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The mixing of incompatible polymers such as polyethylene terephthalate (PET)
and styrene-butadiene rubber (SBR) produces a blend with poor mechanical and
impact properties, because polymeric phases interact weakly with each other and
segregate. The use of SBR grafted with maleic anhydride (MAH) increases the com-
patibility of the SBR-PET system by generating higher interactions and chemical
links between the ingredients of the blend. The induced compatibility is reflected in
the 2.5-fold increase in the impact resistance of the blend as compared to that of
pure PET. The grafting reaction to produce SBR-g-MAH is carried out by reactive
extrusion using a reaction initiator, benzoyl peroxide (BPO), and the extent of the
reaction depends on the concentration of MAH and BPO. Results indicate the close
relationship between processing conditions and microstructural parameters, such
as particle diameter and interparticle distances of the dispersed rubber phase, nec-

essary to achieve the optimum impact resistance.

INTRODUCTION

E?gineering plastics have become a massive market
or specific applications in many industries. Some
of the most popular are polyethylene terephthalate
(PET), acrylonitrile butadiene styrene (ABS), polycar-
bonate (PC), polysulfone {PSf), and polyimides (PI),
among others (1). Blends of these polymers have been
elaborated to obtain materials with required physical
and chemical properties. Ample commercial and sci-
entific interests exist to combine the different charac-
teristics of various polymers to improve faulty proper-
ties of a particular material. Examples of these systems
are: ABS-PVC (2), nylon-rubber (3), nylon-EPDM-MAH
(4), natural rubber-polyolefins-MAH (5), thermoplastic
elastomers (TPE)-LLDPE {6), polystyrene-EPDM (7),
PBT-EPM (8), PPO-PS-EPDM (9), PP-EPDM (10) and
PBT-maleated EPDM (11). For the specific case of PET
we can also mention blends of PET-nylon 6,6 (12-17),
PET-PP (18, 19), PET-polyolefins (20, 21), PET-cellu-
lose (22), PET-EMMA (23), PET-methylpolyacrilate
(24), PET-bisphenol A (25), PET-ethylene methacrylic
acid (26), and PET-PBT (27). It is well known that
most of these blends are immiscible and present infe-
rior physical properties than their components by lack
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of interaction among the polymer phases, which
causes premature flaws of the material. It is also well
known that the addition of reactive groups on the
polymer chain through grafting induces reactions at
the interface of the polymer phases, generating chemi-
cal links and increasing the compatibility of the blend.

In this study in particular, SBR grafted with maleic
anhydride (SBRg) is used to improve the compatibility
of the PET-SBR blend. The grafting reaction is carried
out by reactive extrusion via free radicals, using ben-
zoyl peroxide as reaction initiator.

EXPERIMENTAL
Materials

PET from Celanese (Mexico) had a density of 1.425
g/cm3 according to ASTM D792. Differential scanning
calorimetry (DSC) was used to determine the melting
point at 249°C (with a heating speed of 10°C/min
under nitrogen atmgsphere), a crystallinity of 37%
{28, 29) and also a glass transition at 74°C. An aver-
age molecular weight of 26,000 g/mol was determined
by high temperature GPC using m-cresol. An intrinsic
viscosity of 0.850 dl/g (30) was measured with an
Ubbelhode viscometer. Styrene-butadiene rubber
{SBR) from Negromex (Solprene 416) had a density of
0.919 g/cm® (according to ASTM D792). The styrene
block content was 30% (31). An average molecular
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weight of 105,500 was determined by high tempera-
ture GPC using 1,2,4 trichlorobenzene. The glass
transition temperature (-89°C) was determined by
DSC with a heating speed of 10°C/min under nitro-
gen atmosphere. The maleic anhydride (MAH) was re-
crystallized twice and benzoyl peroxide (BPO) was
used as received. The maleic anhydride was recrystal-
lized using chloroform at 53-54°C {which was previ-
ously dried with P,0;) under stirring with reflux. The
resulting solution was vacuum-filtered and the solu-
ble portion was cooled up to precipitation. The precip-
itated material was dried under vacuum obtaining
crystals of maleic anhydride. The additives to prevent
oxidation were Irganox 1076 for the rubber and
Irganox 1010 for PET, from Ciba-Geigy.

Equipment

A Haake Rheocord 90 TW100 twin-screw conical
counter-rotating extruder with length of 331 mm, was
used in the reactive extrusion work. Samples were
dried in a Pagani dehumidifier provided with molecu-
lar meshes. The specimens for impact and traction
tests were produced in a Demag Ergotech 50 injec-
tion-molding machine. An Instron tester model 1125
was used for traction tests following ASTM D638. Im-
pact tests were carried out under ASTM D256-92-type
Izod-notched. Micrographs for particle diameter and
interparticular distances were taken in a Jeol JSM-70
transmission electron microscope equipped with a
Leica Quantimet 500 image analyzer.

PROCEDURE
Grafting of SBR

SBR previously dried at 80°C is mixed with benzoyl
peroxide {BPO) and maleic anhydride {MAH). The
grafting reaction is carried out by reactive extrusion at
160°C using three screw speeds: 30, 70 and 100 rpm.
The reacted amount of MAH is determined by measur-
ing the acid number by the following procedure: One
gram of grafted rubber is dissolved into 100 ml
toluene with a reflux at 65°C for three hours. 50 ml of
water are added and the solution separates into three
phases: organic, gel and aqueous phases. An aliquot
of the organic phase is taken and titrated with a KOH-
ethanol solution (0.1 N) using thymol blue as indica-
tor. A KOH excess of 0.5 ml is added to the solution
(we observe a color change to blue), and subse-
quently, this solution is retitrated with HCI up to 0.05
N {color changes to yellow). The acid number and the
MAH reacted percentage are calculated according to:

N° acid (mg KOH/ g rubber) =
ml KOH* N KOH* 56.1/1 g rubber (n

% MAH that reacts =
(N °acid* 98/2*561) (g of rubber/g of MAH)  (2)
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Reaction starts by free radicals as BPO is added
{32-33). Without BPO, the reaction still proceeds be-
cause of the thermomechanical stresses produced in
the extrusion process (34). According to the literature,
small quantities of peroxide are normally used (ap-
proximately 0.06% of the rubber weight) (33, 35, 36).

Preparation of the PET-SBRg Blends

PET and SBRg are dried during 6 hours at 110°C
and 80°C, respectively. The blends are processed by
extrusion at 50 rpm with a temperature profile of
245-260°C. Specimens for impact and tension tests
are injection-molded with a mold temperature of 7°C,
injection speed of 85 mm/s, screw speed of 200 rpm
and with a feed-stage temperature of 260°C. The mold
temperature was kept low to approach a quenching
operation where the mold is sufficiently cold and the
cooling time in the mold is short. Under these condi-
tions it is possible to obtain a mostly amorphous ma-
terial. Similar conditions have been considered else-
where (37, 38). Tension tests are carried out at a
strain rate of 50 mm/min according to ASTM D638.
Impact 1zod specimens are notched (2 mm in depth)
with an angle of 45°. Samples of 1.5 mm in thickness
are cut from the fracture surfaces and gold-coated for
the scanning electron microscopy studies.

RESULTS AND DISCUSSION

Primarily, it is necessary to evaluate the extent of
the grafting reaction MAH-SBR as a function of the
amount of MAH added initially to the rubber. The
amount of peroxide used is fixed initially to & wt%
with respect to the amount of MAH added. Upon dis-
solving the resulting SBR in toluene following the pro-
cedure outlined previously, three phases are pro-
duced: the gel phase contains the crosslinked
material, the organic phase contains the MAH-grafted
material and the aqueous phase contains the non-re-
acted anhydride. As observed in Fig. 1, the percentage
of MAH that remains in each phase is shown as a
function of the MAH amount added initially. The MAH
concentration in the organic phase presents a maxi-
mum at 0.5 phr, which actually corresponds to the
minimum of MAH content in the gel phase. However,
increasing the MAH content in the reactive mixture to
1.5 phr, most of the resulting MAH now lies in the gel
phase and the grafting percentage goes through a
minimum. At higher MAH concentrations, the MAH
content in the gel phase diminishes and the non-re-
acted MAH content (in the aqueous phase) increases.
At the highest MAH content, the percentage of MAH in
the organic and gel phases is similar, but the rubber
obtained in the extrusion process presents degrada-
tion.

One of the objectives of this work is to find the opti-
mum amount of MAH in the grafting reaction to
achieve the required mechanical and impact proper-
ties of the resulting SBRg-PET blends. Figure 2 pre-
sents results of the mechanical and impact strength
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Fig. 1. Reacted MAH percentage present in each phase as a function of initial MAH concentration. T = 160°C, graffing speed = 70
rpm, BPO/MAH = 3%.

140

120 P\ -

1004 N\ TN

SCALE

40+------ - FT T T Y
—+— YOUNG'S MODULUS*(E+01) (MPa)
07| wzoDMPACTN. Um) | T ~
—&— TENSION STRENGTH (MPa
0 t : . — 1 : i
0 0.5 1 15 2 25 3 35
MAH (phr)

Fig. 2. Mechanical and impact properties of the PET-SBRg blend as a function of initial MAH concentration in the grafting reaction.
The SBRg content is 10 phr.
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Table 1. Results of the Grafting Reaction.

Sample Screw Speed MAH in MAH in MAH in Grafting MAH Reacted/
Organic Phase Aqueous Phase Gel Phase Degree BPO Added
% BPO/MAH RPM % % % % Mole
0 30 42.90 7.96 49.13 0.6754 —_
3 30 41.98 8.58 49.43 0.6609 3455
7 30 47.16 10.28 42.54 0.7424 16.64
10 30 37.69 7.04 55.26 0.5934 9.308
0 70 37.99 8.58 53.42 0.5980 —
3 70 38.61 5.81 55.57 0.6078 31.78
7 70 47.16 5.54 47.29 0.7424 16.64
10 70 44.12 4.59 51.27 0.6946 10.89
0 100 43.51 7.66 48.82 0.6849 —
3 100 51.78 8.26 39.94 0.8152 42.62
7 100 41.65 6.15 52.19 0.6557 14.70
10 100 46.27 6.12 47.6 0.7284 11.42

evaluations when the SBRg concentration in the
blend is 10 phr. Mechanical properties present a con-
tinuous decrease for MAH concentrations in the graft-
ing reaction higher than 1.5 phr. On the other hand,
the resulting blend presents a remarkable maximum
in the impact strength when 2 phr of MAH is used in
the grafting reaction. It is noteworthy that the maxi-
mum in the impact strength of the blend is obtained
with the SBR which does not possess the largest con-
centration of grafted groups. As shown in Fig. 1, the
largest grafting degree is obtained with 0.5 phr of
MAH. This result is in agreement with data from simi-
lar blends obtained elsewhere (39). Mechanical prop-
erties, however, have larger values with higher grafted
MAH content in the rubber phase.

Similarly, the optimum BPO concentration is esti-
mated by measuring the percentage of MAH present
in each phase, but considering now different BPO
concentrations in the reacting mixture. As mentioned,
the reaction can be carried out without peroxide,
since the free radicals may be generated by the ther-
momechanical work in the extrusion process. BPO
concentrations range from zero to ten percent with re-
spect to the MAH amount. To evaluate the effect of the
thermomechanical work on the grafting reaction,
three extrusion speeds are used (30, 70 and 100
rpm). The resulting grafted double bonds percentage
is calculated from the number of moles of MAH re-
acted with respect to the total MAH added. Consider-
ing 30 wt% of styrene groups in SBR, the MAH re-
acted percentage is calculated per mole of butadiene,
and also per mole of BPO. Table 1 shows the MAH
amounts that are present in each phase. Last column
presents the MAH-reacted moles per mole of BPO as a
function of initial BPO concentration. Observation of a
given BPO/MAH ratio indicates that the amount of re-
acted MAH is similar for two extrusion speeds (30 and
70 rpm), which indicates that at these rotational
speeds, the ratio of MAH reacted moles per BPO mole
is not a function of the extrusion speed. In the 6th col-
umn, the double bond percentage of butadiene grafted
with MAH is shown, assuming that one molecule of
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MAH reacts with a single double bond. The grafting
percentage lies approximately between 0.6 and 0.8%.
According to these data, the effect of BPO concentra-
tion and screw speed on the efficiency of the grafting
reaction is small. However, results from mechanical
tests may offer another perspective.

Table 2 presents mechanical and impact tests re-
sults of PET-SBRg blends, using SBRg (10 phr) pro-
duced with various BPO concentrations at different
screw speeds. The elastic modulus and tension
strength remain practically invariant with respect to
screw speed and peroxide content in the mixture. Izod
impact results show a maximum at a screw speed of
70 rpm with a 3% of BPO content with respect to the
weight of MAH added. The highest screw speed (100
rpm) is likely to cause significant shear degradation of
the PET matrix, and this partly explains the drop in
impact properties observed in the blend with 10%
BPO/MAH content. According to these data, BPO con-
tent is important with regard to the magnitude of the
impact strength, and thus the combined effect of
shear degradation due to high speed and BPO content
may offer an explanation of these results.

Impact strength in PET-SBR blends is related to the
adhesion between the rubber particle and the PET
matrix (40). Different degrees of adhesion between
particles and matrix were determined by contact angle
measurements on samples prepared following differ-
ent processing conditions. According to these mea-
surements, for example, the grafted rubber particle
with MAH and 3% BPO, processed at 70 rpm, pre-
sents better adhesion than that processed at 30 rpm
with 7% BPO.

SBR Concentration in the Blend

Once the processing conditions and optimum reac-
tants concentration (MAH, BPO) for the grafting reac-
tion are determined, mechanical and impact proper-
ties of PET-SBRg blends prepared with various grafted
rubber concentrations (from 3 to 50 phr) are mea-
sured, to find the required rubber concentration in
the blend for specific applications.
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Table 2. Impact and Mechanical Properties of the PET-SBRg Biend for Several Extrusion
Speeds for Grafting and BPO/MAH Ratios. SBRg Content in the Blend is 10 phr.

Sample Screw Young's Tension Izod Impact
Speed Modulus Strength Notched

% BPO/MAH rpm MPa MPa J/m
0 30 651 39.27 82

3 30 676 38.28 64

7 30 658 37.24 80

10 30 639 39.52 69

0 70 650 40.00 41

3 70 683 40.77 103

7 70 659 38.55 67

10 70 630 39.16 77

0 100 651 38.82 64

3 100 647 39.08 71

7 100 641 38.53 80

10 100 530 40.36 54

Figure 3 shows the mechanical and impact proper-
ties (elastic modulus, tension strength and Izod im-
pact strength) of the PET-SBRg blends as functions of
grafted rubber concentration. The grafting reaction
was carried out with 2 phr MAH, 3% of BPO/MAH at
70 rpm. Both the modulus and tension strength de-
crease as the rubber content increases. This result is
expected, since the dispersed phase (rubber) creates
stress concentrations and force the material to yield
at small strain values. Moreover, as the decrement in

the elastic modulus and tension strength is monoto-
nic, it is likely that a good dispersion of rubber parti-
cles in the matrix is obtained. Observe that the lzod
impact resistance presents a maximum at 15 phr of
rubber.

Comparing these results with those obtained using
SBR with no grafting, presented in Fig. 4, the blend
properties show an initial decrease all rubber concen-
trations, not only in the mechanical but also in the
impact properties, due to lack of compatibility (27).
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Fig. 3. Impact resistance and mechanical properties of the PET-SBRg blend as functions of SBRg content. Blending speed = 50 rpm,

injection speed = 85 mm/s, graffing speed = 70 rpm.
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Fig. 4. Impact resistance and mechanical properties of the PET-SBR blend as functions of the SBR content.

Particle Diameter and Interparticle Distances
of the Dispersed Phase

Impact properties of the PET-SBRg blends prepared
at different extruder speeds (10 to 200 rpm) depend
strongly on the microstructure of the blend, i.e., parti-
cle sizes and interparticle distances of the dispersed
rubber phase (41). Processing conditions are impor-
tant factors to control microstructure, as shown in
Fig. 5, where the variation of particle size and inter-
particle distance are plotted with the screw rotational
speed. In the low speed range, as the rotational speed
increases, a pronounced decrease in the interparticle
distance is observed. The particle diameter remains
practically constant up to 40-50 rpm, where a sub-
stantial drop in particle size occurs. Thereafter, for
larger speeds, particle size remains approximately
constant. Simultaneously, the interparticle distance
curve changes slope at 40-50 rpm to a more gradual
decrease for larger speeds. A small change in the
curves is observed between 150 to 175 rpm.

In Fig. 6, the impact resistance, particle diameters
and distances among particles are plotted as func-
tions of the extrusion speed. Notice that between 40
rpm (corresponding to an average particle diameter of
19.6 X 10°m) and 50 rpm {corresponding to a parti-
cle diameter of 6.72 X 109m) a remarkable increase
in the impact resistance is observed. A second diameter
change, although less significant, is observed between
150 rpm (average particle diameter of 5.87 X 10°m)
and 175 rpm (particle diameter of 4.1 X 10°m). The

interparticle distance does not present abrupt changes,
but a gradual slope change around 50 rpm, which co-
incides with the maximum in the impact strength of
the blend. Hence, interparticle distances as well as
the particle diameter govern the performance of the
impact strength for a given rubber content.

The experimental results presented above are in
qualitative accord with predictions of the model by Wu
{41), which points out that in systems with dispersed
rubber particles, the impact strength increases sub-
stantially when the interparticle distance among par-
ticles is smaller than a critical value, even when
chemical bonding is present. The critical interparticle
distance is thus a material property of the matrix. Wu
has shown experimental data of nylon-rubber blends
illustrating a sharp tough-brittle transition occurring
at a specific interparticle distance, independent of the
rubber volume fraction. ‘

This model proposes that a maximum in the impact
strength is determined by a critical particle diameter,
which itself is a function of the interparticle distance,
according to:

de = Tc ((w/(6 dr))2—1)"? (3)

By definition, the surface to surface interparticle dis-
tance Tc is a material property of the matrix, indepen-
dent on the critical diameter dc and also independent
on ér (rubber volume fraction). For a given rubber vol-
ume fraction, predicted values of the critical diameter
are obtained from Eq 3 using experimental values of Tc.
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Fig. 5. Farticle diameter and interparticle distances in the PET-SBRg blend with 15 phr rubber content as functions of the extrusion
speed.
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Fig. 7. Experimental data and theoretical predictions from Eq 3 of the particle diameter and interparticle distances in the PET-SBRg
blend, with 15 phr rubber content, as functions of the extrusion speed.

Results of the PET-SBRg blends are plotted in Fig. 7,
which illustrates substantial discrepancies between
the experiment and the model predictions.

Wu's model considers a cubic unitary cell with in-
clusions of spherical rubber particles placed at the
cell corners. Since the rubber volume fraction is given
by the sphere volume divided by the cell total volume,
Eq 3 may be obtained straightforwardly. Clearly, in
Fig. 7, discrepancies between predictions and data are
observed in the vertical direction. In fact, in a cubic
lattice the particles are located in such a way to en-
sure the symmetry of the primitive cell. To preserve
the symmetry of a given cell formed by a number of
primitive cells, it is necessary to keep a geometric
progression of the number of primitive cells. This is,
a given symmetric cell would be formed by 1, 8, 27,
... primitive cells, each one containing one particle.
However, if asymmetric arrangements of particles are
allowed, it is possible that a primitive cell would con-
tain more than one rubber particle and the ensemble
would be asymmetric in this case. The asymmetry
does not change the basic qualitative predictions of
the model. Instead, only shifts the curve vertically. A
given number of 15 particles, for instance, is only a
representative degree of asymmetry. Performing sim-
ple calculations, Eq 3 is modified to:

dc = Tc ((Nw/(6 ¢r1))/2 —1)"! (4)

where N is the number of particles in the arrange-
ment. Besides, Wu (41) has proposed an alternative
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model (particle concentration model) in which the
tough-brittle transition is assumed to occur when the
number of particles per unit volume in the blend
reaches a critical value. Eq 4, therefore, combines
both models, the particle concentration model and the
interparticle distance model.

In Fig. 8, calculations applying Eq 4 are shown with
a number of particles N equal to 15. Notice that the
theoretical values agree now with the experimental
data within a specific range, reflecting the behavior of
the diameter and interparticle distance with extrusion
speed quite well for speeds higher than 50 rpm.

Finally, Fig. 9 shows results of the impact strength
and mechanical properties of the blend processed at
different screw speeds. The Young's modulus and ten-
sion strength do not present significant variations
with screw speed. Therefore, although these proper-
ties depend on the rubber volume fraction of the
blend, they are not direct functions of the particle di-
ameter neither of interparticle distances. This is in
contrast to the impact tests results, which present an
outstanding increase in the impact strength for extru-
sion speeds larger than 40 rpm, related directly to
particle size and interparticle distances.

CONCLUDING REMARKS

Remarkable increases in the impact strength of
SBRg-PET blends are obtained at critical values of rub-
ber particle size and interparticle distance. Optimum
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Fig. 8. Experimental data and theoretical predictions from Eq 4 of the particle diameter and interparticle distances in the PET-SBRg
blend, with 15 phr rubber content, as _functions of the extrusion speed.
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impact resistance of the blends may be obtained when
the MAH concentration in the grafting reaction is 2
phr with a 3 wt% BPO/MAH ratio at 70 rpm. The re-
sulting percentage of grafting in the modified SBR lies
between 0.6 and 0.8%. A maximum in the impact
strength of the PET-SBRg blends is observed when
the modified rubber concentration in the blend is 15
phr. At this concentration, the impact resistance in-
creases approximately 2.5 times with respect to that
of pure PET. This increase is governed by a given par-
ticle diameter and interparticle distance of the dis-
persed rubber phase.

Young's modulus and tension strength of the PET-
SBRg blend are not functions of the particle diameter
neither of the interparticle distance. They depend
solely on the rubber concentration in the blend. The
model by Wu, which states that the condition for the
improvement of the impact strength in a system with
dispersed rubber particles is that the surface to sur-
face interparticle distance must be smaller than a
critical value, which is a material property of the ma-
trix independent of particle size and rubber volume
fraction, does not predict adequately the experimental
data. Modifications made on the model to increase the
concentration of rubber particles contained in the
base cell (rubber volume fraction) allowing an asym-
metric layout of particles, yield better predictions of
the experimental results.
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