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ABSTRACT: In this study, we examined the perform-
ance of two core-shell acrylic-based impact modifiers
(AIM) prepared by emulsion polymerization. The rubber
core was prepared from ethyl hexyl acrylate (EHA) and n-
octyl acrylate (n-OA). In such as process, the particle size
and particle-size distribution of the modifiers were pre-
cisely controlled, so that performance differences observed
in polybutylene terephthlate (PBT), used as matrix resin,
could only be interpreted in terms of the nature of the
elastomeric component of the modifiers. When isolated,
the rubber core of the modifiers showed identical glass
transition temperatures (Tg) by differential scanning calo-
rimetry (DSC) and dynamic mechanical analysis (DMA)
despite the fact that they were made from two different
acrylic monomers. Temperature-frequency superposition

principle inferred from the classical WLF equation showed
that the rubber components exhibit the same Tg at all fre-
quencies including at the time scale at which mechanical
impact typically occurs. However, significant differences in
low temperature impact performance measured at 2308C
using notched Izod impact test according to ASTM D 256
were obtained even though their rubber components had
identical Tg. Such differences were attributed to the
dynamic relaxation behavior of the rubber components
and identified as inherent properties of the elastomers due
to the structure of the monomers’ repeat units. � 2007
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INTRODUCTION

Many thermoplastic resins are inherently brittle sol-
ids, especially at low temperatures and/or high
strain rates, which limits their applications and use.
To overcome their brittle behavior and expand their
window of applications and life span, blending with
other polymers and toughening modifiers has be-
come a common practice in industry as indispensa-
ble part of plastics formulation. Throughout the
years, the topic of polymer modification and espe-
cially toughening has attracted widespread attention
both academically and industrially.1–6

Among all the common approaches to improve
the toughness of polymers, modification via the
addition of rubbers and/or elastomers forming a dis-
crete phase in a given matrix resin is still the most
effective mean of enhancing toughness. Today, com-
mercial impact modifiers can be largely categorized
into two groups: (1) linear polymers and (2) core
shell particles. In the first case, a linear elastomer is
typically blended with the matrix polymer in the
molten state. The rubber domain size is controlled

by the processing conditions (screw design, tempera-
ture, and shear), the rheology of the individual com-
ponents (viscosity ratio and elasticity ratio), and the
miscibility (interfacial tension and interaction param-
eter) between the modifier and matrix polymer.7–9

The domain sizes are typically on the order of few
microns and their distribution is generally of high
polydispersity when the rubber phase is not cross-
linked. In most cases, there is no crosslinking in the
rubber domain. Nylon toughened by maleated
EPDM is a typical example of this approach.10 On
the other hand, for core shell particles made from
emulsion polymerization, the core is typically a
crosslinked elastomer, which provides toughening
properties, whereas the shell is typically a thermo-
plastic, which provides compatibility with the matrix
and ease of handling of the product.11 In this case,
the particle-size distribution obtained is more uni-
form while a small particle size can be achieved.
Typically, the domain size is in the order of few
hundreds of nanometers, which would only affect
impact strength while the rheology remains identical
as the matrix.

Cavitation has been recognized as the key phe-
nomenon responsible for an enhanced toughness of
rubber-modified polymers.12 It generally occurs by
tearing and generating voids within the soft elasto-
meric phase or by debonding at the phase boundary
when the stored volumetric strain energy within the
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elastomer phase exceeds a critical value. A quantita-
tive description of such process was proposed by
Lazzeri and Bucknall.2,3 The energy density stored
per particle after void formation is given by
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where G is the surface energy of the rubber, Gr and
Kr are the shear and bulk modulus, respectively, r
and R are the radius for the void and the particle,
and F(kf) is a function of the elongation at break for
the rubber phase. The first two terms are related to
the energy required for the generation of the void,
and the last term is related to the shear strain energy
required to stretch the rubber and allowed it to
expand. Both particle size and the modulus of the
rubber have been shown to be important parameters
affecting toughness.12–14 The significance of particle
size (R) has been established not only from a cavita-
tion viewpoint as indicated by the equation above
but also from the concept of critical interparticle dis-
tance, especially for semicrystalline polymers.5,15 As
for the properties of the rubber, it has been shown
that the rubber with lower shear modulus could pro-
vide better toughness enhancement.12–14 However, it
is sometimes difficult to deconvolute the effect of
particle size from the inherent properties of the rub-
ber phase. This is especially true for linear polymers
where the domain sizes are strongly influenced by
processing conditions, and hence the viscosity ratio
between the matrix and the modifier.

Emulsion polymerization allows the preparation of
elastomeric particles with well-defined morphology
and polydispersity with diameters ranging from 60
to 600 nm.16 Unlike linear polymer modifiers where
the domain size is strongly influenced by the proc-
essing conditions, the domain/particle size of core-
shell modifiers is predetermined by the synthesis
procedure and is relatively insensitive to processing
as long as adequate shear is provided to disperse
the modifier to its primary particles. Consequently,
core-shell modifiers allow one to decouple the effect
of particle size and study the specific influence of
rubber property on impact toughening.

In this study, we compared the toughening ability
of two types of core shell impact modifiers made
from two very similar acrylic elastomers: poly
(n-octyl acrylate) and poly(2-ethylhexyl acrylate)
(monomer structure shown in Scheme 1) as toughen-
ing agents for poly(butylene terephthlate) (PBT).
Both modifiers were prepared using the same emul-
sion polymerization recipe, and they have essentially
identical particle size and morphology. The core con-
sists of a partially crosslinked acrylic rubber, and the

shell consists of poly(methylmethacrylate) containing
small amount of functional comonomer to enhance
the miscibility of the particle with PBT.

EXPERIMENTAL

Materials

All materials used in this work are either products
of Arkema or chemical reagents obtained from
Aldrich. The PBT used in this study is Celanese1

1600A extrusion grade with a density of 1.31 g/cc
and a Rockwell M hardness of 72.

Synthesis

The core-shell modifiers were prepared by con-
ventional semicontinuous emulsion polymerization
method. The particle size of the modifier is con-
trolled via the so-called grow-out ratio. Seed latex of
poly(acrylate) was first prepared. A mixture of
acrylic monomer (2-EHA or n-OA) and a small
amount of multifunctional crosslinker monomer
were then fed into the reaction kettle to grow the
seed to the desired size. Afterward, MMA monomer
was fed into the reactor to form the shell. The sizes
of the particle were evaluated by both CHDF and
dynamic light scattering and found to be monodis-
persed with polydispersity below 1.2. The particle
diameters of all modifiers studied were carefully
controlled and were within 620 nm. The modifier
powders were then isolated via freeze-thaw method.
The powder sizes were in the range of few hundreds
of microns.

Scheme 1 Molecular structure of 2-ethyhexyl acrylate
and n-octyl acrylate.
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Compounding and injection molding

Celanese 1600A PBT resin was used in this study as
the matrix. The resin was dried at 608C under vac-
uum for 6 h prior to use. Compounding was
performed using a Leistriz1 18 mm twin-screw
extruder. The screw assembly was designed for
medium mixing and to ensure proper dispersion of
the particles. The temperature was set to 235–2558C
at the die. The compound was extruded and pellet-
ized using an under water pelletizer and dried over-
night under vacuum. The compounded pellets were
then injection molded into ASTM Izod bars using
Arbug1 50 injection-molding machine at 2608C.

Izod impact test

The Izod bars were notched according to ASTM
D256 and aged in a constant relative humidity room
(50% RH) for 40 h before testing. The Izod impact
tests were conducted according to the specification
reported in ASTM D256.

Thermal analysis

Differential scanning calorimetry was conducted
using a TA Instruments DSC model 2920. The sec-
ond heating obtained at a rate of 208C/min was
used for glass transition temperature determination.

Dynamic mechanical analysis

A Rheometric Scientific RDA III strain rheometer
was used to conduct Dynamic Temperature Ramp
tests using a torsion rectangular geometry with ap-
proximate sample dimensions of 2 3 [1/2] 3 1/16 in3.
Testing was performed at a heating rate of 58C/min,
and a strain ranging from 0.03% to 0.5% at 1 Hz. All
testing was conducted under forced convection nitro-
gen atmosphere between21508C and 1808C.

The dynamic mechanical properties were meas-
ured on the real modifier synthesized by emulsion
polymerization. Hence, the results obtained are
direct indication of modifiers’ properties.

Phase morphology

Atomic force microscopy (AFM) was used to exam-
ine the morphology of the blends. A cross section
from the sample was cryo-microtomed using a RMC
990 rotary microtome with a CRT 900 cryogenic
attachment. Both the sample and cutting knives
(glass and diamond) were kept at a temperature of
21008C. AFM images were collected in Tapping
Mode using a RTESP14 etched silicon probe, and
both height and phase data were recorded. Addi-
tionally, scanning electron microscopy was used to
examine the phase morphology. Samples were cryo-
microtomed at an angle perpendicular to the fracture
surface. Around 10 nm of Palladium was sputter
coated onto the sample surface. SEM images were
obtained using the In-Lens detector of a LEO 1530
field emission electron microscope.

Measurement of T2 via
1H NMR

Static 1H Hahn spin echo measurements were per-
formed using a Bruker DMX300 equipped with a
4 mm CPMAS probe. 1H 908 and 1808 pulses were
set to 1.75 and 3.5 ls, respectively. Samples were
dried in a vacuum oven and then packed into 4 mm
rotors under dry nitrogen in a glove box.

RESULTS AND DISCUSSION

Low temperature impact properties

Summarized in Table I are four core-shell modifiers
synthesized by emulsion polymerization. The elasto-
mer components of samples A and B were made
from n-octyl acrylate and 2-ethyl hexyl acrylate
(EHA), respectively. Identical amount of multifunc-
tional crosslinking agent was used in samples A and
B and were higher than samples C and D.

Shown in Figure 1 are representative DSC second
heat thermograms of samples C and D. With iden-
tical amount of crosslinking agent, poly(n-OA)
exhibits slightly higher Tg and more pronounced
hysteresis than poly(2-EHA). Curve integration re-
vealed a Tg of 2638C for sample C while for sample
D, the Tg was found to be 2668C. This difference is
real but not considered meaningful, especially in
terms of impact performance. The size of the hyster-

TABLE I
Summary of Different Core Shell Impact Modifiers Used in this Study

Sample
ID

Core
component Crosslinker %

Core Tg by
DSC (8C)

Shell
component Particle size PDI

A Poly(n-OA) High 261 PMMA Identical (620 nm) <1.2
B Poly(2-EHA) 264
C Poly(n-OA) Low 263
D Poly(2-EHA) 266
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esis peaks is a reflection of the testing conditions
and can be altered by changing the heating and cool-
ing rates. Samples with higher amount of crosslinker
(A and B) showed slightly higher Tgs (A: 2618C and
B: 2648C) consistent with the predictions of rubber
elasticity theory suggesting a higher a Tg for a higher
crosslink density.

Figure 2 is an AFM micrograph showing disper-
sion of sample A in PBT at 25% loading. The small
dark domains are primary particles of the core shell
impact modifier. Near ideal dispersion similar to the
morphology shown in Figure 2 was achieved for all
samples studied. The impact properties of those
blends were then evaluated according to ASTM
D256 and summarized in Table II.

Figure 3 shows the SEM micrographs of sample D
after being impact tested at 2308C (which has
mostly ductile failure at 2308C). The specimen was
microtomed at 21508C at an angle perpendicular to
the fracture surface as depicted in the schematic.
Except for sample B, all samples showed similar
fractography at 2308C test temperature. The forma-
tion of defined dilatational bands and pronounced
cavitation were observed for all samples exhibiting
ductile behavior. These suggest that the governing
toughening mechanism is by dilatational yielding
facilitated by rubber cavitation. Sample B exhibits a
brittle behavior at 2308C, and no cavitation bands
are observed under SEM. Additionally, pronounced
stress whitening was observed for all samples show-
ing a ductile behavior.

As shown in Table II, samples with lower amount
of crosslinking agents (C and D) always performed

better in terms of impact strength. It shall be noted
that due to the complexity involved with acrylate
copolymerization, and although samples A and B
(similarly C and D) have identical charges of cross-
linking agents, the degree of crosslinking in the elas-
tomer network between A and B could not be know
a priori since the polymerization chemistry and
kinetics of n-OA versus 2-EHA might be different.
On the other hand, it is reasonable to conclude, in
accordance with the DSC results, that sample A has
higher crosslink density than samples C and B, and
samples C and D have higher crosslink density than
sample D. The observation that samples with lower
crosslink density have better impact toughness can
be explained by the cavitation model described in
eq. (1). Since all modifiers have identical particle
sizes, the radius of cavitation becomes extremely
sensitive and is predominantly controlled by the
degree of crosslinking. Any difference observed in
impact data is related to the inherent property of the
rubber component (crosslinking). The modifiers with
the higher crosslink density (A and B) typically
would exhibit higher shear modulus (this point will
be discussed further) and hence more difficult to
expand leading to higher resistance to cavitation and
poorer impact properties. In contrast, the samples
with lower crosslink density would show a lower
shear modulus and would be more prone to expan-
sion thus leading to cavitation easily. Therefore, the
relationship between the crosslinking density, the
modulus, and the cavitation is well established in
terms of its impact on toughening the matrix.

Figure 1 DSC thermograms of sample C and sample D.

Figure 2 AFM micrograph of PBT blended with 25%
modifier A (The scale bar is not shown due to proprietary
information. The size of the particle is in the range of 60–
600 nm).
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Interestingly, at both high and low crosslinker
concentration, the modifiers made with poly(n-octyl
acrylate) always performed better than modifiers
made with poly(2-ethylhexyl acrylate) even though
DSC results suggest identical Tg for both elastomers.
There is no apparent explanation from the results
thus for nine crosslink density and glass transition
temperature.

Dynamic relaxation properties

The Tgs obtained from DSC thermograms were
obtained under quiescent conditions (frequency x � 0
or infinite time). However, impact testing, especially
Izod impact testing typically occurs at a time scale in
the order ofmilliseconds and corresponds to a high fre-
quency phenomenon. Dynamic mechanical analysis at
different frequencies was performed to better under-
stand the elastic behavior of these materials at higher
frequencies.

Core-shell modifier samples were compression
molded into rectangular bars and evaluated by
DMA under torsional mode at different frequencies.
The tan d responses of poly(n-OA) and poly(2-EHA)
obtained from 0.3 to 50 Hz in shown in Figure
4(a,b). The glass transition of polymers follows the
classical WLF equation. For which, a variant version
can be expressed as

T0
g ¼ Tg þ C1 � log aT

C2 � log aT
(2)

In this format, the shift factor aT is the ratio of the
test frequencies. Taking the results at 0.3 Hz as the
reference frequency, the plot in Figure 5 was
obtained. The peak temperature of tan d was used as
the parameter of interest in this plot. Within the fre-
quency range studied, the WLF plot of poly(2-EHA)
and poly(n-OA) coincided with each other, and there
was no apparent sign of divergence suggesting that
if extrapolated to higher frequencies, the peak Tg

value of the two polymers should still be very simi-
lar. Curve fitting to the proposed WLF equation
gave values of C1 5 60 and C2 5 14, in fair agree-
ment with the well-established empirical values of
C1 5 51.6 and C2 5 17.44. In addition, at every fre-

quency, poly(2-EHA) actually showed a lower Tg

(peak temperature, about 28C) than poly(n-OA) con-
sistent with the DSC results. Accordingly, the fre-
quency dependence of Tg is not the main reason for
the observed impact performance difference between
the two elastomers.

On the other hand, Figure 4 also revealed a very
interesting phenomenon. The breadth of the glass
transition peak of poly(2-EHA) appears to be wider
than that of poly(n-OA), and the difference becomes
much more dramatic with increasing frequency. At
high frequencies, the onset of tan d transition for
poly(2-EHA) was significantly higher than that of
poly(n-OA).

Figure 6 is a plot of the full width half maximum
(FWHM) as a function of frequency. This representa-
tion is common in spectroscopy and has been used
by many to conduct quantitative analysis of spectro-
scopic data. The FWHM of poly(2-EHA) exhibits

TABLE II
Summary of Izod Impact Properties of PBT Toughened by Core Shell Modifiers at

Different Temperatures

Sample ID

Impact properties (ft-lb/in)

258C impact 2208C impact 2308C impact 2408C impact

A 100%D (15.5) – 86%D (15.8/4.2) –
B 100%D (13.5) 57%D (13.7/3.4) 0%D (3.1) –
C 100%D (15.9) – 100%D (15.5) 57%D (11.7/5.4)
D 100%D (12.2) – 86%D (15.4/3.8) –

Figure 3 SEM of PBT toughened by core-shell modifier
sample D. The sample was fracture under Izod test at
2308C. The micrograph was taken at regions just below
the fracture surface.
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much stronger frequency dependence with higher
frequency giving higher value of FWHM. The
FWHM of tan d transition (specifically tan d versus
1/T) is an indication of both the activation energy of
the molecular motions responsible and the breath of
the transition. The activation energy of glass transi-
tion, which is governed by free volume effect, is not
an invariant but rather temperature dependent. It is
difficult to obtain definitive description of the
FWHM of tan d transition under isochronal con-
ditions. However, the observation that the peak Tg

of poly(n-OA) and poly(2-EHA) followed the WLF
relationship yet their FWHM showed significantly
different dependence, suggesting that there are fun-

damental differences in the viscoelastic relaxation
mechanisms between the two modifiers.

To further understand the ramification of this phe-
nomenon and correlate it with the observed impact
property differences, a separate series of dynamic
relaxation experiments was carried out. The complex
modulus of the rubber component of the core-shell
modifier was measured as a function of temperature
(Fig. 7) isochronally at 1 Hz. The experiments were
conducted in such a way that only the rubber core
response was evaluated, and the results were not
influenced by the MMA-based shell or the morphol-
ogy of the core shell particle.

The complex shear moduli (G*) of the rubber cores
of samples A through D as a function of temperature
at 1 Hz are summarized in Figure 7. Because of the

Figure 4 (a) Tan d transition as a function of frequency
(0.3, 0.6, 1.2, 2.4, 5.4, 11.2, 24.9, and 50 Hz) obtained in
DMA under torsion mode. Response from poly(n-octyl ac-
rylate) rubber core in sample A. (b) Tan d transition as a
function of frequency (0.3, 0.6, 1.2, 2.4, 5.4, 11.2, 24.9, and
50 Hz) obtained in DMA under torsion mode. Response
from poly (2-ethylhexyl acrylate) rubber core from sample B.

Figure 5 WLF plot of peak transition temperature as a
function of the shift factor. Results at 0.3 Hz were used as
reference state.

Figure 6 FWHM obtained from plots of tan d versus 1/T
plots (plots not shown) for samples A and B.
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limitation of the current experimental setup, only
responses at 1 Hz were measured in these sets of
experiments. Hence, the results will be discussed
in combination with the frequency study presented
earlier.

First, all samples exhibit well-defined plateau
modulus, which was a function of the amount of
crosslinker used and the final crosslink density of
the core. Second, the glassy modulus did not depend
on the crosslinker level. Interestingly, the glassy
modulus of poly(2-EHA) appeared to be much
higher than that of poly(n-OA). This is primarily
dominated by their chemical structure (linear versus
branched). Comparing samples A and C with sam-
ples B and D, it was immediately apparent that the
major difference between poly(n-OA) and poly
(2-EHA) elastomers was their near Tg mechanical
properties. The shear modulus of poly(2-EHA) elas-
tomers started to show significant increase at a
much higher temperature than poly(n-OA). The tran-
sition was much broader for poly(2-EHA) than it
was for poly(n-OA). Accordingly, elastomers made
from poly(2-EHA) would start to stiffen at a temper-
ature higher than for poly(n-OA). Considering the
previous results of FWHM at varying frequencies, it

could be concluded that the differences between the
two elastomers in the Tg region would be even more
dramatic at higher frequencies.

From Table II, comparing samples A and D, using
lower amount of crosslinking agents, sample D
achieved similar performance as sample A. Sample
C, which was based on poly(n-OA), still performed
better and had about 108C lower brittle-ductile tran-
sition temperature (BDDT). The low temperature
impact properties of different modifiers followed
qualitatively the shear modulus values measured
from 2208C to 2408C (Fig. 7). Samples with lower
shear modulus in this region gave better toughening
properties. The results agreed well with the cavita-
tion model and indicated that the resistance of rub-
ber to expand was the main attribute differentiating
one modifier from the other. When the test tem-
perature was close to Tg, resistance to rubber cavi-
tation was higher in the case of poly(2-EHA) at
equal crosslink density. As a result, PBT toughened
by poly(2-EHA)-based core-shell modifiers showed
higher BDDT than those by poly(n-OA)-based
modifiers.

An apparent question was whether the peculiar
near-Tg behavior of poly(2-EHA) elastomer could be
modified by chemistry such as further suppressing
the crosslink reaction. Summarized in Table III was
a series of poly(2-EHA)-based core-shell modifiers
(samples E, F, and G). Dodecyl mercaptan (DDM)
was used as a chain-transfer agent during the poly-
merization to further suppress and even eliminate
crosslinking reactions. However, no further improve-
ment was observed in the impact properties. The de-
pendence of G* for those elastomers as a function of
temperature is shown in Figure 8. The addition of
chain-transfer agent resulted in pronounced terminal
behavior characteristic of noncrosslinked polymers.
The G* at room temperature became progressively
lower due to the formation of more low molecular
weight linear chains. However, there was no change
in the near Tg mechanical properties. The shear mod-
uli of the elastic component in the core-shell modi-
fiers stayed constant at temperatures below 2208C.
Consequently, no improvement in BDT was possible
at low temperatures (results not shown). The G*
results were further substantiated by T2 measure-

Figure 7 Dynamic shear modulus of samples A through D.

TABLE III
Summary of Different Core Shell Impact Modifiers Containing Chain

Transfer Agents (DDM)

Sample ID
Core

component Crosslinker % DDM %
Shell

component
Particle
size PDI

E Poly(2-EHA) Low (identical to D) Low PMMA Identical (620 nm) <1.2
F Poly(2-EHA) Medium
G Poly(2-EHA) High
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ment by 1H NMR, where the T2 for samples D, E, F,
and G showed significant differences at room tem-
perature but basically identical at 2308C (Table IV).
The above results indicated that the near Tg visco-
elastic property differences between poly(n-OA) and
poly(2-EHA) are not due to their chemistry but
rather their inherent molecular structures.

It is hypothesized, based on data discussed, that
the apparent glass transition of poly(2-EHA) ob-
served in DMA, which appears to be much broader,
most likely consists of more than one relaxation
mode, possibly confronted with other relaxation
modes such as a b-relaxation. a-Relaxation (Tg) fol-
lows WLF relationship whereas b-relaxation (second-
ary) follows Arrhenius relationship.17,18 They have
different temperature/frequency dependence that
can lead to the observed FWHM broadening effect.
Considering the structural difference between 2-
EHA and n-OA molecules, the peculiar relaxation
behavior of poly(2-EHA) is most possibly related to
its branched side chain. This effect is manifested in
toughening properties of core-shell modifiers.

Previous studies have observed similar confronted
multiple viscoelastic mechanisms in methacrylic poly-

mers.19,20 However, no report on poly(2-EHA) was
found in the literature. Currently, it is not entirely
clear what the nature of the dynamic relaxation of
poly(2-EHA) around Tg is, which is best to be inves-
tigated by dielectric spectroscopy and NMR. The
main purpose of this report is to elucidate the signifi-
cance of dynamic relaxation behavior of the toughen-
ing agent on impact properties where seemingly sim-
ilar acrylic elastomers can have significant difference
in their impact toughening capabilities. In addition,
this study further indicates that shear modulus or
crosslink density measured at room temperature
and/or the peak Tg temperature are not sufficient
to predict impact behavior at low temperatures due
to the complexity involved in polymer relaxation
dynamics.

CONCLUSIONS

In this article, the impact properties and toughening
mechanisms of two acrylic elastomers with identical
Tg and very similar monomer repeat units were
studied. Core-shell modifiers made from poly(n-octyl
acrylate) were found to provide better low tempera-
ture impact toughening properties to PBT than that
of poly(2-EHA)-based impact modifier, although the
apparent Tg for poly(n-OA) and poly(2-EHA) were
found to be similar at all frequencies studied. The
differences in impact properties were related to the
stiffness of the rubber core through dynamic rela-
xation measurement and can be qualitatively ex-
plained by the cavitation theory derived by Lazzeri
and Bucknall. Poly(2-EHA) elastomer differs from
poly(n-OA) in their near-Tg mechanical properties,
which manifested to affect the macroscopic impact
test results at low temperatures. It is hypothesized
that the peculiar near-Tg behavior of poly(2-EHA) is
due to the confronted effect of a- and b-transitions,
which may originate from the branched side chain
of poly(2-EHA).
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