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ABSTRACT: Reactive processing of blends of poly(buty-
lene terephthalate) (PBT) with the ethene–(methyl acrylate)–
(glycidyl methacrylate) terpolymer (E–MA–GMA) is known
to present a very complex reactivity since two competitive
reactions take place spontaneously during melt blending,
that is, blend compatibilization and rubber-phase crosslink-
ing. In this article, the effects of several processing parame-
ters, such as the shear rate, the processing temperature, and
the matrix viscosity, on the reactive processing of those
blends were investigated in terms of the blend morphology
and of the amount of copolymer formed at the blend inter-
face. It was shown that the morphology development could
be divided in two successive regimes: In the early stages of
the mixing process, the particle size is essentially deter-

mined by the physical dispersion process, that is, breakup
and coalescence, while, at longer mixing times, a further
decrease in particle size is obtained as a result of the com-
patibilization reactions. The shift between the two regimes is
progressive and intimately related to the processing condi-
tions. Despite such a complexity, not only the blend mor-
phology but also the elastic properties of the rubber particles
can be controlled in a broad range by an adequate adjust-
ment of the relative kinetics between both physical and
chemical processes. © 2003 Wiley Periodicals, Inc. J Appl Polym
Sci 91: 703–718, 2004
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INTRODUCTION

Polyesters, such as poly(butylene terephthalate) (PBT)
or poly(ethylene terephthalate (PET), generally exhibit
high stiffness, good thermal aging resistance, and ex-
cellent dimensional stability. These polymers provide
very useful material for automotive and electronic
applications.1 Unfortunately, polyesters are also
notch-sensitive, brittle, and sensitive to the hydrolysis.
Thus, there is an interest in developing compatible
polyester/rubber blends. Such blends have attracted
much attention over the last decade.2–21 To obtain
improved impact resistance, a good dispersion of the
rubber is required. Blend compatibilization is, there-
fore, indispensable.

Reactive compatibilization of polyester/polyolefin
blends can be achieved by several approaches based
on the reactivity of the carboxyl and the hydroxyl end
groups of the polyesters. In this context, acrylate-
based copolymers,2–4 maleic anhydride-containing

elastomers,5–7 epoxidized polyolefins,8–18 the ethyl-
ene–vinyl acetate copolymer,19 an oxazoline-modified
polymer,20 and core–shell impact modifiers21 have al-
ready been used as toughening agents. In most cases,
epoxide-containing rubbers appeared to be the most
effective to toughen both PBT and PET. Such elas-
tomers promote, indeed, the finest morphology, the
greatest interfacial adhesion, and, subsequently, the
best mechanical properties.14–18

Blends of polyesters with epoxide-containing rub-
bers exhibit, however, a very complex reactivity. In a
recent study on the compatibilization of PBT with the
terpolymer of ethylene (E), methylacrylate (MA), and
glycidyl methacrylate (GMA), we demonstrated that
two competitive reactions take place simultaneously
during melt processing, namely: (i) compatibilization
as a result of interfacial reactions between carboxyl
PBT chain ends and terpolymer epoxide groups, re-
sulting in the formation of E–MA–GMA/PBT graft
copolymers, and (ii) rapid crosslinking of the rubber
phase as a result of the consequent reaction between
epoxide groups on E–MA–GMA chains triggered by
the formed hydroxyl groups.22 The competition be-
tween compatibilization and crosslinking was shown
to be dependent on the type of terpolymer, that is,
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virgin E–MA–GMA or a modified terpolymer rubber.
This latter rubber grade was prepared by melt mixing
pure E–MA–GMA with a calculated amount of low
molecular weight acid in order to modify part of the
epoxide groups. Two different blending mechanisms
with polyesters were distinguished depending on
whether pure or modified E–MA–GMA was used.23 In
the case of the modified terpolymer, secondary hy-
droxyl groups are present in the rubber phase from
the beginning due to the modification step. When
blending with PBT, a true competition between com-
patibilization of the blend and crosslinking of the rub-
ber phase takes place in the melt. Crosslinking pro-
ceeds homogeneously throughout all the E–MA–GMA
particles, which affects both dispersion and coales-
cence processes. For PBT blends with an unmodified
terpolymer, competition between the two types of reac-
tions is somewhat delayed. In the first stages of mixing,
graft copolymers are formed, which generates secondary
—OH groups on the rubber chains close to the inter-
phase. Subsequently, crosslinking starts and proceeds
from the interface to the core of the dispersed-phase
particles. The morphology development is thus more
complex and the dispersed-phase particles will probably
have a large heterogeneity and may even have a core–
shell-type structure. All these phenomena result in very
complex processing/morphology interrelationships and
affect also the final blend properties.

This article addresses the question of the possibility
to control such complex phenomena to obtain tailored
blend morphologies and, consequently, improved fi-
nal properties. For this purpose, the effects of various
processing parameters such as the screw speed, the
temperature, the phase reactivity, as well as the matrix
viscosity on both blend compatibilization and rubber
phase crosslinking were investigated. The results
showed that independent modulation of the blend
morphology and of the elastic properties of the rubber
particles can be achieved by an adequate choice of the
processing conditions. These conclusions can be ex-
tended to any polymer blend containing epoxide-
functionalized polymers.

EXPERIMENTAL

Materials

Three PBT grades of different molecular weights were
supplied by DSM (Geleen, The Netherlands). Their

main characteristics, such as acid and hydroxyl chain
end concentration and relative viscosity, are given in
Table I. Each PBT grade is identified by its molecular
weight (H: high, M: medium, and L: low). Lotader
AX8900 (E–MA–GMA) was purchased from the Elf–
Atochem Co. (Saint-Avold, France). The composition
is 68 wt % E, 24 wt % MA, and 8 wt % GMA according
to the manufacturer. Some small deviation from the
prospect data can be expected in some cases as re-
ported by Papke and Karger-Kocsis24 The melt-flow
index is 6 g/10 min at 190°C under 2.16 kg. Its num-
ber-average and weight-average molecular weights
are 10 and 31 kg/mol, respectively. According to these
values, one can calculate the average number of epox-
ide functions per terpolymer chain, which, in this case,
is equal to five to six functions per chain. Lotril
28MA07 (E–MA) was also purchased from the Elf–
Atochem Co. and is rather similar to Lotader AX8900,
namely, a composition of 30 wt % MA content and an
MFI of 6 g/10 min at 190°C under 2.16 kg. Despite
some differences in the chemical structure, dynamic
mechanical thermal analysis (DMTA) and cloud-point
experiments demonstrated that E–MA–GMA and
E–MA are fully miscible.

Forty-eight weight percent-modified E–MA–GMA
was synthesized in the melt by mixing E–MA–GMA
with a calculated amount of para-t-butylbenzoic acid
molecules according to the procedure previously de-
scribed.22 Para-t-butylbenzoic acid and solvents were
purchased from the ACROS Chemical Co. (Geel, Bel-
gium) and were used as received.

Processing

Prior to processing, all materials were dried overnight
at 25°C under a vacuum. Although standard PBT dry-
ing conditions are 125°C under a vacuum, preliminary
experiments comparing both drying conditions have
not shown any effect on PBT degradation and on the
compatibilization process for the experiments per-
formed in the internal mixer.22

PBT/rubber blends were prepared using a Bra-
bender WE 50H internal mixer. The atmosphere in the
mixer was controlled by purging with nitrogen gas.
Blend compositions were 80/20 (w/w) PBT/rubber,
except when specified differently. The PBT pellets
were molted for 1 min at 30 rpm prior to addition of
the rubber powder. Immediately after introduction of

TABLE I
Characteristics of the Different PBT Grades

PBT
grade

[—COOH]
(�equiv/g)

[—COOH]
(�equiv/g)

Relative viscosity
�r in m-cresol Mn (kg/mol)

L-PBT 45 66 1.85 16.1
M-PBT 49 31 2 19.8
H-PBT 42 10 2.4 30.9
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the rubber powder, the rotation speed was increased
to the final required value. The zero time was taken
when all the rubber was introduced and the total
mixing time was fixed at 18 min. At different times
after rubber addition, samples were rapidly with-
drawn from the mixing cavity and quenched in liquid
nitrogen to stop the interfacial reactions and freeze in
the morphology. Table II presents the processing con-
ditions for the different PBT/rubber blends performed
in this study.

Fractionation

A procedure was developed for removing free PBT
from the PBT/rubber blends. Approximately a 1 g
blend was introduced in 30 mL of pure trifluoroacetic
acid (TFA), a good selective solvent for PBT, and
stirred at room temperature for 1 h to solubilize the
PBT phase. A milky emulsion was obtained and ultra-
centrifugated at 14°C and 25,000 rpm using a Beckman
L7-65 ultracentrifuge. After 1 h 45 min, clear separa-
tion was achieved. The grafted rubber particles were
concentrated as a white layer at the top of the centrif-
ugation tube. The clear TFA solution was carefully
removed and the dissolved PBT was precipitated in
methanol, filtrated over a 0.5 �m PTFE filter, washed
with methanol, and dried at 30°C under a vacuum for
24 h to yield the fraction P1. The rubber phase was
dispersed again in 30 mL TFA and stirred for 45 min
at room temperature. A second ultracentrifugation
was performed for 1 h 45 min at 8°C and 28,000 rpm.
Once again, the TFA solution containing free PBT was
carefully separated from the rubber phase, precipi-
tated, and worked up to form the fraction P2. This
fraction represents only approximately 3 wt % of the
total amount of material. Complete recovery of non-
grafted PBT was achieved after the second washing

step, since no additional free PBT was obtained when
a third separation was carried out. The total amount of
free PBT is equal to the sum of fractions P1 and P2 and
is noted as P.

After separation, the rubber phase was stirred in
chloroform (CHCl3) at 50°C for 1 h and filtrated. Hot
CHCl3 is a selective solvent for both E–MA and
E–MA–GMA. An insoluble fraction, called C, was re-
covered. The free rubber was precipitated from the
CHCl3 solution in methanol, filtrated, and dried for
24 h at 30°C under a vacuum, yielding fraction R.

The weights of the initial sample and of the different
fractions were precisely measured. Due to the large
number of experimental steps, some material was lost.
Still, the mass recovery was always above 90%. The
amount of grafted PBT was estimated by comparison
between the initial PBT content, which was equal to 80
wt % for all blends, and the PBT amount recovered in
fractions P1 and P2.

Each separation was performed on at least two
blend samples. Different batches of modified E–MA–
GMA were produced and used successively for blend-
ing with PBT leading to truly duplicate polymer
blends. The reported results correspond to mean val-
ues of all these separations. The standard deviation for
each blend fraction P1, P2, R, and C was, in all cases,
below 15%. Besides the weight of each fraction, its
composition was also quantitatively determined using
Raman spectroscopy.

Spectroscopy

Raman spectra were recorded at 25°C on a Labram
confocal laser Raman spectrometer from Dilor S.A. in
the spectroscopic mode. The excitation wavelength
was 632.8 cm�1 from a He—Ne laser source. The
pinhole aperture and the entrance slit were both fixed
to 1000 �m, which resulted in a large analyzed volume
of samples. A grating of 1800 grooves/mm was used
and the spectra were recorded on a CCD detector.
Spectra were centered on 2900 cm� 1. Each spectrum
was the average of five accumulations of 60 s. PBT and
E–MA–GMA can be distinguished and separately
quantified using the vibrational bands in the region of
2500–3250 cm�1. A previously developed calibration
curve was used.22

Microscopy

The blend morphology was examined by transmission
electron microscopy (TEM). For this purpose, samples
were ultramicrotomed in thin films of approximately
70–80 nm at �80°C to avoid deformation of the dis-
persed-phase particles. The microtomed cuts were
stained for 6 min under RuO4 vapor before examina-
tion with a Philips EM 301 microscope.

TABLE II
Processing Conditions for the Different

PBT/Rubber Blends

Matrix Rubber phase
Temperature

(°C)
Screw speed

(rpm)

L-PBT E–MA 250 90
E–MA–GMA 250 90

M-PBT E–MA 250 50
250 90
280 90

E–MA–GMA 250 50
250 90
280 90

48% modified
E–MA–GMA

250 50
250 90
280 90

H-PBT E–MA 250 90
E–MA–GMA 250 90
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After examination, the morphology was quantified
by image analysis. For each sample, at least 200 par-
ticles were measured by hand and both the volume
and the number-average diameters, Dv and Dn, respec-
tively, were estimated on a Macintosh computer using
the public domain NIH Image program (developed at
the U.S. National Institutes of Health).

Rheology

The rheological properties of the molten PBT and
E–MA–GMA polymers were measured using a Rheo-
metrics ARES strain-controlled rheometer equipped
with a parallel-plate geometry with a diameter of 25
mm and a gap of about 1.5 mm. Frequency-sweep
experiments were performed at 250 and 280°C under a
nitrogen atmosphere. The frequency ranged from 0.1
to 100 rad/s. Care was taken to keep the experiment
within the linear viscoelastic domain. For this pur-
pose, the strain response was maintained below 5%.

Molau’s test

The so-called Molau’s test measures the stability of a
dispersion. PBT/rubber (80/20, w/w) blends were
dissolved in TFA, a selective solvent for PBT. Disso-
lution was performed under moderate stirring for
12 h. The solution was then left at rest for 2 days. If the
milky aspect, because of the nonsoluble dispersed rub-
ber particles in the emulsion, remains after this time, it
is concluded that the dispersed phase is stabilized and

that sufficient copolymer/compatibilizer is present.
Otherwise, a white skin is formed on the top of the
solution due to the coagulation of the nonstabilized
rubber particles.

RESULTS

Rheological behavior of the blend components

Figures 1 and 2 present the evolution of the shear
viscosity as a function of the frequency for the PBTs
and the rubbers at 250 and 280°C. All PBT grades
display a Newtonian behavior almost in the whole
frequency range independent of the temperature. In
contrast, the viscosities of both E–MA and E–MA–
GMA exhibit Newtonian plateaus at low frequencies
and elastic behaviors at high frequencies. These exper-
imental data were fitted using a Carreau–Yasuda four-
parameter model to determine the zero-shear viscosity
�0 of the components as well as to model their fre-
quency dependence:

� � �0�1 � ���̇�a�n�1/a (1)

where � is the shear viscosity; n, the power-law coef-
ficient; �, a characteristic time for the transition be-
tween the Newtonian and the shear-thinning regime,
and a, a parameter related to the curvature of this
transition. The values for the zero-shear viscosity are
given for each component as a function of the temper-
ature in Table III. It is clear that the higher the tem-

Figure 1 Shear viscosity versus frequency for the blend components at 250°C. The experimental points were fitted using a
Carreau–Yasuda four-parameter model.
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perature, the lower is the shear viscosity. The effect is
more noticeable for the rubbers.

PBT/rubber blends

Effect of the rotation speed

Figure 3 presents the evolution of the number-average
rubber particle diameter, Dn, as a function of the mix-
ing time at 250°C for the M-PBT/E–MA (80/20, w/w)
nonreactive blend at two different rotation speeds. It is
clear that the higher the rotation speed, the finer is the
final dispersion. After 18 min of mixing, Dn was equal
to 1.40 and 0.75�m at 50 and 90 rpm, respectively.

Error bars refer to the standard deviation of the par-
ticle-size distribution. In both cases, the size of the
rubber particles decreases as the mixing time increases
and finally reaches a plateau at long mixing times, that
is, typically longer than 6 min.

The influence of the shear rate on the morphology
development was also investigated in the case of PBT/
E–MA–GMA reactive blends. Figure 4(a,b) shows the
evolution of the rubber particle size as a function of
the mixing time at 250°C at 50 and 90 rpm, for M-PBT/
E–MA–GMA and M-PBT/48 %-modified E–MA–
GMA (80/20, w/w) blends, respectively. Whatever
the nature of the rubber phase, the size of the dis-
persed-phase particles is significantly smaller than the
values obtained for the nonreactive M-PBT/E–MA
blends (Fig. 3). As shown in Figure 4(a,b), submi-
crometer dimensions are obtained very rapidly, even
at the lowest rotation speed, that is, 50 rpm. Whatever
the screw speed and the rubber phase, the blend mor-
phology remains unchanged after approximately 3
min of mixing, namely, Dn reaches a plateau. These
observations are in agreement with previous results22

and can be related to the formation of the E–MA–
GMA/PBT graft copolymer at the blend interface dur-
ing processing. In agreement with the results for M-
PBT/E–MA nonreactive blends, increasing the shear
rate in the internal mixer from 50 to 90 rpm results in
a finer dispersion from 0.28 to 0.18 �m for M-PBT/E–
MA–GMA (80/20, w/w) blends. In the case of
M-PBT/48%-modified E–MA–GMA blends, the effect

Figure 2 Shear viscosity versus frequency for the blend components at 280°C. The experimental points were fitted using a
Carreau–Yasuda four-parameter model.

TABLE III
Values of the Zero-shear Viscosity �0 for the PBTs

and the Rubbers at 250 and 280°C

Polymer Temperature (°C) �0 (Pa s)

L-PBT 250 148.5
280 64.5

M-PBT 250 282.5
280 109.5

H-PBT 250 958
280 389

E–MA–GMA 250 822.5
280 298.5

E–MA 250 506
280 98
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is even more noticeable since Dn decreases from 0.34
to 0.18 �m under the same conditions. It is worth
noting that, at high shear rates, the final morphology
appears to be independent of the used rubber, that is,
pure or 48%-modified E–MA–GMA.

To obtain more insight in the chemical reactions
occurring in the system for the different processing
conditions, the amount of grafted PBT was quantified
using the developed separation procedure. The evolu-
tion of the P (free PBT chains) and R (free rubber
chains) fractions as a function of the mixing time and
the processing conditions are presented in Figures 5
and 6, respectively. For the same processing condi-
tions, M-PBT blends containing virgin E–MA–GMA
contain a higher amount of PBT chains grafted to the
rubber particles. However, whatever the rubber
phase, the amount of grafted PBT chains (calculated as
80 � P) is higher for experiments performed at 90
versus 50 rpm. More interesting is the evolution of the
amount of free rubber, R, as a function of the mixing
time (Fig. 6). In the case of M-PBT/48%-modified
E–MA–GMA blends, the amount of free rubber after 8
min of mixing is very small and independent of the
screw speed. In contrast, for M-PBT blends containing
pure E–MA–GMA, R was found to be equal to 1.0 and
4.3% at 90 and 50 rpm, respectively. The amount of
free rubber chains appears, therefore, to be inversely
proportional to the screw speed.

At this stage, it is important to note that the amount
of grafted PBT chains (calculated as 80 � P) is not
representative for the kinetics of the interfacial reac-
tion, since this value depends also of the amount of
interfacial area available for the coupling reaction. For
a more thorough interpretation, the amount of grafted
PBT has to be normalized to the corresponding avail-
able interfacial area. In other words, one has to calcu-

late the average area A occupied by a copolymer chain
at the blend interface.25–27 Within the limits of the
assumption that all the compatibilizer graft copoly-
mers are and remain at the interface, Paul and New-
man28 proposed to express A by

A � � 6
Dn

��d

M
NavW (2)

where M is the number-average molecular weight of
the compatibilizer; W, its weight/volume content, Nav,
the Avogadro number; Dn, the number-average diam-
eter; and �, the volume fraction of the dispersed rub-
ber phase. In the present study, M and W are un-
known since the graft copolymer cannot be isolated
and, therefore, characterized. As a rough approxima-
tion, the molecular weight of the original PBT and the
amount of grafted PBT were used in eq. (2). M and W
are thus underestimated, this error being compen-
sated by the fact that A depends on the ratio of these
parameters.29 The value 1/A represents the interfacial
copolymer concentration, that is, the number of PBT
grafts per square nanometers of the interface.

The evolution of 1/A for the four PBT/E–MA–GMA
reactive blends is presented in Figure 7. It is clear that
M-PBT blends containing virgin E–MA–GMA have
lower 1/A values than those of M-PBT/48%-modified
E–MA–GMA blends. Whatever the used rubber phase,
it is surprising to note that, after 8 min of mixing, the
interfacial copolymer concentration 1/A is twofold
higher at a low rotation speed (Table IV). In compar-
ing Figures 4 and 7, one may conclude that an inter-
facial copolymer concentration of about 0.1 chain/nm2

appears to be sufficient to promote stabilization of the
morphology.

Figure 3 Effect of the screw speed on the evolution of dispersed particle size as a function of mixing time for M-PBT49/
E–MA (80/20, w/w) blends at 250°C.
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Influence of the processing temperature

The effect of the processing temperature on the mor-
phology development at 90 rpm is presented in Figure
8 for M-PBT blends containing virgin E–MA–GMA.
Increasing the processing temperature from 250 to
280°C results in a slight increase of the final number-
average diameter of the rubber particles from 0.16 to
0.22 �m, respectively. The temperature does not seem
to influence the time required for obtaining this final
morphology, which is around 2 min in both cases.
Table V presents the effect of the processing temper-
ature on the amount of free rubber and of grafted PBT
after 8 min of mixing at 90 rpm. As the temperature is
increased from 250 to 280°C, the amounts of grafted
PBT (80 � P) and of the free rubber R decrease. How-
ever, according to the precision of the separation pro-

cedure, changes are rather limited. To obtain more
insight in the rate of the interfacial reaction, the graft-
ing density 1/A was also calculated. According to
Table V, 1/A increased from 0.34 to 0.55 chain/nm2 as
the temperature increased from 250 to 280°C.

The effect of the processing temperature was also
analyzed in case of M-PBT/48%-modified E–MA–
GMA (80/20 w/w) blends. Figure 9 presents the
evolution of the rubber particle size as a function of
the mixing time. Increasing the processing temper-
ature promotes larger rubber particles. The final size
of the E–MA–GMA particles increased from 0.18 to
0.35 �m. However, compared to PBT blends con-
taining virgin E–MA–GMA, the effect of the temper-
ature here is more significant. After 30 s at 280°C,
the final dispersion is already obtained. Table V
shows that the reaction proceeds faster as the tem-
perature is increased from 250 to 280°C, that is, the
value of 1/A jumps from 0.10 to 0.33 chain/nm2

after 8 min of mixing.

Effect of the matrix viscosity

To highlight the effect of the matrix viscosity on the
morphology development but also on the chemical
reactions occurring during melt processing, three dif-
ferent PBTs of different molecular masses were used.
The three PBT grades exhibit very similar concentra-
tions in carboxyl chain ends, that is, around 45
�equiv/g (see Table I), so the reactivity toward
E–MA–GMA should be similar. For PBT/E–MA (80/
20, w/w) nonreactive blends, Figure 10 shows that the
highest is the PBT molecular mass, the finest is the
dispersion. After 18 min of mixing, the size of the
E–MA particles became 1.18, 0.75, and 0.35 �m for
blends containing L-PBT, M-PBT,and H-PBT, respec-
tively. It is also important to note that the higher the
molecular mass of the PBT matrix, the faster is the
morphology development. The time required to ob-
tain a stable morphology decreases from 7 min for
L-PBT-based blends to less than 2 min for H-PBT/
E–MA blends.

More interesting is the development of the blend
morphology as a function of the molecular mass of the
PBT matrix for PBT/E–MA–GMA (80/20, w/w) reac-
tive blends (Fig. 11). Similar to the nonreactive blend,
the higher the matrix viscosity, the finer is the mor-
phology. However, the three curves exhibit the same
trends and the final morphology was reached after 2
min of mixing in all cases. It is important to note that
the average particle size of the reactive blends and the
nonreactive blends are relatively close to each other
after 30 s of mixing (cf. Figs. 10 and 11), especially for
blends containing H-PBT.

Different PBT/E–MA–GMA blends correspond-
ing to 30 s and 8 min of mixing were also submitted
to the Molau’s test. A stable emulsion was obtained

Figure 4 Effect of the screw speed on the evolution of
dispersed particle size as a function of mixing time for
M-PBT/E–MA–GMA (80/20, w/w) reactive blends at
250°C: (a) pure E–MA–GMA; (b) 48%-modified E–MA–
GMA.
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for blends processed for 8 min at 250°C, while for
blends processed for 30 s, flocculation of the rubber
particles in a thin white floating layer was observed.
This suggests that stabilization of the rubber parti-
cles was not achieved at very short mixing times. To
confirm these results, the PBT/E–MA–GMA (80/20,
w/w) reactive blends were also characterized using
the developed separation procedure (Table VI).
Whatever the molecular weight of the PBT matrix,
the amount of PBT chains grafted to the rubber
particles (80 � P) recovered after 30 s of mixing was
always lower than 4%, but is not equal to zero. This
is in agreement with the fact that smaller dispersed-
phase particles were obtained for reactive PBT/E–

MA–GMA blends even after 30 s of mixing. Unfor-
tunately, for practical reasons, it was not possible to
withdraw samples out of the mixing cavity for mix-
ing times shorter than 30 s. At this stage, it is inter-
esting to focus on the interfacial copolymer concen-
tration (i.e., 1/A) versus the PBT molecular mass
(Table VI). After 30 s of mixing, 1/A values were
relatively small and lower than 0.05 chains/nm2.
After 8 min of mixing, the interfacial grafting den-
sity was rather independent of the PBT molecular
mass except for the L-PBT matrix. It is interesting to
note that the L-PBT/E–MA–GMA blend exhibits the
lowest 1/A value after 30 s of mixing and the high-
est one after 8 min of mixing.

Figure 5 Free PBT concentration after separation for M-PBT/E–MA–GMA (80/20, w/w) reactive blends as a function of
mixing time.

Figure 6 Free E–MA–GMA concentration after separation for M-PBT/E–MA–GMA (80/20, w/w) reactive blends as a
function of mixing time.
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DISCUSSION

PBT/E–MA nonreactive blends

It is now established that blends of PBT with the
E–MA copolymer exhibit the general features of non-
compatibilized polymer blends.22 No trace of a reac-
tion between the PBT chains and the rubber phase
was, indeed, obtained using TEM observations and
separation experiments. For noncompatibilized poly-
mer blends, the morphology development during pro-
cessing is determined by the competition between two
phenomena: drop breakup and particle coalescence.

According to the theories of Taylor30 and Wu,31 the
breakup of individual droplets is governed by the
ratio of shear to interfacial forces. The first force tends
to deform the dispersed-phase particles in the flow
field, while the second one tends to maintain them
spherically. The predicted particle diameter at equilib-
rium is given by

D �
�12�We�c

�m�̇
(3)

where �12 is the interfacial tension (N/m); �m, the
matrix phase viscosity (Pa s); �̇, the shear rate (s�1);
and (We)c, the critical Weber number, which is a func-
tion of the viscosity ratio of the two phases. (We)c is
minimum when the viscosity ratio �d/�m is one and is
almost invariable for 0.1 � �d/�m� 1.32 From eq. (3), it
can be concluded that breakup will be favored by an
increase of the matrix viscosity or/and of the shear
rate. In contrast, an increase of the interfacial tension
results in an increase of the particle size.

At relatively high concentrations of the minor com-
ponent, typically higher than 5 vol %,33 coalescence of
the dispersed-phase particles is no more negligible
and must be considered. Particle coarsening caused by
coalescence has been extensively studied.34–44 Coales-
cence can occur both during flow and quiescent con-
ditions. For two particles to fuse, they must first come
into close proximity of each other by some flow pro-
cess driven by a deformation field, hydrodynamic in-
teraction, gravity, or other forces. Once two particles
are in near contact, drainage of the matrix film be-
tween the dispersed-phase domains must occur in a
relatively short time to allow for particle fusion. The
extent of coalescence is a net product of the probability
of particle contacts and the probability that any one of
those contacts has sufficient matrix film drainage to
allow for particle fusion. It is therefore obvious that
the extent of coalescence will be intimately related to
the blend composition, the matrix viscosity, the phase
elasticity, and the shear rate. It increases as the con-
centration in the dispersed phase increases or/and as
the matrix viscosity decreases. The effect of the shear
rate is more complex and was recently studied by
several authors.25,37,38 It appeared that the dispersed-
phase particle size developed during processing can

Figure 7 Evolution of the interfacial grafting density for M-PBT/E–MA–GMA (80/20, w/w) reactive blends as a function
of the mixing time and of the screw speed.

TABLE IV
Interfacial Copolymer Concentration for M-PBT/E–MA–

GMA (80/20, w/w) and M-PBT/48%-modified
E–MA–GMA (80/20, w/w) Blends After 8 Min of
Mixing at 250°C as a Function of Screw Speed

Rubber phase
Screw speed

(rpm)
I/A

(chain/nm2)

E–MA–GMA 50 0.77
90 0.34

48%-modified 50 0.24
E–MA–GMA 90 0.10
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increase, decrease, or show complex nonmonotonic
behavior as the shear rate is increased because of the
competing effects of increased particle–particle con-
tacts versus decreased contact times. However, ac-
cording to the most recent studies, it can be concluded
that coalescence effects decrease by increasing the
shear rate.45

Taking into account the competing processes of
breakup and coalescence, Fortelny et al.46 proposed
the following equation for the equilibrium particle
diameter of the dispersed phase:

Dn �
�12�We�c

�m�̇
�

�12	

�mf1
� (4)

where � is the volume fraction of the dispersed phase;
	, the probability of coalescence after collision; and f1,
the slope of the function, F(We), describing the fre-
quency of particle breakup at the critical Weber num-
ber. In eq. (4), the first term reveals the minimum
obtainable particle size according to the classical the-
ory of breakup [cf. eq. (3)], while the second term
represents the effects due to coalescence. This equa-

tion is very helpful to evaluate the effect of the pro-
cessing parameters.

Effect of the rotation speed

The average shear rate in an internal mixer is directly
related to the rotation speed.47–49 Using the equation
developed by Bousmina et al.,49 the average shear rate
in the internal mixer can be calculated to be 20 and 36
s�1 for rotation speeds of 50 and 90 rpm, respectively.
Increasing the rotation speed of an internal mixer
results, therefore, in an increase of the shear rate in the
mixing cavity, which is favorable to drop breakup and
unfavorable to coalescence. As a result, the size of the
dispersed-phase particles decreases (Fig. 3). The vari-
ation of the screw speed also affects the viscosity of the
different phases, and in a rigorous approach, such an
effect must be evaluated. Assuming that the Cox–
Merz law is valid for both the M-PBT homopolymer
and E–MA copolymer, the viscosity of the blend com-
ponents at 250°C can be calculated at 20 and 36 s�1

according to Figure 1. In this range of shear rates, the
M-PBT viscosity remains almost constant, that is, 276

Figure 8 Effect of the processing temperature on the evolution of the particle size as a function of time for M-PBT/E–MA–
GMA (80/20, w/w) reactive blends at 90 rpm.

TABLE V
Amount of Free Rubber R and of Grafted PBT and Interfacial Copolymer Concentration for M-PBT/E–MA–GMA

(80/20, w/w) Blends After 8 Min of Mixing at 90 rpm as a Function of the Processing Temperature

Rubber phase
Temperature

(°C)
Amount of free

rubber R (%)
Amount of grafted

PBT (80 P) (%)
1/A

(chains/nm2)

E–MA–GMA 250 1.2 11.5 0.34
280 0 8.0 0.55

48% modified 250 0.8 7.5 0.10
E–MA–GMA 280 0 5.5 0.33
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and 271 Pa s at 20 and 36 s�1, respectively. In the same
time, the viscosity of the E–MA copolymer decreases
from 216 to 178 Pa s, respectively, so increasing the
shear rate from 20 and 36 s�1 results in a slight de-
crease of the viscosity ratio �d/�m from 0.78 to 0.66. In
this context, the change in (We)c can be neglected.

Effect of the PBT viscosity

The effect of the PBT molecular weight on the morphol-
ogy development (Fig. 10) can also be easily explained
according to eq. (4). By increasing the PBT molecular
mass, the matrix viscosity is also increased, as revealed
in Figures 1 and 2. In this way, the dispersive forces for
particle breakup are enhanced, on the one hand, and

coalescence is lowered, on the other hand. Increasing the
matrix viscosity will also influence the critical Weber
number (We)c. At a shear rate of 36 s�1, the viscosity ratio
was equal to 0.14 for H-PBT, 0.65 for M-PBT, and 1.25 for
L-PBT. In this range of viscosity ratios, the values of
(We)c are not expected to be very different from each
other so that this effect can be neglected and, therefore,
the formation of larger dispersed particles as the PBT
molecular mass is decreased (Fig. 10) is fully explained
by the theory.

Additional considerations

As shown in Figures 3 and 10, equilibrium between
breakup and coalescence is not instantaneous. At least

Figure 9 Effect of the processing temperature on the evolution of the particle size as a function of time for M-PBT/48%-
modified E–MA–GMA (80/20, w/w) reactive blends at 90 rpm.

Figure 10 Effect of the matrix viscosity on the evolution of the particle size as a function of time for PBT/E–MA (80/20,
w/w) blends at 90 rpm and 250°C.
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4 min of mixing was required to reach the final mor-
phology of the blends, which is quite long for uncom-
patibilized polymer blends. Similar observations were
already made in a previous study22 and were attrib-
uted to the occurrence of reactions between PBT and
E–MA at long mixing times. However, such interfacial
reactions, if they occur, are too slow and limited to be
demonstrated by the characterization techniques used
in this work.

PBT/E-MA–GMA reactive blends

In comparison with PBT/E–MA nonreactive blends,
PBT blends containing pure or modified E–MA–GMA
exhibit, in all cases, a finer morphology. This results
from the formation of the E–MA–GMA/PBT graft co-
polymers at the blend interface due to the reaction
between the PBT carboxyl end groups and the rubber
epoxide functions during processing.22 It is now well
established that formation of a compatibilizer at the
interface will influence, to a large extent, the processes
of breakup and coalescence discussed above. It is re-
sponsible for the significant stretching of the dispersed
phase into a very fine fiber before the interfacial insta-
bilities become important and lead to fiber breakup.25,35

In the same way, the steric and entropic barrier
formed by the compatibilizer at the interface and the
loss of mobility of the interface result in strong retar-
dation if not inhibition of the coalescence. As a result,
the size of the dispersed-phase particles decreases to a
large extent.

To explain the results, the relative kinetics of both
physical and chemical processes has to be considered.
As explained elsewhere,22 PBT/E–MA–GMA blends
exhibit a very complex behavior. Two competitive
reactions take place during melt processing, namely,
(1) blend compatibilization and (2) rapid crosslinking
of the rubber phase. According to several au-
thors,26,50,51 the reaction between epoxide functions
and carboxyl groups is expected to be quite slow. In
this context, we postulate that the morphology devel-
opment can be subdivided in two successive steps
(Scheme 1). In the early stages of the mixing, that is, at
very short mixing times, the blend morphology is
essentially governed by physical factors such as the
viscosity of both phases, the blend composition, the
shear rate, and the interfacial tension. This is the
“physics-controlled” regime (Zone I in Scheme 1).
Within this period of time, the evolution of the blend
morphology should be similar to that of the uncom-

Figure 11 Effect of the matrix viscosity on the evolution of the particle size as a function of time for PBT/E–MA–GMA
(80/20, w/w) reactive blends at 90 rpm and 250°C.

TABLE VI
Amount of Grafted PBT (80 � P) and of Free E-MA-GMA (R) Recovered After Separation for PBT/E–MA–GMA

(80/20, w/w) Blends and Interfacial Copolymer Coverage (1/A) as a Function of the PBT Molecular Weight

PBT grade

30 s of mixing 8 min of mixing

80�P (%) R (%) 1/A (chain/nm2) 80�P (%) R (%) 1/A (chain/nm2)

L-PBT 1.7 11.6 0.013 6.1 2.3 0.52
M-PBT 3.1 8.5 0.04 11.5 1.2 0.34
H-PBT 3.2 8.0 0.05 26.8 0.15 0.38
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patibilized blends and should then be governed by eq.
(4). As the mixing time increases, the chemical reac-
tions take place progressively, leading to a further
refinement of the morphology and its subsequent sta-
bilization (Zone II in Scheme 1). In other words, the
system shifts from a “physics-controlled” to a “chem-
istry-controlled” regime. In this latter step, the evolu-
tion of the particle size is governed by the relative
kinetics between the compatibilization reaction and
the crosslinking of the rubber phase. The transition
between the two regimes is not sharp but rather dif-
fuse. It is intimately related to the kinetics of the
chemical reactions and to the processing conditions.
Scheme 1 is very useful to explain the experimental
observations.

Effect of the rotation speed

As already explained for M-PBT/E–MA nonreactive
blends, increasing the screw speed results, essentially,
in a finer dispersion of the minor phase in the early
stages of the mixing and, therefore, in a larger inter-
facial area. So, the rate of the interfacial reaction is
enhanced, and as a result, the rubber particles are
rapidly stabilized against coalescence and further dis-
persed [see Fig. 4(a,4b)]. The effect of the crosslinking
reaction has also to be taken into account. In the case
of M-PBT blends containing pure E–MA–GMA, the
occurrence of this reaction is somewhat delayed so
that it becomes significant after complete dispersion of
the rubber phase. In the case of M-PBT/48%-modified
E–MA–GMA blends, the rubber crosslinking occurs
immediately in the melt, due to the presence of the
secondary hydroxyl functions on the rubber chains
from the beginning of the mixing.23 The dispersed-
phase particles become directly more viscous and
more elastic, which is unfavorable to breakup. It is
worth noting that rubber crosslinking is also expected
to hinder the process of coalescence. All these obser-

vations explain why the effect of the screw speed is
more pronounced for blends containing 48%-modified
E–MA–GMA [see Fig. 4(a,b)].

It is interesting to note that at high shear rate, that is,
36 s�1, M-PBT/E–MA–GMA and M-PBT/48%-modi-
fied E–MA–GMA exhibit the same morphology devel-
opment despite the fact that the crosslinking reaction
proceeds in a very different way. We assume that, at a
sufficiently high shear rate, the physical processes of
dispersion and coalescence can, over a longer period
of time, overcome the effects due to the chemical
reactions. In other words, the dispersive forces are so
important that the difference in the rubber crosslink-
ing density existing in the early stages of the mixing
does not modify the rubber-phase dispersion. Very
small particles are then generated and rapidly stabi-
lized through interfacial coupling between PBT and
E–MA–GMA. It is worth noting that even if both
systems exhibit the same morphology when processed
at 90 rpm the elastic properties of the dispersed-phase
particles, and, therefore, the ultimate blend properties,
are expected to be very different from one system to
the other.23

For M-PBT blends containing 48%-modified E–MA–
GMA, the average area occupied by the PBT grafts at
the interface was larger, but also reached a constant
value more rapidly whatever the rotation speed (Fig.
7). This results from the smaller initial amount of
epoxide groups compared to virgin E–MA–GMA.
Moreover, these groups are rapidly consumed
through the crosslinking reaction, which takes place
immediately in the melt. In contrast, since the area
available for the interfacial coupling reaction is di-
rectly proportional to the rotation speed, it is surpris-
ing to note that, whatever the used rubber phase, 1/A
decreases with the rotation speed (Table IV). The only
way to explain this apparent contradiction is to con-
sider the crosslinking of the rubber phase. From geo-
metrical considerations, one can assume that the

Scheme 1 Schematic representation of the mixing process. I: “physics-controlled” regime; II: “chemistry-controlled” regime.
As schematically presented, the transition between the two regimes is dependent on the processing conditions.
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smaller the dispersed-phase particles, the faster is the
consumption of available epoxide groups due to
crosslinking. So, epoxide groups available for interfa-
cial reaction vanish rapidly as the mixing time in-
creases. Such an effect is expected to be more pro-
nounced at high shear rates due to the finer dispersion
of the rubber phase. At low shear rates, the interfacial
reaction can then proceed further due to a higher
initial concentration of epoxide groups per particle
and to their slower consumption by the crosslinking
reaction. It is worth noting that the rapid consumption
of the epoxide groups is favored by the fact that the
crosslinking of the rubber particles not only consumes
the epoxide functionalities but also hinders the coales-
cence phenomena.

Effect of the processing temperature

The processing temperature is expected to influence
both the physical processes of dispersion as well as the
chemical reactions. On the one hand, the increase of
the temperature from 250 to 280°C leads to the lower-
ing of the phase viscosities as demonstrated in Figures
1 and 2. The viscosity ratio �d/�m between E–MA–
GMA and PBT at a shear rate of 36 s�1 increases
slightly from 0.83 to 1.02 at 250 and 280°C, respec-
tively. According to the equation of Fortelny et al.46

[eq. (4)], the dispersive forces for particle breakup are,
consequently, lowered, on the one hand, and coales-
cence is enhanced, on the other hand, due to an en-
hanced drainage of the matrix film. This supports the
formation of larger dispersed-phase particles by in-
creasing the processing temperature at the early stages
of the mixing.

On the other hand, as the temperature is increased,
both interfacial coupling and rubber crosslinking are
expected to proceed faster. In other words, the transi-
tion from the “physics-controlled” regime to the
“chemistry-controlled” regime is shifted to shorter
mixing times. This is confirmed in Table V. As the
temperature was increased from 250 to 280°C, the
amount of free rubber chains decreased and the inter-
facial copolymer concentration increased. The faster
compatibilization is favorable to the rubber disper-
sion, while the faster rubber crosslinking leads to an
increase of the rubber- phase elasticity, which is non-
favorable to drop breakup and coalescence. The
coarser morphology obtained at 280°C appears, there-
fore, to result from two opposite phenomena: (i) coars-
ening of the rubber domains due to lowered breakup,
enhanced coalescence, and faster crosslinking and (ii)
faster compatibilization. For M-PBT49 blends contain-
ing pure E–MA–GMA, the effect of the rubber
crosslinking is limited, since this reaction proceeds
consecutively after the compatibilization reaction. For
M-PBT49/48%-modified E–MA–GMA blends, compe-
tition between the compatibilization and the crosslink-

ing reactions takes place immediately in the melt.
According to Figure 9, it is clear that, at 280°C, the rate
of the crosslinking reaction is so high that it overcomes
the effect due to the physical dispersion and to the
interfacial reaction, that is, blend compatibilization. As
a result, large dispersed-phase particles of approxi-
mately 0.35 �m are formed. In the previous section,
the possibility to favor physical processes in regard to
the chemical reactions was envisioned. Here, we dem-
onstrated that, even at high shear rates, the effect of
chemical reactions can be highlighted by an adequate
adjustment of the processing temperature.

Effect of the matrix viscosity

In Figure 11, it appears clearly that the matrix viscosity
has an important influence on the final blend mor-
phology. The higher the PBT molecular weight, the
finer is the morphology. Such results are in agreement
with those obtained by Hale et al.52 for PBT/ABS
blends compatibilized by methyl methacrylate–glyci-
dyl methacrylate–ethyl acrylate terpolymers. How-
ever, they are in contradiction with the study by De-
decker and Groeninckx53 on PA-6/(PMMA/SMA)
blends. In this latter case, the authors found that, in
contrast to noncompatibilized PA-6/PMMA blends,
no influence of the PA-6 molecular weight on the final
blend morphology was found when 5 wt % of a sty-
rene–cyclic anhydride copolymer (SMA) was used.
Once again, the kinetics of interfacial coupling has to
be considered. In case of amine/cyclic anhydride
functionalities, the interfacial reaction is very fast and
proceeds mainly during the initial softening/melting
step of the blending. The interface is covered as fast as
it is generated. Compared to the coupling reaction
between primary amine and cyclic anhydride, the re-
action between epoxide groups and carboxyl PBT
chain ends is expected to proceed slowly. In the
present cases, we assume that, in the early stages of
the mixing, the morphology is governed by the phys-
ical processes of breakup and coalescence (Scheme 1).
Such a hypothesis is also confirmed by the fact that
PBT/E–MA nonreactive blends and PBT/E–MA–
GMA reactive blends exhibit similar morphologies at
very short mixing times (Figs. 10 and 11). Progres-
sively, the chemical reactions, that is, compatibiliza-
tion and crosslinking reactions, develop, leading to
further reduction in the size of the dispersed-phase
particles and to interface stabilization. As the different
PBT grades exhibit a very close concentration in car-
boxyl chain ends, the chemistry-induced reduction in
the rubber particle size is similar in the three cases
(Fig. 11). Indeed, the time required for reaching the
final morphology is the same whatever the PBT mo-
lecular weight, which is not the case for PBT/E–MA
nonreactive blends.
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In Table VI, we mentioned that the copolymer in-
terfacial coverage, 1/A, is rather independent of the
PBT molecular mass except for the L-PBT45 matrix.
The L-PBT45/E–MA–GMA blend exhibits the lowest
1/A value after 30 s of mixing and the highest one
after 8 min of mixing. Since diffusion effects are ex-
pected to be rather limited in the case of a slow inter-
facial reaction,54 such a surprising result should be
related to the crosslinking of the rubber phase. From
geometrical considerations, one can assume that the
smaller are the dispersed-phase particles (and then the
higher the PBT molecular mass), the faster is the con-
sumption of available epoxide groups due to
crosslinking. Such an assumption is supported by the
fact that the amount of free rubber R recovered after 8
min of mixing decreases as the PBT molecular mass is
increased (Table VI). So, the epoxide groups are ex-
pected to vanish more rapidly in case of PBT with the
higher molecular mass. Moreover, as the rubber phase
crosslinks, the diffusion of the epoxide groups toward
the interface is largely hindered. At long mixing times,
no epoxide groups are available for further interfacial
reactions. In contrast, for blends containing L-PBT45,
the grafting of the PBT chains can proceed further due
to the higher amount of available epoxide groups per
dispersed-phase particles. This results in a slightly
larger interfacial copolymer concentration.

CONCLUSIONS

The influence of the processing parameters, such as
the mixing efficiency, the processing temperature, and
the matrix viscosity, on the morphology of PBT/
E–MA and PBT/E–MA–GMA polymer blends was
investigated. The morphology development can be
divided in two successive regimes: In the early stages
of the mixing processes, the particle size is essentially
influenced by the physical dispersion processes, that
is, breakup and coalescence. In this regime, the higher
the matrix viscosity or/and the shear rate, the finer is
the morphology. As the mixing time is increased, the
effects of the chemical reactions become more and
more significant and the system shifts from a “phys-
ics-controlled” regime to a “chemistry-controlled” re-
gime. Further decrease in the particle size is obtained
as a result of the blend compatibilization and the
inhibition of the coalescence phenomena. The shift
between the two regimes is progressive and is inti-
mately related to the processing conditions. Hence, the
effect of the chemical reactions, that is, interfacial
grafting and rubber crosslinking, is highlighted by
increasing the temperature and/or decreasing the
shear rate.

In the case of PBT/E–MA nonreactive blends, the
“chemistry-controlled” regime is not present so that
the morphology development is in good agreement
with the classical theories of particle breakup and

coalescence. In the case of PBT/E–MA–GMA reactive
blends, the morphology development was seen to be
more complex and intimately related to the relative
kinetics between the physical dispersion processes
and the chemical reactions. By an adequate choice of
the processing conditions, it is possible to favor the
occurrence of one phenomenon with respect to the
other. The extent of PBT grafting is intimately related
to the PBT molecular mass and to the size of the
dispersed-phase particles. The highest interfacial co-
polymer coverage is obtained for the largest rubber
particles due to a slower consumption of the available
epoxide groups by the crosslinking reaction.

One of the authors (P. M.) would like to thank DSM n.v. for
both financial and technical support.

References

1. Bottenbruch, L. Engineering Thermoplastics: Polycarbonates,
Polyacetals, Polyesters, Cellulose Esters; Hanser: New York,
1998.

2. Gravalos, K. G.; Kallitsis, J. K.; Kalfoglou, N. K. Polymer 1995,
36, 1393.

3. Porter, R. S.; Wang, L. H. Polymer 1992, 33, 2019.
4. Legros, A.; Carreau, P .J.; Favis, B. D.; Michel, A. Polymer 1994,

35, 758.
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1997, 65, 241.
18. Kalfoglou, N. K.; Skafidas, D. S.; Kallitsis, J. K.; Lambert, J. C.;

Van der Stappen, L. Polymer 1995, 36, 4453.
19. Pesneau, I.; Llauro, M. F.; Grégoire, M.; Michel, A. J Appl Polym
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