting efficiency.

Tensile tests as well as scanning electron microscopy (SEM)

and transmission electron microscopy (TEM) were used to

evaluate the properties of the obtained structured particles

incorporated into a PMMA matrix.
2. Experimental section

2.1. Chemicals

Methyl methacrylate (MMA, Aldrich, 99%) was purified

by passing it through a column packed with basic aluminum

oxide (Aldrich, Brockmann I, standard grade, 150 mesh,

58 Å). Sodium dodecyl benzene sulfonate (SDBS, Fluka,

technical grade, 80%), hexadecane (HD, Aldrich, 99%),

pentane (Biosolve, AR), divinylbenzene (DVB, Aldrich,

technical grade, 80%), poly(1,2-butadiene) (Riconw 156,

Cray Valley), petroleum ether (Biosolve, boiling point

ranging from 60 to 80 8C) and acetonitrile (Biosolve,

HPLC-S, C99.9%) were used as received.

All other reagents were also used as received, viz.

cumene hydroperoxide (CHP, Luperoxw CU90, Aldrich,

88%), benzoyl peroxide (BPO, Fluka, 75%), sodium

formaldehyde sulfoxylate hydrate (SFS, Fluka, C98%),

sodium dodecyl sulfate (SDS, Aldrich, 98%), disodium salt

of ethylenediamine tetra-acetic acid (EDTA, Aldrich,

C99%), iron (II) sulfate heptahydrate (FeSO4, Aldrich,

C99%), sodium persulfate (SPS, Aldrich, reagent grade,

C98%), and sodium hydrogen carbonate (NaHCO3,

Aldrich, 99%). Deionized water was used in all recipes.



Table 1

Recipe for seed latexes

Seed latex No. Amount of product (g)

Lucantw HC-20 Trilenew 67 HDa DVB Riconw 156 Water SDBSa

S1 30.7 3.4 1.2 – – 104.0 1.1

S2 36.2 3.8 2.0 5.8 16.2 187.4 2.0

S3 33.2 3.5 1.3 3.7 – 104.0 1.2

a In water: [SDBS]z3!10K2 mol dmK3 and [HD]z4!10K2 mol dmK3.
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The EPM (Lucantw HC-20, Mitsui Chemicals Inc.,
�MwZ1450 g molK1) and the EPDM (Trilenew 67, Cromp-

ton Corp., �MwZ28; 716 g molK1) were described in a

previous paper [12].
2.2. Preparation of a seed latex

The preparation of the seed latex has been extensively

described earlier [12]. Recipes used in the present work are

collected in Table 1. In a first step, SDBS was dissolved in

water. A homogeneous mixture of EPM and EPDM was

prepared with the help of pentane. After pentane evapor-

ation, hexadecane, DVB and/or poly(1,2-butadiene)

(Riconw 156) were added to the EPM–EPDM mixture. In

a second step, the organic phase was brought into the SDBS-

containing aqueous phase. The resulting blend was then

stirred for one minute with a rotor-stator Ultra-Turraxw T25

Basic at 24.000 rpm. The volume average diameter of the

polymer particles was reduced from 20 mm to 360 nm by

processing the emulsion product of the Ultra-Turraxw in a

Niro-Soavi Lab homogenizer Panda 2 K, operating for

45 min at 1100 bar and with a shear rate of approximately

8.0!107 sK1.

Latex S1 was then used without further treatment as seed

latex for a seeded emulsion polymerization of MMA. Two

homogenizer products were submitted to a crosslinking

reaction, as described elsewhere [13], prior to the grafting

experiment, giving rise to latexes S2 and S3. Crosslinking

was performed using benzoyl peroxide (BPO) as initiator.

Both DVB and Riconw 156 were used as crosslinking
Table 2

Recipes for seeded emulsion polymerizations (SEP)

SEP No. Seed latex Amount

No.a Amount

(g)

CHP SFS EDTA

SEP1 S1 144.2 0.126 0.084 0.007

SEP2 S1 144.1 0.108 0.115 0.012

SEP3b S1 140.5 0.370 0.215 0.022

SEP4c S1 141.2 0.082 0.085 0.007

SEP5 S2 141.5 0.093 0.144 0.018

SEP6 S3 69.2 0.040 0.094 0.007

a See Table 1.
b In case of SEP3, the monomer-to-EP(D)M ratio was 1.3 instead of 0.8. Theref

was regularly added during the polymerization to maintain the colloidal stability
c SEP4 was carried out using monomer-flooded conditions instead of starved–f
promoting co-agents in S2, whereas S3 was obtained in the

presence of DVB only.
2.3. Seeded emulsion polymerization of MMA onto EP(D)M

The graft polymerizations were carried out in a 300 ml

jacketed-reactor, equipped with a condenser and a down-

flow 458 pitched four-blade impeller. Two types of

monomer addition were used, i.e. flooded and starved–

feed, as indicated in Table 2.

When monomer-flooded conditions were applied, both

the EP(D)M seed latex and the monomer were charged into

the reaction vessel. After swelling the EP(D)M particles

with MMA overnight, the oxygen was removed by purging

argon through the mixture for at least 30 min. An aqueous

solution of additives, i.e. SFS, EDTA and FeSO4, also

referred to as redox system, was charged into the reactor,

followed by the addition of the initiator, i.e. cumene

hydroperoxide (CHP).

In case of starved–feed conditions, the EP(D)M seed

latex was charged into the reaction vessel and purged with

argon for at least 30 min to remove the oxygen. MMA and

CHP were mixed prior to the addition, to ensure the

presence of radicals in the vessel during the complete

addition of monomer. The monomer/CHP mixture was

continuously added to the reactor at a rate of 0.05 ml minK1,

using an automatic burette (Metrohm, type 665 Multi

Dosimat, refillable 10 ml-burette).

The polymerization reactions were performed at 50 8C,

at a stirring speed of 300 rpm, for at least 5 h. The
of product (g) Monomer-

to-rubber

ratio (g/g)

Reaction

time (h)

FeSO4 MMA Styrene

0.008 14.9 – 0.8 5.0

0.013 19.2 2.2 0.8 7.3

0.022 33.8 – 1.3 12.4

0.006 23.4 – 0.8 8.0

0.014 19.9 – 0.8 7.0

0.009 12.1 – 0.8 5.0

ore, 25 ml of an aqueous solution of SDBS ([SDBS]z9!10K2 mol dmK3)

of the latex.

eed conditions, as used in all the other cases.
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post-treatments included coagulation of the latex using

freeze–thaw cycles, and washing the coagulated product

with deionized water. The gross polymers were recovered

and dried to a constant weight in a vacuum oven at 60 8C.

2.4. Synthesis of a PMMA homopolymer latex

The emulsion homopolymerization of MMA was carried

out in a 300 ml jacketed-reactor, equipped with a condenser

and a downflow 458 pitched four-blade impeller.

SDS (0.9 g), NaHCO3 (0.2 g), and water (126.2 g) were

first charged into the vessel. Oxygen was removed by

purging argon through the mixture for at least 30 min. The

addition of monomer (59.9 g) was then followed by its

emulsification at 60 8C and at a stirring speed of 400 rpm,

during 45 min. Finally, the polymerization was initiated by

introducing an aqueous solution of SPS (0.2 g in 1 g of

water) into the reaction mixture.

2.5. Blending and specimen preparation

Mixing the composite rubber latex and the PMMA

homopolymer latex ( �MnZ575; 000 g molK1,
�MnZ895; 000 g molK1) in different weight ratios led to the

formation of two new mixed latexes, containing a total EP(D)M

weight fraction of 5 and 15 wt%, respectively. After stirring, the

homogeneous mixtures were submitted to freeze–drying,

leading to white powders. These PMMA/rubber blends were

compression molded at 180 8C, under pressures ranging from

40 to 100 bar. The obtained films were then transformed into

tensile bars, characterized by a thickness of 0.7 mm.

2.6. Characterization

2.6.1. Particle size distribution

A Coulter LS230 particle sizer was used to verify the

colloidal stability of latexes after grafting. This analyzer uses

the principles of light scattering, based on both Fraunhofer and

Mie theories, to determine particle size distributions.

The lowest size detectable being 40 nm, most of the

particles formed by secondary nucleation and observed by

cryo-TEM could not be identified.

2.6.2. Grafting efficiency

The gross polymers were separated into graft copoly-

mers, free EP(D)M, and free PMMA by Soxhlet extractions.

Petroleum ether, with a boiling point ranging from 60 to

80 8C, and acetonitrile were used for at least 10 h to extract

the free rubber and the free PMMA, respectively. The

grafting efficiency (GE) may be calculated with:

GE Z
weight of MMA grafted

weight of MMA polymerized
(1)
2.6.3. Composition of the extracted materials

The materials soluble in acetonitrile were analyzed, after
drying, using 1H nuclear magnetic resonance (NMR), on a

Varian-300 spectrometer at 25 8C, using TMS as internal

standard and CDCl3 as solvent.

2.6.4. Thermal properties

Thermal characterization of dried latexes was performed

by temperature modulated-differential scanning calorimetry

(TM-DSC). Analyses were carried out on a modified

Perkin–Elmer DSC-7 differential scanning calorimeter,

equipped with a function generator for sinusoidal tempera-

ture modulation.

The measurements were carried out in a nitrogen

atmosphere to prevent degradation of the polymer samples.

Standard aluminum pans of similar predetermined mass

were used for all measurements. The pans masses on the

reference side and sample side were balanced to give a zero

signal for the baseline. Every sample typically consisted of

approximately 2 mg of polymer.

The experiments were carried out in a heating cooling

mode, using a temperature amplitude of 0.3 K and a

frequency of 25 and 12.5 mHz, i.e. 40 and 80 s period,

respectively. The equipment was operated at temperatures

ranging from K100 to 130 or 150 8C, and with an

underlying heating rate b0 of 2 K minK1.

The measured heat flow rate consists of two parts [14]: a

non-periodic underlying part Fu(t) and a periodic part

Fper(T,t). A so-called ‘gliding integration’ of the signal over

one period provides the underlying part Fu(t). Subtracting

Fu(t) from the total measured signal yields the periodic part

Fper(T,t). The specific heat capacity cp (magnitude and

phase shift) is then calculated using a mathematical

procedure described in the literature [14,15]. Glass

transition temperatures and Dcp were determined using

conventional methods [16].

2.6.5. Minimum film formation temperature (MFFT)

Thick films (200 mm) were drawn from various latexes

on an MFFT bar from Sheen Instruments. The minimum

film formation temperature corresponds to the temperature

at which a white, powdery, cracked film becomes clear and

transparent.

2.6.6. Molecular weight and molecular weight distribution

Molecular weight (MW) and molecular weight distri-

bution (MWD) were determined at ambient temperature,

using a waters size exclusion chromatograph (SEC),

equipped with a Waters model 510 pump, a Waters 410

differential refractometer operating at 40 8C and a Waters

model 486 UV detector operating at 254 nm. Samples were

injected using a Waters WISP 712 autoinjector (50 ml

injection volume). The columns consisted of a PL gel guard

(5 mm particles) 50!7.5 mm (L!ID) column, followed by

two PL gel mixed-C or mixed-D (5 mm particles) 300!
7.5 mm (L!ID) columns at 40 8C in series. The eluent was

THF, and the elution volumetric flow rate was maintained at

1 ml minK1. Calibration was carried out using narrow
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MWD polystyrene standards ranging from 580 to 7!
106 g molK1.
2.6.7. Particles morphology

The morphology of the particles was examined using

cryo-transmission electron microscopy (cryo-TEM). For the

present work, the use of cryo-TEM was required because of

the low glass transition temperature of the EP(D)M phase.

To perform cryo-TEM analysis, each latex sample was

applied onto a microscopy grid. The thin aqueous film

obtained was then vitrified in liquid ethane before being

transferred to a Philips CM12 microscope, for examination

at liquid nitrogen temperature. Dehydration and major

reorganization of the latex particles were prevented by the

low temperature.
2.6.8. Surface and interfacial tension measurements

Surface properties of both EP(D)M and PMMA as well

as of the water phase are required for the prediction of

particle morphology, as described in the next sections. Note

that pure deionized water and surfactant-containing water

exhibit different surface properties. Therefore, all measure-

ments including water were carried out using an aqueous

solution of SDBS, in which the SDBS concentration was

similar to the one usually used in latexes, i.e. 3!10K2

mol dmK3.

The interfacial tension between EP(D)M and SDBS-

containing water (gEP(D)M-water/SDBS) was determined with a

Krüss G10 goniometer, using the pendant drop method.

Other interfacial tensions, i.e. between PMMA and

SDBS-containing water (gPMMA–water/SDBS), as well as

between EP(D)M and PMMA (gEP(D)M–PMMA), were

calculated using the modified Young’s equation [17], also

called geometric-mean equation [17,18]:

g12 Zg1 Cg2 K2 gd
1g

d
2

� �1=2
K2 g

p
1g

p
2

� �1=2
(2)

where g1 is the surface tension of phase 1, g2 is the surface

tension of phase 2, and g12 is the interfacial tension between

phases 1 and 2. In the above equation, gd
1 and gd

2 are the

dispersive components of the surface tensions of materials 1

and 2, while g
p
1 and g

p
2 are the respective polar components.

As suggested by Fowkes [19], these two components are

related as

gi Zgd
i Cg

p
i (3)

Contact angles of water and methylene iodide were

measured on EP(D)M and PMMA spin-coated films, using

the Krüss G10 goniometer. Surface free energies of EP(D)M

and PMMA were then evaluated using the Owens–Wendt

method [20].

Surface tension of SDBS-containing water was deter-

mined on a Krüss K100 tensiometer, equipped with a

platinum plate, using the Wilhelmy plate method. Both

polar and dispersive components were evaluated, using
poly(tetrafluoroethylene) (PTFE) as standard reference

surface, as reported in a Krüss technical note [21].

2.6.9. Tensile properties

Tensile tests were performed on a Zwick Z010 tensile-

testing machine, based on ISO standard 527, at room

temperature. The strain speed was 1 mm minK1. The

elongation was measured directly on the sample by a

tensometer. The tensile curves represent the average data

points of five measurements.

2.6.10. Micro-morphology

The dispersion of the rubbery particles in the PMMA

matrix was observed on non-elongated samples by

transmission electron microscopy (TEM). Samples were

trimmed at low temperature to achieve a smooth

undeformed surface and subsequently treated during 20 h

with a ruthenium tetraoxide (RuO4)-solution [22]. Ultra-thin

sections were obtained at room temperature using a Reichert

Ultracut E microtome, equipped with a diamond knife. TEM

was performed using a Jeol JEM 2000 FX microscope,

operated at 80 kV.

After tensile tests, the fracture surfaces of the specimens

were examined with a Philips XL30 field emission gun-

environmental scanning electron microscope (FEG-ESEM).

Samples were coated with a thin gold layer, using an

Emitech K575X sputter-coater.
3. Results and discussion

3.1. Grafting mechanism

Grafting of MMA onto EP(D)M-based latex particles

was carried out using cumene hydroperoxide (CHP)

combined with sodium formaldehyde sulfoxylate hydrate

(SFS, H2O)/EDTA-chelated Fe2C as redox initiation system

[23]. A mechanism of grafting has been reported by

Arayapranee et al. [24] for the graft polymerization of the

monomer pair styrene/MMA onto natural rubber. Adapting

their approach to our system, a mechanism for the graft

polymerization of MMA onto EP(D)M is suggested in the

present section.

Most of the free radicals are produced at the monomer-

swollen particle/water interface, since the peroxide is

soluble in the organic phase, whereas the iron/EDTA

complex is water-soluble. Therefore, the surface of the

particle becomes the locus of polymerization. Peroxy

radicals may react with the EP(D)M backbone, leading to

a macroradical that will initiate grafting. However, the same

peroxy radical may also initiate MMA, resulting in

homopolymerization in the aqueous phase followed by

secondary homogeneous particle nucleation. PMMA

macroradicals may either recombine with EP(D)M radicals

to terminate, leading to graft copolymers, or transfer to

EP(D)M or monomer leading to free PMMA. Finally, two



Fig. 2. 1H NMR spectrum of PMMA extracted with acetonitrile. DVB and poly(1,2-butadiene) are also present in the extracted phase. Therefore, Soxhlet

extraction is not the right method to quantify the grafting efficiency.
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rubber radicals may also recombine leading to partial

crosslinking of the starting seed latex particles.

So, in the present work, a step forward would be made if

the homopolymerization of MMA via secondary nucleation

could be minimized, if not avoided. As a consequence,

several conditions were applied to the present seeded

emulsion polymerizations, i.e.:

– The monomer was starved–feed in most exper-

iments to minimize propagation in the aqueous

phase [25].

– The use of both cumene hydroperoxide and a redox

initiation system, i.e. SFS, EDTA and FeSO4, is

expected to favor reactions inside the EP(D)M

particles or near their surface.

– The surfactant concentration was kept below its

critical micelle concentration (CMC) in the latex to

minimize homogeneous nucleation.
Fig. 3. Specific heat capacity (cp) and phase angle (f) of SEP5, after drying,

obtained by TM-DSC.
3.2. Efficiency of the grafting reaction
3.2.1. Grafting efficiency

The grafting efficiency of the various seeded emulsion

polymerizations of MMA onto EP(D)M particles could not

be determined using classical Soxhlet extractions. Indeed,

although acetonitrile leads to the extraction of pure PMMA

obtained by secondary nucleation, this solvent also leads to

the extraction of PMMA-g-EP(D)M copolymers containing

divinylbenzene (DVB) and poly(1,2-butadiene) (Riconw

156), as indicated by the 1H NMR spectrum of an extracted

product, see Fig. 2.
3.2.2. Thermal properties

Since Soxhlet extractions were not successful, Tempera-

ture modulated-differential scanning calorimetry (TM-

DSC) was used to acquire more information about the

grafted material, obtained by seeded emulsion polymeriz-

ation of MMA onto the EP(D)M particles.

Fig. 3 shows an example of TM-DSC result, with at least

two glass transitions, i.e. a sharp one at K80 8C and a broad

one at C90 8C. A third very weak glass transition seems to

appear at C26 8C. As observed in this thermogram of SEP5,

the step-like change of the real part of the complex heat

capacity cp(u), in the glass transition region, is always

coupled with a maximum of the imaginary part, i.e. the

phase fmax. The maximum in the phase signal is usually

more visible than the step change in the cp curve (or in

conventional thermograms). This is one advantage of the

TM-DSC method against conventional DSC.

Following these observations, the glass transition at

K80 8C clearly indicates the presence of rubber domains.

The broader glass transition in the range of 50–120 8C may

be due to the overlapping of two consecutive glass



Fig. 4. Specific heat capacity (cp) and phase angle (f) of a pure EP(D)M

sample, obtained by TM-DSC.

Fig. 6. Engulfment and spreading coefficients.
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transitions. Indeed, one Tg at 106 8C characterizes PMMA.

The presence of another Tg of lower value may be explained

by PMMA segments grafted onto EP(D)M chains. This may

also explain the third glass transition observed in the region

of 25 8C.

However, the broadness of a glass transition region may

also find explanation in the existence of polymer chains

exhibiting different molar masses. It is indeed recognized

that small molecules may act as solvent or plasticizer,

causing a decrease of the glass transition temperature. A

distribution of molar mass or a distribution of various

domains may lead to a continuous distribution of Tg’s and,

therefore, to a broad glass transition region, as observed in

Fig. 3. For the present research, samples were investigated

using size exclusion chromatography. A large polydisper-

sity index of 2.6 confirmed the presence of small and long

chains in the studied system.

Moreover, the contribution of EP(D)M in the grafting

process may be determined by a quantitative analysis of the

thermogram. The TM-DSC analysis of pure EP(D)M

showed a variation of cp, namely a Dcp,th, of 0.53 J gK1

KK1, as depicted in Fig. 4. The Tg of K80 8C, observed in

Fig. 3 is characteristic of the fraction of EP(D)M that is not

involved in the grafting process. The Dcp value correspond-

ing to this transition, i.e. the average Dcp calculated from

five different TM-DSC curves, is 0.22 J gK1 KK1. This Dcp

step is less significant than the one observed for pure EP(D)

M, since the fraction of EP(D)M involved in grafting does

not contribute to this glass transition anymore. Eq. 4 can

then be used to determine the weight fraction of EP(D)M
Fig. 5. Possible phase-separated morphologies, where (,) represents the

first-stage polymer, and (&) the second-stage polymer.
phase involved in the grafting process, i.e. approximately

22%:

% Grafted EPðDÞM Z 1K
Dcp

fEPðDÞMDcp;th

� �
!100 (4)

where fEP(D)MZ0.53 represents the weight fraction of

EP(D)M in the sample, determined with the recipe, DcpZ
0.22 the measured step height, and Dcp,thZ0.53 the step

height of pure EP(D)M.
3.3. Morphology of the EP(D)M-g-PMMA particles
3.3.1. Morphology predictions

Two-stage emulsion polymerization produces hetero-

geneous structures such as core-shell [26,27], ‘inverted’

core-shell [28,29] and phase-separated structures. Phase-

separated morphologies include ‘sandwich-like’ [30],

‘snowman-like’ [31], ‘salami-like’ [32], and ‘raspberry-

like’ [33] particles, as exemplified in Fig. 5.

The particle morphology may be affected by many

polymerization parameters, e.g. initiator, surfactant, mono-

mer-to-seed polymer ratio, as mentioned earlier. Therefore,

predicting particle morphology using thermodynamic and

kinetic considerations may help understanding the structure

of the final composite latex particles.

3.3.1.1. Thermodynamic considerations. A method for the

thermodynamic approach of morphology prediction was

first reported in 1970 by Torza and Mason [34], who

considered two immiscible liquids dispersed in a third

immiscible liquid, i.e. water. Since then, numerous

researchers tried to extend this concept to various

encapsulating systems. Chen et al. [35] described the

morphology changes occurring during the batch seeded

emulsion polymerization of MMA onto polystyrene, in

terms of free energy changes. The thermodynamically

preferred morphology is the one that has the lowest

interfacial free energy. Waters [36,37] investigated the

evolution of interfacial energy from separated structures to

fully engulfed particles and was able to determine the

degree of engulfment corresponding to minimum interfacial

energy.



Table 3

Measured surface tensions of the various components of a latex

Material Surface tensions (mN mK1)

g gd gp

WaterCSDBS 30.4 26.0 4.45

PMMA 42.7 38.0 4.7

EP(D)M 29.3 27.3 2.0
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In the present work, the morphology of the particles

produced during the seeded emulsion polymerization of

MMA onto EP(D)M was predicted using both theories of

Torza/Mason [34] and Waters [36,37].

Torza and Mason [34] defined the spreading coefficients,

Si, of a three-phase system as:

Si Zgjk K ðgij CgikÞ (5)

where g is the interfacial tension and i, j, and k are the three

phases considered. The different possible structures and

their various spreading coefficients are depicted in Fig. 6.

By convention [34], phase 1 must be the phase for which

g12Og23, so that S1!0. Then, complete engulfment, i.e.

core-shell, occurs when S2!0 and S3O0. However, if S2!0

and S3!0, the engulfment is only partial and leads to

hemispherical, also called acorn or snowman morphologies.

Finally, when S2O0 and S3!0, separated structures are

preferred.

For the investigated system, the continuous phase (water,

w), EP(D)M and PMMA were designated as phase 2, 1 and

3, respectively. The reason for this assignment is that it

fulfills the requirement g12Og23. Surface tensions of

SDBS-containing water and both polymers, collected in

Table 3, were used for the determination of the various

interfacial tensions. As demonstrated in Table 4, the

calculated spreading coefficients predict a core-shell

morphology for the particles produced during the seeded

emulsion polymerization of MMA onto EP(D)M latex,

since S1!0, S2!0, and S3O0.

The morphology predictions obtained with the Torza/-

Mason theory were verified using the quantification of

relative surface energies, as suggested by Waters [36,37].

Considering an engulfed polymer Q by a polymer P, fully

engulfed structures are favored over any intermediate or

separated structures if:

gQ–W KgP–Q

gP–W

O1 (6)

where g is the interfacial energy for the interfaces polymer

Q–water, polymer P–water, and polymer Q–polymer P.
Table 4

Interfacial tensions and spreading coefficients used in the Torza/Mason theory [3

Interfacial tensions (mN mK1)

gEP(D)M–water (g12 or gQ–W) gPMMA–water (g23 or gP–W) gEP(D)M–PM

3.7 1.2 1.5
It is then possible to determine which morphology, either

core-shell or inverted core-shell, is thermodynamically

favored, by considering the fractional volumes, nP and nQ,

of both polymers. Waters showed that a core-shell particle

should be expected when the following condition is obeyed:

gQ–W KgP–W

gP–Q

On
2=3
Q Kn

2=3
P (7)

In the present work, polymers Q and P correspond to

EP(D)M and PMMA, respectively.

The data in Table 5 confirm that, for our system, the core-

shell morphology is to be expected, as was also predicted by

the Torza/Mason theory.

3.3.1.2. Kinetic considerations. According to Sundberg

[38], several morphologies (hemispherical, sandwich,

multiple lobes) can coexist within a single (sub)micron

dispersion, suggesting that they may simply represent

different states of phase separation and are only metastable

morphologies. In that case, the morphology is, therefore,

governed by kinetics, i.e. by the diffusion of polymer chains

through the more or less viscous core-forming material. So

the viscosity of the polymerization loci represents another

key parameter in the determination of the final morphology

of latex particles.

As mentioned by van Zyl [39] and González-Ortiz et al.

[40–42], during a seeded emulsion polymerization, polymer

chains are formed at various positions in the seed particles.

However, in the case of a low local viscosity, incompat-

ibility of the newly formed polymer and the seed polymer

often leads to phase separation. On the other hand, a high

local viscosity prevents the polymer chains from diffusing

through the seed particles, minimizing the occurrence of

phase separation.

The large influence of local viscosity on the particle

morphology was further emphasized by Mills et al. in 1990

[43]. Mills et al. reported significant inhomogeneities in

latex particles at high monomer conversion, particularly for

large particles. These heterogeneities may be explained by a

slow diffusion of free radicals through the core material, due

to a high viscosity of the polymerization loci, thereby

leading to the formation of core-shell structures.

Finally, as reported by Chern et al. [44–46], free radicals

produced during an emulsion polymerization are partially

hydrophilic. As a consequence, free radicals are preferably

located near the particle surface, leading to a non-uniform

distribution of free radicals in the latex particles. A core-

shell structure may then be the result of such non-uniform

distribution of radicals. In the present work, the
4]

Spreading coefficients

MA (g13 or gQ–P) S1 S2 S3

K4.0 K3.4 1.1



Table 5

Interfacial tensions and conditions for morphology predictions according to Waters [36,37]

Interfacial tensions (mN mK1) Conditions

gEP(D)M–water (gQ–W) gPMMA–water (gP–W) gEP(D)M–PMMA (gQ–P) (gQ–WKgP–Q)/gP–W (gQ–WKgP–W)/gP–Q n2=3
Q Kn2=3

P

3.7 1.2 1.5 1.8 1.7 0.3
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hydrophilicity of the redox part should prevent the peroxide

from being buried inside EP(D)M seed particles, therefore,

also favoring core-shell structures.
3.3.2. Influence of various parameters on particle

morphology

Several parameters were studied in the present research

to understand the chemistry involved in the procedure of

producing core-shell impact modifiers, based on an EP(D)M

core and a PMMA shell.

Note that the particle size distributions of the latexes

before and after grafting were similar and also point to a

sufficient colloidal stability, as observed in Fig. 7. However,

a monomer-to-rubber ratio larger than 0.8 required the

addition of an aqueous solution of SDBS, to ensure the

colloidal stability of the latex particles, as mentioned in

Table 2.

In order to clearly differentiate EP(D)M from PMMA in

cryo-TEM pictures presented further on, a pure EP(D)M

latex and a physical mixture of both an EP(D)M latex and a

PMMA latex are depicted in Figs. 8 and 9, respectively.

EP(D)M particles exhibit a sharp edge and seem to exhibit a

perfect spherical shape, while PMMA particles appear more

fluffy. Moreover, the higher electron density of PMMA

compared to EP(D)M emphasizes the darkness of the

PMMA phase, as depicted in Fig. 9.

3.3.2.1. Monomer type. Seeded emulsion polymerization

SEP1 was carried out under starved–feed conditions and

using a monomer-to-rubber ratio of 0.8 (wt/wt), as presented

in Table 2. SEP1 leads to the formation of two types of

particles, as depicted in Fig. 10. A minority of small

particles of pure PMMA was formed by secondary
Fig. 7. Particle size distribution obtained for a latex before (S1) and after

(SEP1) grafting.
nucleation, whereas grafting of monomer onto the EP(D)

M seed latex gave rise to snowman-like particles. Styrene

was then introduced in small quantities (SEP2) in order to

form more hydrophobic copolymers of MMA and styrene

[47]. Unfortunately, using a combination of MMA and

styrene in SEP2 does not produce core-shell structures

either, as depicted in Fig. 11. From this, we conclude that

the different hydrophilicity of both the homopolymer

PMMA and the styrene/MMA copolymer as well as that

of the rubber is not the driving force to obtain core-shell

morphology.

3.3.2.2. Monomer-to-rubber ratio. The quantity of mono-

mer, i.e. MMA only or a mixture of styrene and MMA, may

be too small to completely cover the EP(D)M particles,

which may explain the formation of unexpected snowman-

like structures. The monomer-to-rubber ratio was, therefore,

raised from 0.8 to 1.3, as indicated in Table 2. Note the

presence of a larger amount of small particles, i.e.

characterized by a diameter of 20–50 nm, produced by

secondary nucleation, see Fig. 12. Snowman-like mor-

phologies, exhibiting a much larger PMMA phase (dark and

fluffy) than in Fig. 10, can clearly be observed. Complete

coverage of the EP(D)M particles by PMMA was still not

achieved.

3.3.2.3. Monomer feed type. In addition to the monomer

type and to the monomer-to-rubber ratio, the influence of the

monomer feed type, i.e. flooded or starved–feed, was

investigated. As observed in Fig. 10, starved–feed
Fig. 8. Cryo-TEM picture of a pure EP(D)M seed latex (S1).



Fig. 9. Cryo-TEM picture of a physical mixture of both an EP(D)M latex

(S1) and a PMMA latex. Fig. 11. Cryo-TEM picture of SEP2, consisting of P(MMA-co-styrene)

(90/10 wt/wt) grafted onto EP(D)M particles.

D.L. Tillier et al. / Polymer 46 (2005) 7094–7108 7103
conditions lead to the formation of snowman-like particles.

Monomer-flooded conditions, on the other hand, gave rise to

inverted core-shell particles, as depicted in Fig. 13 for SEP4.

These inverted core-shell structures consist of a dark

PMMA core and a relatively sharp-edged EP(D)M shell,

see Fig. 13(a). Many secondary nucleated PMMA particles

were also produced, as depicted in Fig. 13(b).

During this experiment, most of the MMA entered the

EP(D)M particles while a smaller fraction, typically

1.56 wt% [48], was present in the aqueous phase. Moreover,

although the initiatior, i.e. CHP, is mostly water-insoluble,

partitioning occurs, leading to a gradient of radicals inside

the EP(D)M particles. As a consequence, both monomer and

initiator radicals coexist in the rubbery particles, leading to

the polymerization of MMA within these rubbery particles,

and, therefore, to the formation of inverted core-shell
Fig. 10. Cryo-TEM picture of SEP1 (PMMA-to-EP(D)M ratioZ0.8).
structures. In this specific case, the morphology of the

obtained composite particles is, therefore, determined by the

kinetics of the reaction.

3.3.2.4. Crosslinking of the EP(D)M seed particles. Finally,

the last parameter investigated consisted of the crosslinking

of the EP(D)M seed particles, in the presence or absence of

poly(1,2-butadiene) (Riconw 156). Two seeded emulsion

polymerizations (SEP) of MMA were carried out. SEP5 was

performed on an EP(D)M seed latex, crosslinked with

benzoyl peroxide (BPO) as initiator, in the presence of both

divinylbenzene (DVB) and Riconw 156 as crosslinking co-

agents. SEP6 was completed in the same conditions, using
Fig. 12. Cryo-TEM picture of SEP3, consisting of PMMA-g-EP(D)M

particles. The PMMA-to-EP(D)M ratio is 1.3. Small particles of pure

PMMA were formed by secondary nucleation.



Fig. 13. Cryo-TEM pictures of SEP4, containing EP(D)M-g-PMMA particles, obtained in monomer-flooded conditions. The arrows pointing to dark clouds

indicate non-polymerized monomer. In Fig. 13(b), small particles of pure PMMA formed by secondary nucleation can be distinguished.
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DVB as the only co-agent. The latexes used as seed for

SEP5 and SEP6 exhibited a gel content of approximately 21

and 13%, respectively. The structures obtained for SEP5

and SEP6 are presented in Figs. 14 and 15, respectively. The

fluffy outer shell is a typical representation of PMMA in

cryo-TEM pictures, as previously stated. Therefore, Figs. 14

and 15 clearly demonstrate that a crosslinked EP(D)M seed

latex is required for the formation of core-shell structures.

Note that pendant polybutadiene unsaturations are not

necessary to promote grafting of PMMA onto EP(D)M

particles, as depicted in Fig. 15.

Furthermore, a thorough analysis of various cryo-TEM

pictures leads to the conclusion that particles from SEP5

consist of approximately 76 vol% of EP(D)M and 24 vol%

of PMMA shell.
Fig. 14. Cryo-TEM picture of SEP5. The EP(D)M latex was crosslinked

with BPO in the presence of DVB and poly(1,2-butadiene) prior to the

grafting reaction (gel contentz21%).
The formation of snowman-like structures, as in Figs. 10

and 12, as well as the formation of core-shell structures, as

in Figs. 14 and 15, may be explained by the relative

difference of viscosity between EP(D)M and PMMA.

Indeed, when a non-crosslinked EP(D)M latex is used, the

soft and flowing EP(D)M chains tend to deform and are then

expelled from the (hard) growing PMMA shell. EP(D)M

crosslinking hampers the mobility of the EP(D)M chains,

therefore, preventing the particles from deformation.

However, during a seeded emulsion polymerization carried

out with monomer-flooded conditions, the PMMA chains

grow within the soft EP(D)M particles, hence forming a

core inside the EP(D)M shell.

Note that the formation of core-shell structures was

confirmed by minimum film formation temperature (MFFT)

measurements. Thus, a latex based on snowman-like or
Fig. 15. Cryo-TEM picture of SEP6. The EP(D)M latex was crosslinked

with BPO in the presence of DVB only prior to the grafting reaction (gel

contentz13%).



Fig. 16. TEM section of a sample containing 5 wt% of EP(D)M dispersed in

a PMMA matrix.

 

Fig. 18. Stress–strain curves of PMMA toughened by different amounts of

EP(D)M–PMMA core-shell particles. Note that the pure PMMA curve was

obtained from literature [49].
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inverted core-shell particles has a much lower MFFT, i.e.

7 8C, than a latex containing core-shell particles with EP(D)

M as core, i.e. 74 8C.

3.4. Mechanical properties of PMMA/rubber blends

3.4.1. Incorporation of the rubbery particles into a PMMA

matrix

TEM pictures of the samples containing 5 and 15 wt% of

rubber are depicted in Figs. 16 and 17, respectively. These

pictures demonstrate that the rubbery particles seem more

homogeneously dispersed in the sample containing 5 wt%

of rubber. Not only single particles but also agglomerates

can be distinguished in the sample containing 15 wt% of
Fig. 17. TEM section of a sample containing 15 wt% of EP(D)M dispersed

in a PMMA matrix.
rubber, see Fig. 17. However, as reported in the next

sections, these agglomerates do not seem to affect the tensile

properties of the studied samples to a large extent.
3.4.2. Tensile properties

Characterization of pure PMMA samples with tensile

tests could not be performed, since samples either slipped

between the clamps of the machine or were damaged by

them. Therefore, it is only possible to compare the data of

the present PMMA/rubber blends with those of pure PMMA

obtained from literature [49]. Obviously, the blends

containing various amounts of rubber can also be compared

with each other. Note that the stress–strain curve of PMMA

obtained from literature, see Fig. 18, most likely

corresponds to the upper stiffness limit for our pure

PMMA sample, whereas the curve obtained for the sample

containing 5 wt% of rubber, corresponds approximately to

the lower limit.

As demonstrated by the stress–strain curves in Fig. 18,

the ductility of a brittle PMMA matrix is significantly

enhanced by the incorporation of an increasing amount of

rubber into the PMMA matrix, in the form of core-shell

particles. It should be mentioned here that the incorporation

of snowman-like EP(D)M-g-PMMA particles, as opposed

to core-shell particles, gives rise to sticky tensile specimens.

Therefore, encapsulation of the EP(D)M phase by a PMMA

shell is required to obtain satisfactory surface properties of

the samples.

As reported by Schneider et al. [50], the Young’s

modulus, E, is controlled by the rubber content of the

blends. This statement is confirmed by Fig. 18, where the

slope of the stress–strain curves, i.e. the Young’s modulus,

significantly decreases with increasing amounts of EP(D)M

in the PMMA matrix.

Simultaneously, the tensile strain increases from

approximately 2% for pure PMMA to 4% for a 5% EP(D)

M-based sample, and to 6% for an EP(D)M content of 15%.

Moreover, the surface area under the stress–strain curve,



Fig. 19. Tensile bars after bending. The pure PMMA (top) specimen was

broken in a brittle way, without any stress-whitening. The toughened

material (bottom) shows stress-whitening in its center.
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which is a measure for the toughness of the material, is

clearly enlarged by the increasing rubber content, see

Fig. 18.

Finally, tensile stress and bending of the test bars lead to

the formation of white shear bands, as observed in Fig. 19.

Stress-whitening, which results from plastic deformation, is

usually regarded as a characteristic for deformation of tough

materials [51,52]. Hence, the ductility of the material clearly

increases with an increasing rubber content. The designed

core-shell structures thus provide the desired toughness

enhancement.

3.4.3. Fracture mechanism

Scanning electron microscopy (SEM) was performed to

relate the results of the tensile tests to the morphology of the

multiphase materials produced. Figs. 20 and 21 present the

fracture surface of two PMMA/rubber blends containing 5

and 15 wt% of EP(D)M, respectively.

The roughness of the fracture surfaces, including holes

and dome-like features, can clearly be observed in the SEM
Fig. 20. SEM of the fracture surface of a PMMA matrix blended with EP(D)M-g-
micrographs. These holes correspond to the space occupied

by the rubbery particles in the PMMA matrix. Severe plastic

deformation occurred around the particles during tensile

tests, removing the rubber particles from their original

position. This fracture mechanism is usually referred to as

debonding or cavitation [53]. The rubber particles, acting as

stress concentrators, relieve the tension by cavitation

processes. As a consequence, these particles produce

extensive matrix deformation by crazing or shear yielding.

The presence of a larger amount of rubber particles in the

blend results in a reduced distance between particles [49].

Therefore, an overlap of the stress fields occurs, leading to

particle cavitation at lower externally applied stress. The

PMMA blend may then be deformed more extensively, as

observed in the stress–strain curves in Fig. 18.

Note that, the magnifications being identical for both

micrographs, the voids appear larger in Fig. 21 than in

Fig. 20. This may be explained by the agglomerates

observed in Fig. 17 or by the proximity of rubbery particles,

which may form larger holes by coalescence in the brittle

PMMA matrix during the deformation process.

In the past, the results of various investigations [54,55]

demonstrated that shear yielding was the dominant

mechanism of tensile deformation of PMMA, resulting in

shear bands as observed in the present study. Later on,

Franck and Lehmann [56] emphasized the influence of the

strain rates. Hence, at low strain rates, i.e. 0.5% minK1,

shear yielding is the main mechanism of deformation,

cavitation contributing only to a small extent. However, at

higher strain rates, i.e. 10% minK1 and higher, the

contribution of cavitation processes increases, which

consequently leads to a deformation by crazing.

In the present paper, the SEM micrographs indicate that

stress-whitening arises from debonding and cavitation of the

toughening particles, as was observed by Lovell et al. [52].
PMMA core-shell particles. The total EP(D)M content in the sample is 5%.



Fig. 21. SEM of the fracture surface of a PMMA matrix blended with EP(D)M-g-PMMA core-shell particles. The total EP(D)M content in the sample is 15%.
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4. Conclusions

The present paper reports about the various mor-

phologies that may be obtained during seeded emulsion

polymerizations of MMA onto EP(D)M.

The morphology of the obtained particles was studied

upon variation of several parameters, i.e. monomer type,

monomer-to-EP(D)M weight ratio, monomer feed type, as

well as crosslinking of the EP(D)M seed latex.

Although kinetic and thermodynamic considerations

allowed the prediction of core-shell structures, there remain

some discrepancies between theory and experiment. A

thorough experimental investigation demonstrated that the

seeded emulsion polymerization of MMA onto EP(D)M can

not only result in partial engulfment of the EP(D)M seed

particles by the growing PMMA chains, leading to

snowman-like particles, but can also result in complete

engulfment, i.e. core-shell or inverted core-shell.

In addition, it was demonstrated that EP(D)M cross-

linking is a prerequisite to obtain core-shell structures. A gel

content of 13% (SEP6), obtained with divinylbenzene as the

only co-agent, is sufficient to limit the mobility of the EP(D)

M chains and, therefore, to prevent the rubber phase from

being expelled from the hard PMMA phase.

Finally, the core-shell structured particles, produced by

seeded emulsion polymerization of MMA onto EP(D)M,

were used to toughen a PMMA matrix. Tensile tests and

scanning electron microscopy (SEM) analysis demonstrated

that the main mechanism of deformation operating in the

EP(D)M-toughened PMMA matrix is shear yielding,

accompanied by debonding and cavitation processes.

Tensile stress led to the formation of white shear bands.

This stress-whitening, usually regarded as a characteristic

for deformation of tough materials, symbolizes the success

of our research. Finally, both SEM and TEM investigations
demonstrated that the core-shell impact modifiers are more

homogeneously distributed within the brittle PMMA matrix

for the sample containing 5 wt% of rubbery phase.

However, the tensile properties of the sample containing

15 wt% of rubber remain fairly satisfactory.
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