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Abstract

This article is concerned with the effect of the inherent matrix properties (matrix molar mass and crystallinity) as well as the temperature
on the impact behaviour of rubber toughened semicrystalline polyethylene terephthalate (PET). The dispersed phase consists of a blend of an
ethylene-co-propylene rubber (EPR) and a copolymer of ethylene and 8 wt% glycidyl methacrylate (E-GMAS) acting as a compatibilising
agent, leading to PET/(EPR/E-GMAS) blends. The influence of the matrix molar mass on the impact behaviour of rubber toughened PET is
found to primarily originate from its effect on the blend phase morphology, rather than from an inherent effect of the molar mass itself. The
dispersed phase particle size is seen to decrease with increasing PET molar mass. A direct correlation between the impact strength and the
interparticle distance could be established. A critical interparticle distance (ID.) of 0.1 pm could be determined, independent of the PET
molar mass. The brittle—ductile transition temperature (7p,g) of the blends with a varying matrix molar mass also displayed a strong
correlation with the interparticle distance, independent of the matrix molar mass. However, this correlation appears to depend on the

crystalline characteristics of the PET matrix material since an incompletely crystallised PET matrix leads to an increase of the Tyq.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The morphological characteristics of thermoplastic
polyethylene terephthalate (PET)/rubber blends are
extremely important with respect to the improvement of
the impact toughness through rubber modification [1].
Reactive compatibilisation is needed to obtain finely
dispersed phase morphologies and a stable matrix/rubber
interface [1-9]. In literature, attention is most often
focussed on the parameters influencing the phase morph-
ology development and the impact response of rubber
toughened polymers (e.g. type and content of rubber
modifier, type and content of reactive compatibiliser,
viscosity ratio and mixing conditions) [8—15]. However,
much less attention has been paid to the influence of the
inherent matrix characteristics (i.e. molar mass and crystal-
linity). The main difficulty encountered when investigating
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the correlation between the matrix properties and the impact
behaviour of rubber toughened semicrystalline thermo-
plastics, is the simultaneous influence of the matrix
properties on the blend phase morphology. Varying the
matrix molar mass implies a variation of its melt viscosity.
Previously, Dijkstra and Gaymans [14] reported on the
effect of the nylon6 matrix molar mass by mixing a nylon6/
polybutadiene masterbatch with a high or low molar mass
nylon6. The matrix molar mass was reported to have a
strong effect on the impact behaviour. Paul et al. [16—18]
studied the effect of the matrix molar mass on the
morphology development and the impact behaviour of
rubber toughened nylon6 and polybutylene terephthalate
(PBT). The influence of the polypropylene (PP) molar mass
has been studied for PP/ethylene-co-propylene diene rubber
(EPDM) blends [19].

Fundamental research concerning the effect of the matrix
crystallinity on the impact behaviour of rubber toughened
thermoplastics is rather rare. Van der Wal et al. [19] studied
the influence of the PP crystallinity on the blend
morphology and the impact response of PP/EPDM blends.
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Table 1

Matrix materials and dispersed phase components

W. Loyens, G.

Groeninckx / Polymer 44 (2003) 123-136

Designation Product name Supplier M,* (g/mol) Torque value® (N m) Impact strength® (kJ/m?)
L-MW PET - DSM 18 500 1.9 1.4+02

M-MW PET CaripakG82 Shell 29 500 7.8 25+0.1

H-MW PET - DSM 38 400 11.1 1.7£02

EPR Vistalon 805 Exxon 100 000 19.3 -

E-GMAS8 Lotader Elf Atochem - 9.5 -

AX 8440

? Number average molar mass (M,,) values obtained from the supplier.

® Values taken from Haake rheometry after 10 min of mixing at 280 °C and 50 rpm.
¢ Values measured at room temperature on standard notched Izod bars of semicrystalline PET.

Martuscelli et al. [20] investigated the influence of the
matrix crystallinity on the tensile properties of various blend
systems.

Besides these structural parameters, the test conditions
(i.e. test temperature and speed) also exert a distinct
influence on the impact behaviour [15,21,22]. The tem-
perature dependence of the deformation behaviour of
thermoplastics is well defined by the brittle—ductile
transition temperature (7y,4q). The brittle—ductile transition
is characterised by the Ludwig—Davidenkov—Orowan
(LDO) criterion, stating that fracture upon loading will
proceed in a ductile manner when the fracture stress exceeds
a critical value (i.e. increases above the yield stress) [2,22].

Our previous results clearly revealed that the most
effective toughening of semicrystalline PET is provided by
finely dispersing a preblend of ethylene-co-propylene
rubber (EPR) and a copolymer of ethylene and 8 wt% of
glycidyl methacrylate (E-GMAS) [1]. The latter acts as a
compatibilising agent. Accordingly, the present article is
concerned with the impact response of the ternary PET/
(EPR/E-GMAS) blend system upon varying the matrix
molar mass or the matrix crystallinity. Subsequently, also
the influence of the temperature during impact testing will
be investigated and discussed. Three different PET matrices
will be examined, having a relatively low, medium or high
molar mass. The PET matrix crystallinity is altered by
varying the compression moulding conditions (moulding
time and/or temperature) employed for the sample
preparation.

2. Experimental
2.1. Materials

The main characteristics of the PET compounds and the
dispersed phase components are given in Table 1. The
designation of the matrix materials is based on their relative
molar mass. The medium-molar mass (i.e. medium-
molecular weight) (M-MW) PET compound is a commer-
cial grade from Shell (p = 1.40 g/cm®). Both the low-molar
mass (L-MW) and the high-molar mass (H-MW) PET
compounds are not commercially available. They were

kindly prepared and provided by DSM Research. The EPR
rubber has an E/P ratio of 78/22 (p = 0.86 g/cm’) and was
kindly supplied by Exxon Chemical. The reactive compa-
tibiliser used is the Lotader AX 8440 grade from EIf
Atochem, displaying an elastomeric behaviour (MFI
(190 °C, 2.16 kg) = 5 ¢/10 min).

2.2. Blend preparation and compounding

Before blending with PET, EPR and E-GMAS were
preblended at different ratios in a Haake Rheocord 9000
batch mixer using a small mixing chamber (69 cm®) at a
temperature of 180 °C and a screw speed of 50 rpm during
5 min. Prior to mixing, all materials were dried overnight
under vacuum. The compounding of the rubber modified
materials was performed on the Haake batch mixer using a
mixing chamber of 300 cm’ at a temperature of 280 °C, a
screw speed of 50 rpm and a mixing time of 10 min. The
compositions of the ternary PET/(EPR/E-GMAS) blends are
based on a constant weight concentration of the dispersed
phase but with a changing ratio (EPR/E-GMARS) of the two
dispersed phase components [1]. For further analysis, the
blends were compression moulded into plaques. After initial
melting and pressing at 280 °C, the mould was transferred
into a second press held at a temperature of 180 °C for the
final moulding step (5 min). The compression moulding
procedure was carried out carefully in order to control the
crystallisation conditions. The influence of the matrix
crystallinity is studied by changing either the temperature
or the duration of the final compression step.

2.3. Rheological analysis

During the melt-blending process in the Haake batch
mixer, a simultaneous measurement of the torque was
performed. This torque value is considered a measure of the
viscosity of the mixture present in the mixing chamber.

2.4. Morphological analysis
Scanning electron microscopy (SEM) was performed on

small pieces taken from the compression moulded plaques
using a Philips XL-20 scanning electron microscope. The
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samples were smoothed on a Leica Ultracut UCT micro-
tome at — 100 °C and afterwards etched in m-xylene at
105 °C to remove the minor phase. Quantitative morpho-
logical analysis was performed using Leica Qwin image
analysis software.

2.5. Notched Izod impact testing

Notched Izod impact tests were performed according to
ISO-180 on a Zwick 5110 apparatus. The samples
(63 X 10 X 4 mm?>) were machine-cut from compression
moulded plaques. The notch was milled in, having a depth
of 2 mm, an angle of 45° and a notch radius of 0.25 mm.
Prior to testing, the samples were dried overnight and
subsequently acclimatised for 1h at the respective test
temperature. At each temperature, at least five samples were
tested and their results averaged.

2.6. Thermal analysis

The crystallisation behaviour of the blend components is
characterised with a Perkin Elmer Pyris-1 DSC on samples
from the compression moulded plaques. They were heated
from —80 to 290°C at 10°C/min. The mass matrix
crystallinity is calculated from the experimental heat of
fusion measured during the heating run, according to Eq. (1).
When matrix cold crystallisation was present, the corre-
sponding crystallisation enthalpy was subtracted from the
melt enthalpy

AH, |AH | _
Xe= fp oot = o wagr X 100% (1)
m(PET, 100%) (D)

with X, = mass crystallinity, AHgl(PETJOO%) =heat of fusion
of 100% crystalline PET (140.1J/g from the ATHAS
databank), AH,,per) =melt enthalpy of PET, |AH pgr)!/
AHY(T) =(cold) crystallisation enthalpy of PET corrected
for the temperature dependence of the crystallisation
enthalpy (105.0J/g) and wpgr = PET weight fraction in
the blend.

2.7. Wide angle X-ray diffraction

WAXD measurements were performed using a Rigaku
Rotaflex RU-200B rotating anode device. Diffraction
patterns of compression moulded samples were obtained
in the reflection mode from 5 to 60° 26.
3. Results and discussion
3.1. Matrix molar mass effect
3.1.1. Influence of the matrix molar mass on the blend

rheology
Torque rheometry has proven to be a valid tool for

(2)
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Fig. 1. Torque values as a function of the mixing time for the blends with a
dispersed phase concentration of 30 wt% and a varying EPR/E-GMAS ratio for
the following PET matrix molar masses. (a) L-MW, (b) M-MW, and (c) H-MW.
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Fig. 2. Torque value after 10 min of mixing for the H-MW PET blends as a
function of the dispersed phase concentration with a varying E-GMAS
content.

evaluating the rheological response of both the pure
materials and their respective reactively compatibilised
blends [6,7,23]. Increasing the matrix molar mass (M)
involves a corresponding increase of the melt viscosity of
the material, as can be seen from the increased torque values
of the pure PET compounds (Table 1).

Fig. 1 provides an overview of the torque response as a
function of the mixing time for the 70/(x/y) blends, having
different PET matrix molar masses. Although the matrices
differ, the course of the torque response is seen to be fairly
similar. After the initial feeding period, the torque tends to
rise slightly, indicative of the occurrence of a chemical
reaction. Thereafter, the torque decreases and levels off to
reach a plateau value. Increasing the E-GMAS content in the
dispersed phase is seen to lead to increasingly higher melt
viscosities. This becomes more clear from Fig. 2 presenting
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Fig. 3. Relative torque value (Tyjena/Tper) after 10 min for the 70/(x/y)
blends as a function of the weight fraction of E-GMAS in the dispersed
phase.
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Fig. 4. Weight average particle diameter for the blends with a varying
matrix molar mass as a function of the concentration of GMA
functionalities present in the blend.

the torque values after 10 min of mixing as a function of the
dispersed phase concentration for the H-MW blends. The
reactively compatibilised blends display high torque values,
located well above the non-reactive additivity line. This
non-reactive baseline is constructed from the composition-
weighted average of the torque values of the individual
components. The increased values distinctly illustrate the
occurrence of the compatibilisation reaction between GMA
and the PET end groups. This has been reported and
extensively discussed previously [23].

From Fig. 1, it might be concluded that the torque value
of the blends with an equal composition but a different PET
matrix molar mass, increases as the matrix molar mass
increases. However, when considering the relative torque
ratios (Tyiena/ TreT), it fOlloWs that both the M-MW and the
H-MW PET blends display comparable values (Fig. 3). This
implies that the observed torque increase is primarily related
to the increased viscosity of the respective PET matrix. The
L-MW PET blends display higher torque ratios, indicating
that besides the compatibilisation reaction, possible side
reactions have taken place. Increasing the compatibiliser
content is observed to increase the overall blend viscosity.

3.1.2. Influence of the matrix molar mass on the blend
morphology

The morphology development of a polymer blend during
processing is known to be controlled by the competition
between droplet break-up and coalescence [3,24,25]. The
final particle size depends on the viscosity of the respective
blend components, the viscosity ratio, the interfacial tension
and the applied shear rate. Since an increase of the matrix
molar mass is accompanied by an increase of the matrix
viscosity, this is expected to affect the morphology. Fig. 4
presents the particle diameter for blends with a varying PET
matrix molar mass as a function of the concentration of the
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Table 2

Weight average particle diameter D,, (.m) as a function of the dispersed phase concentration and composition for three different PET matrix molar masses

Weight fraction of E-GMAS in dispersed phase

Weight average particle diameter Dy, (pm)

L-MW PET M-MW PET H-MW PET
20 wt%
0 - 6.45 = 0.61 5.16 = 1.50
0.1 - 0.55 = 0.08 0.37 £ 0.02
0.25 1.49 = 0.09 0.61 = 0.09 0.34 = 0.03
0.4 1.17 £ 0.22 0.43 = 0.08 0.29 = 0.03
30 wt%
0 8.77 = 1.00 9.49 = 091 7.37 = 1.20
0.1 1.42 = 0.06 0.65 = 0.09 0.76 = 0.11
0.25 123 = 0.13 0.41 = 0.03 0.56 = 0.04
0.4 1.31 = 0.14 0.53 = 0.04 0.55 = 0.11

GMA functionalities present. As expected, the non-
compatibilised PET/EPR blends display a coarse morph-
ology, irrespective of the matrix molar mass. The addition
of the E-GMAS8 compatibiliser is seen to induce a strong
decrease of the dispersed phase particle size.

From Fig. 4 and Table 2 it follows that further
increasing the GMA concentration (i.e. E-GMAS content
in the EPR/E-GMAS phase at a constant dispersed phase
concentration) does not lead to a further decrease of the
particle size for the L-MW and M-MW PET blends.
Hence, a low E-GMAS content is sufficient to obtain a
finely dispersed phase morphology. The particle size is
nearly independent of the dispersed phase concentration.
This effect is often observed when a good interfacial
interaction is obtained [26]. The particle size of the

M-MW PET

H-MW PET

Fig. 5. SEM micrographs illustrating the blend phase morphologies of the
different PET matrix molar mass blends. The blend composition varies as
follows: (A) 70/(30/0), (B) 70/(27/3), (C) 70/(22.5/7.5), and (D) 70/(18/12).

H-MW blends displays a stronger dependence on the
dispersed phase concentration and composition. This is
believed to originate from a decreased end group
concentration upon increasing the matrix molar mass,
resulting in a lower degree of interfacial grafting. The
blend phase morphologies of the different blend systems
are illustrated by the SEM micrographs in Fig. 5.
Table 2 reveals that the particle size decreases with
increasing PET matrix molar mass. This trend is less
pronounced for higher dispersed phase concentrations. The
particle size initially decreases strongly with M,,, but tends
to reach a plateau value at high M, levels for the 30 wt%
blends (Fig. 6). This levelling off has also been reported by
Oshinski et al. [12] for nylon6/styrene—ethylene/butylene—
styrene grafted maleic anhydride (SEBS-g-MA) blends. The
matrix molar mass is thus clearly found to have a strong
influence on the final phase morphology of rubber modified
PET. Other authors have reported similar correlations
between the particle diameter and M, for various blend
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Fig. 6. Weight average particle diameter of the 30 wt% rubber blends as a
function of the PET matrix molar mass for various EPR/E-GMAS ratios.
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Fig. 7. WAXD diffraction spectra of amorphous PET and semicrystalline
PET having a varying matrix molar mass.

systems [12,18,19,27]. The influence of the molar mass
originates from several mechanisms [12,27]. As the matrix
molar mass increases, the corresponding increase of the
melt viscosity leads to an increase of the dispersive shear
forces which facilitates the droplet break-up process. A
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Fig. 8. DSC first heating endotherms of the 30 wt% rubber blends having a
medium (—) and a high (- - -) PET matrix molar mass.

Table 3

second effect of the increased molar mass consists of a
decrease of the viscosity ratio (dispersed phase/PET), which
generally leads to a refinement of the morphology [3]. A
decreased rate of coalescence with increasing matrix molar
mass provides an additional factor for particle size reduction
[24].

Besides the GMA induced compatibilisation reaction, the
occurrence of possible side reactions needs to be con-
sidered. It can be seen from Fig. 5 that both the L-MW and
M-MW PET blends, having a high E-GMAS content, no
longer display completely spherical particles. This phenom-
enon is less pronounced for the H-MW PET blends. Torque
rheometry already revealed increased torque values at high
E-GMABS contents, although the particle size did not change
significantly (Fig. 3 and Table 2). In our previous
publication [23] and in the literature [28,29], this
phenomenon has been attributed to the occurrence of
crosslinking reactions. Crosslinking can take place on
account of the difunctionality of the PET matrix and/or
the formation of secondary hydroxyl groups upon reactive
compatibilisation. When the PET molar mass is reduced, the
number of reactive end groups is higher, increasing the
extent of the crosslinking reactions. Hence, the phenomenon
becomes more pronounced for a lower PET molar mass,
explaining the high torque ratios observed for L-MW PET
blends (Fig. 3). For a high PET molar mass, the number of
reactive end groups is lower and will preferentially react
according to the interfacial compatibilisation reaction.

The influence of the PET molar mass on the matrix
crystallinity was verified from WAXD and DSC experi-
ments. Only a minor increase of the crystallinity from 41.5
to 44.5% could be detected by WAXD when going from
L-MW to H-MW PET. The diffraction spectra depicted in
Fig. 7 clearly display a strong resemblance, independent of
the PET molar mass. This agrees well with literature where
it was reported that the molar mass does not have a strong
influence on the crystallinity, especially for higher molar
masses [30]. Fig. 8 provides an overview of the DSC first
heating endotherms of the M-MW and H-MW PET 70/(x/y)
blends. As the DSC samples were taken from the Izod
impact bars, the first heating results represent the crystalline
characteristics as present after compression moulding. The
H-MW PET blends display higher melt temperatures
compared to the M-MW PET blends, indicating slightly

PET mass crystallinity for the 30 wt% rubber modified blends as a funtion of the dispersed phase composition and PET molar mass

Weight fraction of E-GMABS in dispersed phase

Mass crystallinity of PET matrix (%)

M-MW PET H-MW PET
0 31.2 25.9
0.1 34.1 22.4
0.25 31.7 24.5
0.4 31.4 24.3
Pure PET 23.5 25.7
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Fig. 9. Notched Izod impact strength at room temperature as a function of
the weight fraction of E-GMAS8 in EPR/E-GMAS for various dispersed
phase concentrations, and the following PET matrix molar mass. (a) L-MW,
(b) M-MW, and (c) H-MW.

higher lamellar thicknesses of the H-MW PET spherulites.
Regardless of the matrix molar mass, the blends display
double melting endotherms typical for PET. The PET mass
crystallinities are derived from the heat of fusion of the first
heating run (Eq. (1)) and are presented in Table 3. Pure
H-MW PET displays a slightly higher crystallinity, in good
agreement with the WAXD observations. The crystallinities
of rubber toughened H-MW PET are situated in the vicinity
of the crystallinity of pure H-MW PET. In contrast, the
rubber toughened M-MW PET compounds have distinctly
higher crystallinities when compared to pure M-MW PET.
This phenomenon has been discussed in our previous
publication [1]. A nucleating activity of the dispersed phase
can be held responsible, although this could not be
established unambiguously. The reason for the apparent
difference when varying the PET molar mass remains
unclear.

3.1.3. Influence of the matrix molar mass on the impact
behaviour at room temperature

The notch sensitivity of semicrystalline PET becomes
quite apparent from the very low notched Izod impact
strengths presented in Table 1. It has already been
demonstrated that the impact behaviour of PET can be
strongly improved by rubber modification [1]. Fig. 9(a)—(c)
illustrates the notched Izod impact strength at room
temperature for rubber modified PET compounds with a
varying PET molar mass. The impact behaviour is found to
be highly dependent on the matrix molar mass. The L-MW
PET blends display very low impact strengths (<5 kJ/m?)
and a brittle fracture mode characterised by a high fracture
speed, a complete separation of the sample halves and the
absence of stress whitening. Despite the dispersion of rubber
particles, the growing crack is insufficiently stabilised. The
impact behaviour of the M-MW PET blends has been
described in detail in our previous publication [1]. The 10
and 20 wt% rubber modified blends fail in a brittle manner
with relatively low impact strengths (Fig. 9(b)). In contrast,
the 30 wt% rubber blends display a clearly ductile fracture
mode with a high amount of stress whitening. The sample
halves remain attached by a very small ligament at the end
of the fracture zone, typical of a ductile fracture [31]. The
addition of a low amount of E-GMARS is sufficient to induce
a strong improvement of the impact strength. The impact
strength levels off for a further increase of the E-GMAS
content.

The majority of the H-MW PET blends fail according to
a ductile fracture mode. The impact strength is highly
dependent on the dispersed phase composition. The addition
of a small amount of E-GMAS does not induce a steep
increase of the impact strength. Further increasing the
E-GMAS8 content increases the impact strength, inde-
pendent of the dispersed phase concentration, resulting in
a marked toughness improvement at high E-GMAS
contents.

It can now be concluded that the matrix molar mass is a
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very influential parameter on the impact strength of rubber
modified PET. A minimum molar mass is needed to obtain
tough materials at room temperature. In order to establish
the specific correlation between the matrix molar mass and
the impact response, it is essential to take into account the
effect of the matrix molar mass on the structural blend
characteristics. Although a difference in the PET crystal-
linity between the M-MW and H-MW PET blends was
found, no direct correlation with respect to the impact
behaviour could be established. Fig. 10 presents the notched
Izod impact strength as a function of the weight average
particle diameter for the different blends. A decrease of the
particle size is seen to lead to an increase of the impact
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Fig. 11. Notched Izod impact strength as a function of the interparticle
distance for the investigated PET/(EPR/E-GMABR) blends with varying PET
matrix molar mass.

strength and a transition of the fracture mode. Although
several compositions have particle sizes within the ‘ductile
range’, they still display a low impact strength and a brittle
fracture mode. The correlation between the impact proper-
ties and the particle size is thus not unambiguous. The
dispersed phase concentration is also found to be an
important factor. Both morphological features can be
combined into the interparticle distance parameter, as
described by Eq. (2)

1D=D[(6l¢r>m—1] )

where D is the dispersed phase particle diameter; ID, the
interparticle distance; ¢; is the rubber volume concentration
[3]. The interparticle distance is defined as the matrix
ligament thickness between two adjacent rubber particles
and needs to be lower than a critical value (ID.) in order to
induce a ductile fracture mode. The respective interparticle
distances can be calculated from the quantitative morpho-
logical data and are presented in Fig. 11.

There clearly exists a strong correlation between the
impact strength and the interparticle distance. The ID, of the
rubber toughened PET compounds can be determined
experimentally at approximately 0.1 wm. The ID, is found
to be equal for all blend systems, independent of the PET
matrix molar mass. The inability of the L-MW PET blends
to display a high impact toughness and ductile fracture
mode can now be assigned to their interparticle distances
being higher then the ID.. This is a direct consequence of
the influence of the PET molar mass on the dispersed phase
morphology. In contrast, the M-MW and H-MW PET
compounds display a clear transition of the fracture mode
for interparticle distances below 0.1 wm. This brittle—
ductile transition is independent of the dispersed phase
concentration, as can be seen for the H-MW PET blends.
Below ID,, the impact strength increases linearly with
decreasing interparticle distance, which agrees well with
earlier observations [3]. The dispersed phase concentration
has no influence below ID..

It may be concluded that the influence of the PET matrix
molar mass on the impact behaviour of rubber toughened
PET originates from its direct effect on the phase
morphology development, rather than from an intrinsic
effect of the molar mass itself. The impact strengths below
ID. can be fitted by a single line, independent of the PET
matrix molar mass (Fig. 11).

3.1.4. Influence of the matrix molar mass on the impact
behaviour at various temperatures

The brittle—ductile transition temperature is very sensi-
tive to changes of the material parameters and the test
conditions [2,22]. A shift of the T4 results from a change in
the ratio between the fracture stress and the yield stress. An
increase of the matrix molar mass is reported to increase the



W. Loyens, G. Groeninckx / Polymer 44 (2003) 123—-136 131

(a 4 (a) 8
—m—80/(15/5) —m— 70/(30/0)
——80/(12/8) 71 ——70/(27/3)
—A—70/(22,5/7,5)
3 1 64 —e—70/(18/12)

Notched Izod impact strength (kJ/m?)
N

Notched Izod impact strength (kJ/m?)
I

0
T T T T T T T T T O
-30 20 -10 O 10 20 30 40 50 60 70

-30 -20 -10 0 10 20 30 40 50 60 70

Temperature (°C) Temperature (°C)
(b) 40 (b) 60 —m— 70/(30/0)
—m—80/(20/0) ——70/(27/3)
o~ ——80/(18/2) < 50 —A—70/(22,5/7,5)
£ — A 80/(15/5) €V —e—70/(18/12)
2 30 - 2
< —e—80/(12/8) 2
5 S 40
5 7
& 20 g 30 4
=3 aQ
£ £
B o
I R 20
3 o
2104 2
2 £
§ § 10 4
T o — S x — . =
0 T T T T T T T T T 0 T T T T T T T T T—1
30 20 -10 O 10 20 30 40 50 60 70 30 -20 10 O 10 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
(c) 1 (c) 70
—m— 70/(30/0)
60 60 4 ——70/(27/3)
—A—70/(22,5/7,5)

—e—70/(18/12)
50 ad 50 -1

40 40 -
30 4 30 -

20 20 |

Notched Izod impact strength (kJ/m2)
Notched Izod impact strength (kJ/m?2)

10 4 10

0 T T ’ T 1' T ¥ T ?_' 0 4 T ﬂ T I‘ll—* T !'
-30 -20 -10 0 10 20 30 40 50 60 70 -30 20 -10 0 10 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
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Table 4
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Brittle—ductile transition temperature of ternary PET/(EPR/E-GMAQ) blends as a function of the dispersed phase composition and concentrations for a varying

PET matrix molar mass

Weight fraction of E-GMABS in dispersed phase

Brittle—ductile transition temperature Typq (°C)

L-MW PET M-MW PET H-MW PET

80/(xly) 70/(xly) 80/(xly) T70/(xly) 80/(x/y) T70/(xly)
0.1 80 80 40 =5 31 12
0.25 80 80 31 —15 10 8
0.40 80 80 50 -10 7 —-12

fracture stress, whereas the yield stress remains unaffected
[14,18,19].

Figs. 12 and 13 present the impact strength as a function
of the temperature for the blends with a varying PET molar
mass, having a total dispersed phase concentration of 20
and 30 wt%, respectively. The brittle—ductile transition
temperatures are given in Table 4. The L-MW PET blends
display a brittle fracture at all tested temperatures,
independent of the concentration and the composition of
the dispersed phase. Their actual Ty,q can be assumed to be
situated near the 7, (80 °C) of the PET matrix. The M-MW
PET blends with a low dispersed phase concentration
(10 wt%) also display a brittle fracture behaviour in the
investigated temperature range. Increasing the dispersed
phase concentration induces a strong decrease of the Tyq
(Table 4). The majority of the H-MW blends has a Tyq
between O and 23 °C. The highly ductile 70/(18/12)
composition displays a lower T4, around — 12 °C.

These notched impact results reveal some very interest-
ing trends and the influence of the matrix molar mass is not
straightforward. For a dispersed phase concentration of
20 wt%, the T,q decreases with increasing matrix molar
mass. This correlation has been reported before by a number
of authors [14,17—19]. The blends with a dispersed phase

concentration of 30 wt% reveal a slightly different trend.
The T4 initially decreases with increasing molar mass, but
subsequently levels off or even increases for a further
increase of the matrix molar mass. In order to establish if
there exists a direct correlation between the T,,4 and M,,, the
influence of the matrix molar mass on other blend
characteristics (i.e. PET crystallinity and blend phase
morphology) needs to be taken into account. The difference
in matrix crystallinity when varying the M, has no direct
influence on the Ty,4, as no unambiguous correlation could
be established. As seen before, the matrix molar mass has
a strong influence on the morphological characteristics.
Fig. 14 presents the T4 as a function of the dispersed phase
particle diameter for the M-MW and H-MW PET blends.
The T4 is found to decrease with decreasing particle size,
which has been reported in literature [17,18]. However, no
clear correlation could be established regarding the
influence of the matrix molar mass or the dispersed phase
concentration. Fig. 15 presents the Ty,q as a function of the
interparticle distance. It becomes apparent that there exists a
strong correlation between both characteristics. A decrease
of the interparticle distance is accompanied by a decrease of
the Tpq. It can be concluded that the brittle—ductile
transition of the fracture mode is directly related to the
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Fig. 14. Brittle—ductile transition temperature as a function of the weight
average particle diameter for the M-MW and H-MW PET blends.
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Fig. 15. Brittle—ductile transition temperature as a function of the
interparticle distance for the M-MW and H-MW PET blends.
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Table 5
Moulding conditions during the final isothermal compression moulding
step and the respective crystallinities for pure M-MW PET

Temperature (°C) Time (min) X (%)
180 0.5 36.9
180 5 42.9
150 5 44 .4
23 5 3.5

% As determined from WAXD.

interparticle distance. This agrees well with the results
reported by Wu and Borggreve et al. [3,5].

Looking closer at the influence of the matrix molar mass,
it follows that the Tpg4s of the different blends tend to follow
the same trend. Moreover, the transition temperatures can be
fitted reasonably well onto the same curve as a function of
the interparticle distance (line drawn to highlight the trend).
The influence of the PET molar mass on the T4 thus
originates primarily from its effect on the blend phase
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Fig. 16. WAXD diffraction spectra of (a) pure PET and (b) PET/(EPR/
E-GMAS) 70/(22.5/7.5) blends prepared at the different isothermal
compression moulding conditions.

180 °C- 5'
0,5Wig
180 °C-0.5'
A
o)
2 150°C - 5'
w
23°C-5'
90 130 170 210 250 290

Temperature (°C)

Fig. 17. DSC first heating endotherms of the PET/(EPR/E-GMAS)
70/(22.5/7.5) blend, prepared at different isothermal compression moulding
conditions.

morphology rather than from an intrinsic effect of the matrix
itself. Also for acrylonitrile—butadiene—styrene (ABS)
toughened PBT [18], the main effect of M,, on the impact
response is reported to originate from its influence on the
blend morphology. For rubber toughened nylon6, it was
observed that at a constant particle size, the influence of M,
is minimalised at higher values of the molar mass [17].

3.2. Matrix crystallinity effect

3.2.1. Influence of the matrix crystallinity on the blend
morphology

The crystallisation of polymers and more particularly
PET is known to be very sensitive to the crystallisation
conditions applied (temperature and time) [30,32]. Varying
the temperature and/or the duration of the final isothermal
compression moulding step will alter the matrix
crystallinity.

Table 5 provides an overview of the various crystal-
lisation conditions applied as well as the respective
crystallinities of pure PET as determined by WAXD. The
PET employed is the medium molar mass compound
(M-MW PET). Fig. 16(a) and (b) presents the WAXD
diffraction spectra of pure PET and PET/(EPR/E-GMAS)
70/(22.5/7.5) blends, prepared according to the various
conditions. The determination of the PET crystallinity in the
ternary blends is difficult to perform based on the WAXD
spectra, since E-GMAS also displays several crystalline
reflections (21.15 and 23.5°). Accordingly, this PET matrix
crystallinity is obtained from the heat of fusion from the first
heating DSC endotherms (Fig. 17).

The PET crystallinities are presented in Table 6. It
follows that both pure PET and the ternary blends respond
fairly similar to the changed moulding conditions. The
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Table 6

Characteristic values for pure PET and the PET/(EPR/E-GMAS)
70/(22.5/7.5) blend prepared at the different isothermal compression
moulding conditions

Material AH,, X, D,, D,,/D, Tod

(Vg PET) (%) (pm) Q)
Pure PET 180°C-5' 33 235 - - -
Blend 70/(22.5/7.5)
180 °C-0.5 39.2 280 040 1.47 7
180 °C-5' 44.4 3.7 041 1.47 —15
150 °C-5' 43.5 3.1 054 1.49 -5
23°C-5' 345 208  0.70 1.44 12

temperature and moulding time can have a dual effect on
the matrix crystallisation behaviour. They can affect the
primary nucleation process and/or the spherulite growth
rate, consequently influencing the overall rate of
crystallisation.

PET is well known to display its fastest crystallisation
kinetics around 180 °C [30]. It is therefore not surprising
that the blend crystallised at 180 °C during 5 min displays a
high matrix crystallinity (31.7%). A decrease of the
moulding time to 0.5 min leads to a decrease of the matrix
crystallinity resulting from an incomplete crystallisation
due to the very short residence time. A decrease of the
isothermal crystallisation temperature below 180 °C is
accompanied by a decrease of the spherulite growth rate
[30]. On the other hand, the higher degree of undercooling
will also result in the formation of a higher amount of
critical nuclei [30,32,33]. The DSC and WAXD results
reveal that an isothermal crystallisation temperature of
150 °C during 5 min leads to a matrix crystallinity
comparable to that obtained at 180 °C during 5 min. The
crystallisation is completely altered when the final moulding

60
—m—31.7%
—B8—28.0 %
50 ?
—4&—31.1%

Notched Izod impact strength (kJ/m?)

-30 -10 10 30 50 70
Temperature (°C)
Fig. 18. Notched Izod impact strength of the PET/(EPR/E-GMAS)

70/(22.5/7.5) blend as a function of the temperature and the matrix
crystallinity.

step is performed at room temperature (Fig. 16). The PET
crystallisation only takes place during cooling until £ 80 °C
(Ty of PET). Both the low moulding temperature and
moulding time do not permit a fast and complete crystal-
lisation, which results in a decreased matrix crystallinity
[33,34]. A significant amount of cold crystallisation can be
observed (Fig. 17).

In addition, the influence of the changed moulding
conditions on the blend phase morphology needs to be
considered. The particle diameters and the dispersities
(Dyw/D,) of the blends are given in Table 6. It follows that a
decrease of the isothermal crystallisation temperature below
180 °C is accompanied by an increase of the particle size. A
reduction of the moulding time at constant crystallisation
temperature (180 °C) does not affect the blend phase
morphology. As the blend is very effectively compatibilised
[23] and a decrease of the crystallisation temperature results
in an increase of the blend viscosity, it is not likely that
the moulding conditions can be held responsible for the
observed phase coarsening. In literature, reports on the
influence of matrix crystallisation on the blend phase
morphology are rare. Martuscelli [33] reported that
depending upon the spherulite growth rate, the blend
phase morphology of PP/EPDM and PP/EPR blends was
influenced. Coalescence of droplets has been reported to
occur at high concentrations of the dispersed phase [33,35].
However, it needs to be remarked that the spherulite size of
semicrystalline PP is quite high (> 100 pwm) [36]. The PET
spherulites have much smaller dimensions (<1 pm),
making it less plausible that the observed difference in
particle size is provoked by coalescence induced by the
growing spherulite front.

3.2.2. Influence of the matrix crystallinity on the impact
behaviour

Fig. 18 presents the impact strengths of the semicrystal-
line PET/(EPR/E-GMAS) 70/(22.5/7.5) blends as a function
of the temperature. The corresponding brittle—ductile
transition temperatures are listed in Table 6. The T4 can
be seen to decrease with increasing PET matrix crystallinity.
It would now seem obvious to claim a direct effect on the
impact behaviour. However, the influence of the moulding
conditions on the dispersed phase morphology needs to be
taken into account. Fig. 19 accordingly presents the Ty,q as a
function of the interparticle distance. The T4 is seen to
decrease with decreasing interparticle distance, irrespective
of the matrix crystallinity (line is drawn to highlight the
trend). Two blends display a comparable crystallinity (31.7
and 31.1%), but distinctly reveal a different T;,q4 which most
likely can be attributed to their different interparticle
distances. A divergence is seen for the blends prepared at
180 °C, displaying a different T,y although their morpho-
logical characteristics are similar. The correlation between
the Tyq and the ID thus depends on the crystalline
characteristics of the matrix, if the morphological charac-
teristics are similar.
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Fig. 19. Brittle—ductile transition temperature as a function of the
interparticle distance of the PET/(EPR/E-GMAS) 70/(22.5/7.5) blends
prepared at different conditions.

From literature it is known that the matrix crystallinity
can strongly affect the yield stress, which increases with
increasing crystallinity, especially above the matrix T,
[5,19,22]. Below Ty, this influence is limited, implying a
rather small effect on the impact behaviour [37]. Due to the
relatively small crystallinity range studied, it can be
assumed that the yield stress of the ternary blend systems
remains fairly constant. Semicrystalline polymers are
known to have a high craze stress. The craze stress is
largely independent of the temperature, but increases with
increasing entanglement density [2,3,38]. It is therefore not
unlikely that an incomplete crystallisation of PET can
provoke a decrease of the craze stress as a result of the
decreased number of physical cross-links. The PET
spherulites crystallised at 180 °C during 0.5 min do not
have a sufficient amount of time to grow out completely. It
is believed that this incomplete crystallisation can increase
the brittle—ductile transition temperature by decreasing the
craze stress.

4. Conclusions

The investigation clearly revealed that both the morpho-
logical characteristics as well as the impact behaviour of
rubber toughened PET are highly influenced by the intrinsic
matrix properties. The average particle diameter is found to
decrease with an increase of the matrix molar mass. This
effect is less pronounced at higher dispersed phase
concentrations where the particle size tends to level off at
a higher matrix molar mass.

To obtain room temperature tough materials, a minimum
matrix molar mass is required. It can be concluded that the
effect of the matrix molar mass on the impact behaviour of

rubber toughened PET primarily originates from its effect
on the blend phase morphology, rather than from an inherent
effect of matrix molar mass itself. A direct correlation
between the impact strength and the interparticle distance
could be established. The critical interparticle distance was
determined experimentally at 0.1 wm and appeared to be
independent of the matrix molar mass and the dispersed
phase concentration. Below ID., the impact strength is
independent of the matrix molar mass and increases linearly
with the interparticle distance. The brittle—ductile transition
temperature of the ternary blends with a varying matrix
molar mass also displays a strong correlation with the
interparticle distance. The T,y decreases when the inter-
particle distance is decreased, independent of the PET molar
mass.

The correlation between the brittle—ductile transition
temperature and the interparticle distance depends on the
crystalline characteristics of the PET matrix material if the
morphological characteristics remain similar. The Tyq
decreases with decreasing interparticle distance, irrespec-
tive of the matrix crystallinity. However, incompletely
crystallised PET spherulites lead to an increase of the Tyq
due to a decrease of the craze stress.
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