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Improvement in the mechanical strength of
asymmetric polyolefin model interfaces
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The influence of two types of a styrene—ethylene/butylene-styrene (SEBS) triblock copolymer,
one as received and the other functionalized with maleic anhydride, on model interfaces of
high-density polyethylene (HDPE) and isotactic polypropylene (iPP) was investigated. Using
a special preparation technique, it was possible to prevent gross interdiffusion at the interface
and to attribute the problem to an adhesion-dominated phenomenon. The weak mechanical
strength of the unmodified interfaces, iPP/iPP and HDPE/HDPE, was greatly improved by the
triblock copolymer as was shown by the results of a T-peel test. The morphologies of the
peeled surfaces of the modified and unmodified interfaces were analysed with light
microscopy. The morphology of both model interface systems show differences, thus
revealing different processes at the interfaces and thus different interactions of SEBS with iPP
and HDPE and a different influence of the functionalization. The best results were achieved
using the functionalized SEBS; the influence of functionalization was greater in the HDPE
system. The results are in good agreement with a model proposed by the present authors

elsewhere for the concentration-dependent role of SEBS in binary iPP/SEBS and ternary

iPP/PE/SEBS blends. © 7998 Chapman & Hall

1. Introduction ‘

In recent years, the research on multicomponent
blends has increased because of both academic and
industrial demand. The need for new materials has
promoted fundamental research in polymer science to
develop tailored materials for special applications to
meet new market needs [1-5].

The properties of many polymers can be improved
by adding at least a second component, thus creating
a heterogeneous system with interesting new proper-
ties. Of great importance is, for example, the combina-
tion of the polyolefins polyethylene (PE) and poly-
propylene (PP) [4, 6—10]. In this system, PE is added
to PP to improve some properties such as the impact
resistance and to expand the applicability of PP. The
improvements achieved are sometimes explained as
a consequence of synergistic effects [6, 11]. Unfortu-
nately, PP and PE are immiscible in a thermodynamic
sense over the whole composition range. Therefore,
the resulting properties of the blend often do not reach
its possible optimum. Phase separation occurs, result-
ing in a broad inhomogeneous dispersion of the minor
phase. In addition, poor adhesion between the compo-
nents has a negative influence on the transfer of load
between the components.

A method to overcome these problems is the
use of interface-modifying polymers, so-called com-
patibilizers. These polymers, usually block or graft
copolymers, should locate at the interphase between
the immiscible components in such a way that they
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will traverse the interphase [11-15]. This provides
better adhesion and leads to an improved transfer of
load between the matrix polymer and the occlusions
of the dispersed minor phase (Fig. 1). Compatibilizers
should also have an emulsifying effect, e.g., by altering
the surface tension in the interphase. This can lead to
better dispersion of the minor phase in the matrix.

Much research has been done to develop appro-
priate compatibilizers for special immiscible systems
to gain insight into some first-order requirements
[11,12, 16-207. In general, a polymer which has been
chosen to compatibilize a given heterogeneous system
has to cause the following modifications to achieve
controllable changes in properties:

(i) prevention of gross segregation to hinder phase
separation on a macroscopic level;

(ii) allowing a finer dispersion of the minor com-
ponent in the matrix leading to a homogeneous uni-
modal size distribution of the minor phase occlusions
with optimal distance statistics;

(iii) improvement in the adhesion between the im-
miscible components to achieve a good transfer of
load through the interface;

(iv) variation in the microrheological properties
for improved processability and morphology stabil-
ization.

It is clear that not all requirements can be fulfilled
using just one compatibilizer, but often one is inter-
ested in improving only one or two properties of
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Figure 1 Location of a blockcopolymer AB at the interface between
component A and component B.

a commercial polymer blend without destroying the
overall or typical profile of the material. This is usually
the case with commercially available block or graft
copolymers which are not specially designed for a de-
stred application.

Recently it was found that styrene-ethylene/
butylene—styrene (SEBS) triblock copolymer enhances
the impact resistance of PP/PE, PP/polycarbonate
and PE/polystyrene (PS) blends considerably [21-25].
It was reported that SEBS acts in these systems as an
interfacial agent [21, 25-277]. The concept that SEBS
modifies the interface is for the system PE/PS obvious
with regard to Fig. 1, but for PP/PE it is quite un-
usual. Owing to its architecture, SEBS should only
compatibilize mixtures of styrene compounds with
polyolefins or polyphenylene ethers and polyolefins.
On the other hand, it is known that some properties
(ie., the impact resistance or the tear strength) of
common large-volume thermoplastics such as PS, PE
and PP can be modified using PS/elastomer block
copolymers to form binary blends [28, 297.

Paul and co-workers [27,30] investigated the
modification of poly(ethylene terephthalate)(PET))/
high-density polyethylene (HDPE) blends by SEBS.
It was found that as a result of the modification
the mechanical properties changed from almost friable
to remarkably tough. This is interesting in so far as
neither PET nor HDPE is identical with one of the
copolymer segments.

Similar results have been found by the present
authors for the system isotactic polypropylene (iPP)/PE
[31-34]. A concept for the role of SEBS in iPP/PE
blends has been proposed [31, 34] including the possi-
bility that SEBS forms a thermoreversible network
through physical cross-linking of the SEBS in the iPP
matrix [35].

A schematic presentation of a thermoreversible
network based on a thermoplastic elastomer is shown
in Fig. 2a. The A domains of the ABA triblock
copolymer (i.e., the styrene blocks in SEBS) are
located in their own clusters because of microphase
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separation. Phase separation leads to a domain struc-
ture consisting of areas of pure A block composition,
areas of pure B block composition and an area of
mixed composition which constitutes the interface
volume. If the polymer architecture of the block
copolymer allows ties between domain areas (such as
a triblock ABA copolymer) a phase-separated net-
work structure results. The criteria for microphase
separation into the domain network structure is de-
pendent on the Flory-Huggins interaction parameter,
YaB 1.€., on the squared difference in solubility para-
meter. In [36], a criterion for this parameter was
derived for hydrocarbon block copolymers and it was
shown that the interaction parameter for a SEBS
block copolymer was clearly above the critical base
value. The equilibrium morphology of styrene block
copolymers with a PS-elastomer ratio smaller than
one consists of phase-separated A domains dispersed
in a matrix of the B phase. Owing to the triblock
architecture of the ABA copolymer, a network struc-
ture is formed by bridging between domains of
A blocks, which are located in different A domains.
The bridges or links are formed by the elastomer block
B of the ABA copolymer. Because of their relative high
glass transition temperature compared with the de-
sired service temperature, the A domains build up the
hard phase giving the thermoplastic elastomer its
strength. These hard domains represent the cross-links
of the thermally reversible network. They create a bar-
rier to shear flow just as covalent links do. The elas-
tomer blocks B (i.e., the ethylene/butylene (EB) blocks
in SEBS) give the network flexibility. A mechanical
model for a thermoreversible network is given in
Fig. 2b. The elastomer phase is represented by springs,
and the hard phase by solid spheres.

The experimental results presented in [31-34] show
a complex influence of SEBS on both the binary blend
iPP/SEBS and on the ternary blend containing PE as
an additional component. The role of SEBS in the
ternary system is concentration dependent. The addi-
tion of small amounts of SEBS increases the adhesion
between the matrix and the PE component. SEBS is
found to be located at the iPP/PE interface and con-
nects the PE phase through local physical cross-
links to the PP matrix. At higher concentrations,
SEBS clusters in se¢parate domains in the matrix and
mixes to some extent in an interlamellar way in the
matrix. In this way the two concepts, building up
a thermoreversible network and localization of SEBS
at the interface, has been confirmed by experimental
results.

The investigation of the binary blends revealed a
concentration-dependent degree of dispersion of the
SEBS domains in either separate clusters and/or an
interlamellar mixing with the iPP matrix. The im-
provement in the mechanical properties could be ex-
plained here by increasing the matrix stiffness through
local physical cross-links and through classical effects
as seen in elastomer-modified thermoplastics, e.g.,
through the elastomeric character of the EB blocks of
the SEBS clustered in the matrix (see Fig. 2).

Having revealed a concept for the role of SEBS
in polyolefin blends, the question arises whether the
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Figure 2 Model of a physical network: (a) ABA copolymer, where A represents the hard and B the soft domains; (b) mechanical concept based

on springs (elastomer phase) and solid spheres (hard phase).

interactions at the interface are separately detectable
and thus provable. Different interactions of SEBS
with iPP or HDPE can lead to different mechanisms
at the interphase, e.g., under load or during crystalliza-
tion. For this reason we investigated the influence of
SEBS on model interfaces in iPP/SEBS/iPP and
HDPE/SEBS/HDPE blends.

2. Experimental procedure

2.1. Materials and sample preparation
HDPE, iPP and two types of SEBS co-polymer, one
functionalized with maleic anhydride (SEBS;,,.), and
the other unmodified (SEBS,. func), Were used to form
binary and ternary blends. SEBS is a triblock
copolymer, composed of (hard) styrene blocks with a
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glass temperature, T, = 370 K, and (soft) EB blocks
with T, ~ 220 K. The (styrene—ethylene) to butylene
ratio is about 30 to 70; the ratio of ethylene to buty-
lene sequences on the EB block amounts to about 0.52
[23,24]. The number-averaged molecular weight of
the styrene block is M, = 7000. The materials used
were all commercial grade with typical additives. No
extraction or cleaning was done; the polymers were
used as received. Their characterization data are listed
in Table 1.

Two-layer samples of type A/A (A = iPP or HDPE,
respectively) and three-layer samples of type A-X/A
(X = SEBS;,. or SEBS,,.1unc, respectively) were pre-
pared as follows: first, homopolymer sheets were pre-
pared by compression moulding. Small amounts of
the homopolymer were put between aluminium foils
and were melt pressed in a computer-controlled hy-
draulic press at 465 K (iPP) and 435 K (HDPE) for
3 min without pressure and then another 5 min applying
a pressure force of 50 kN. The sheets were cooled
down under pressure with a cooling rate of 5 K min~!
to 390 K (iPP) and 380 K (HDPE). Then the samples
were cooled rapidly to room temperature by quench-
ing them in a water bath with a temperature of 280 K.
One set of samples (sheets) were modified on one
side with a thin homogeneous film of SEBS;,,. and
SEBS,onqune respectively. For this purpose, a small
quantity of SEBS was dissolved in xylene at T =
310 K and poured onto the surface of the sheet. Care
was taken that no air inclusions or any visible con-
tamination occurred. The sheets were placed in an
oven for 3 days at a temperature of 310 K to evaporate
the solvent.

Model interfaces were prepared using two sheets,
one modified with SEBS (A—X), and the other unmodi-
fied (A). The two sheets were laminated together in
a laboratory press at a laminate temperature, T press
(T press(iPP) = 420 K; Ty, (HDPE) = 395 K), a lami-
nate pressure, pu.ss(= 50 kN), and a laminate time,
toress (= 180 min). T, Wwas chosen so that it was
below the melting temperature of iPP or HDPE
(slightly below the onset temperature of the melting
peak [31]). This was controlled by differential thermal
analysis measurements. By doing this, we -achieved
a good adhesion-type interaction at the interface. It is
known that, for temperatures T p.ess above the melting
point, interdiffusion occurs as well as crystallization at

the forming interface during cooling [37, 38] which
makes the interpretation of the failing mechanisms
more difficult. Menning [39] showed that choosing
T press too close to the melting temperature leads to an
extreme behaviour of the interface; depending on the
degree of self-diffusion of the components, the inter-
face will show a behaviour between pure adhesion (no
entanglement at the interface) and pure cohesion
(migration of homopolymer chains and forming of
an interphase). Thus, by choosing the laminating
temperature, T ., sufficiently below the melting tem-
perature, we make sure that there is predominantly
adhesive interaction at the interface. The other process
parameters were chosen on the basis of an investiga-
tion on the preparation technique for model interfaces
presented in [40].

We prepared the following model interface systems:
iPP/iPP, iPP-SEBS;,,./iPP, iPP-SEBS,,, t../iPP,
HDPE/HDPE, HDPE-SEBS;,,.,/HDPE, HDPE-
SEBS, on-func/SEBS (the solidus (/) designates the inter-
face due to compression moulding and A—X is the
poured composite). Additionally, layer samples from
unmodified sheets were prepared to investigate neat
surfaces without peeling effects, revealing the morpho-
logy of iPP and HDPE as far as can be resolved by
light microscopy.

2.2. Measurements

2.2.1. Mechanical investigations

90° peel tests were performed according to DIN 53282
[41]. Strips with lengths, /,pso1ute, ©f 150 mm and widths,
b of 12 mm were cut from the samples for every com-
posite. Three samples were measured for each test. The
active peeling length, /, amounted to 100 mm. The
samples were peeled in uniaxial direction in a Zwick
tensile tester with a speed of 10 mm min ~ 1. The peeling
resistance, p,, was determined using the equation [41]

pr=Favb_1

where F,,, the average peel force, was determined
graphically. The average peel energy per unit area
relative to the peeled contact area was determined
using the following equation:

F,l
E — av
av blo

(m™?

TABLE I Characterization data of the investigated polymers: p, density; T,,, melting temperature; T,, glass transition temperature;
M, number-averaged molecular weight; M., weight-averaged molecular weight; MFI; melt flow index

Polymer p (gem™?) T (K) T, (K) M, M./M, MFI*
iPP 0.901 439 271 57500 5.14 6.7
HDPE 0.959 411 152 — — 7.7
SEBSunc 0.899 — 220 52600 1.15 15
SEBS, 00 tunc’ 091 — 220 63200 1.03. 17¢

2In grams per 10 min.

bMeasured at 503 K; a mass of 2.16 kg was used.

¢ Measured at 463 K; mass of 5 kg was used.

9 Functionalized with maleic anhydride (less than 1%).
¢ Measured at 473K; a mass of 5 kg was used.

f Not functionalized.
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2.2.2. Light microscopy
Light microscopy experiments were carried out using
a Leitz Metallux II optical microscope. The micro-
scope could be used in polarization or phase contrast
mode. Investigations of the peeled surfaces were car-
ried out using the test specimens of the mechanical
experiments. From each sample, small pieces were cut
out such that both inner sides of the asymmetric
interface A-X/A could be investigated, and care was
taken that opposite areas of the peeled surfaces (label-
led sides 1 and 2) were observed to investigate the
asymmetry of the interfaces.

Films of neat iPP and HDPE were also investigated
for reference of an undistributed topology.

3. Results and discussion

As expected, the results show that the sample is
asymmetric on both sides of the SEBS film, reflecting
the special preparation technique of the laminates.
The results of the mechanical tests (T-peel strengths)
are displayed in Fig. 3. The samples iPP/iPP and
HDPE/HDPE show a rather weak peel strength of
about 5x 1073 Nm ™1, revealing weak adhesion at the
interface. This is due the inert and unpolar surface and
the weak interaction possibilities of polyolefins.

On adding an SEBS film, the peel strength increases
by two orders of magnitude; while the iPP-SEBS/iPP
samples reveal peel strengths of about 107 Nmm ™!,
the values for the HDPE-SEBS/HDPE system ap-
pears to be up to five times higher. Here, the influence
of the functionality of SEBS can be seen; while the
peel strength for HDPE-SEBS,,,une/ HDPE is about
26x10"'Nmm~™!, the HDPE-SEBS;,,./HDPE
sample shows a value of 5x 107 Nmm™!,

Presenting the results of the mechanical investiga-
tion as the average peel energy per unit area, relative
to the peeled contact, the values were in close agree-
ment with tests performed by Keitz et al. [42]. They
measured the average shear stress at failure for
three layer sandwich laminates A/B/A in the simple
lap shear method. The average shear stress for the
HDPE/SEBS composite was 1.6 that for the iPP/
SEBS composite. Our results show the same tendency;
the average peel energy per unit area for the model
interface HDPE-SEBS/HDPE is at least twice the
values for the iPP-SEBS/iPP systems. The difference
is greater for the model interfaces, modified with func-
tionalized SEBS.

Light microscopy investigations of the unpeeled iPP
and HDPE sheets reveal a typical spherulite structure.
No other morphologies could be detected. The same
holds for the peeled inner surfaces of the iPP/iPP
and HDPE/HDPE laminates (see Fig. 4a and b)
for HDPE and iPP, respectively. No differences due
to peeling were found. No differences of the surface
topology compared with the unpeeled samples were
found.

Figs 5 and 6 show the peeled surfaces of the
HDPE-SEBS/HDPE and iPP-SEBS/iPP samples.
Here, a clear difference of the surface morphologies
are found. Fig. 5 displays the surface morphology of
HDPE laminated with SEBS;,,.. Both peeled surfaces
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Figure 3 Peel resistance of the model interfaces (after DIN 53282
[37]). (£2), iPP; (), HDPE.

Figure 4 Morphology of the reference interfaces (phase contrast):
(a) HDPE; (b) iPP. (Magnification, 652 x.)

show, despite the asymmetric preparation technique,
the same topology. A ruptured SEBS film is seen, and
no deterioration of the underlying HDPE structure is
noticed. No differences between the two sides of the
SEBS film (poured side and pressed side) is detectable,
revealing a uniform failure in the interface. However,
the samples containing SEBS,,.unc reveal a different
texture on both sides of the film (see Fig. 6). The
pressed side reveals a morphology similar to that of
the neat HDPE sample (Fig. 6a), except for some
sporadic appearance of SEBS spots. The peeled sur-
face of the other side (poured side) shows a nearly
homogeneous SEBS film with small ruptures in the
surface. Both sides are thus clearly distinguishable.
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(b)

Figure 5 Morphology of the system HDPE-SEBS;,../HDPE
(phase contrast): (a) side 1; (b) side 2. (Magnification, 129 x )

(b)

Figure 6 Morphology of the system HDPE-SEBS, ., run./HDPE
(phase contrast): (a) side 1; (b) side 2. (Magnification, 129 x .}
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The morphology of iPP-SEBS/iPP differs from that
of the HDPE samples. Figs 7 and 8 show the surfaces
of the peeled samples. Fig. 7 reveals microcracks in the
iPP sheets perpendicular to the peeling direction.
These cracks or breaks have the same size and concen-
tration on both sides of the SEBS film. An asymmetry
of the surface morphology, which could be due to the
preparation technique, is not visible. Only some de-
tachment can occasionally be seen. For the sample
containing SEBS, . (Fig. 8), one can distinguish
between the two sides. The surfaces also show micro-
cracks. However, on the poured side, the cracks ap-
pear in the SEBS film while, on the other surface
(the pressed side), they are located in the iPP sheet.
The SEBS film is nearly undamaged on the poured
side. Some (negligible) detachment occurs; only film
buckling is seen.

The mechanical - results on the HDPE-SEBS/
HDPE system indicate good interaction between PE
and SEBS. This interaction is iricreased by the function-
ality of the SEBS. The laminates containing a SEBS;,,.
film show “homogeneous” failure in the interface (see
Fig. 5); the crack runs entirely in the SEBS film. This is
a well-known phenomenon and indicates that the ad-
hesion between PE and SEBS can be described, at least
on the poured side of the SEBS film, by a model of
mechanical interlocking. In this case, the preparation of
the samples seems to have an influence; the SEBS
solution, having a lower viscosity than the melt, can
flow into the grooves imposed on the HDPE surface by
the aluminium foils during compression of the film.

Figure 7 Morphology of the system iPP-SEBS;,../iPP (phase con-
trast): (a) side 1; (b) side 2. (Magnification, 652 x )




Figure 8 Morphology of the system iPP-SEBS,o,.cunc/iPP (phase
contrast): (a) side 1; (b) side 2. (Magnification, 129 x .)

In the case of the SEBS, e, although the peel
strength increases also, no homogeneous failure is
found, and one can distinguish between the two sides
(poured side and pressed side) of the peeled sample.
This indicates that the adhesion between PE and
SEBS is increased, but not to values which would be
typical for mechanical interlocking. The choice of the
laminate temperature, T'pess, below the melting point
of PE prevents gross interdiffusion of SEBS and PE at
the interface, thus preventing macroscopic entangle-
ment. Therefore, also for this reason the increasing
interfacial strength should be due to adhesion. We
believe that interaction between the EB blocks of
the SEBS and PE sequences is responsible for the
improvement in the peel strength.

The interfacial strength at the model interface
iPP/iPP is also greatly increased by modifying the
interface with SEBS. The increase in peeling resistance
is nearly the same for both SEBS types (see Fig. 4).
This shows that the interaction between SEBS and
iPP is nearly not affected by functionalization of
the SEBS as it is in the HDPE systems. In SEBS
there is no sequence that would match iPP, except
that the butylene monomer unit in the EB block of
SEBS shows some local compatibility with the
—~(CH,-CHCH;)}- sequence of iPP. Hagenbeck [43]
and Petermann and Gohil [44] reported good interac-
tion between the components iPP and poly(1-butene)
because the configurations of the molecules of both
polymers are rather similar. Gergen [45] reported that
the butylene monomer unit is incorporated into the

ethylene sequences of the EB block to prevent crystal-
lization of the ethylene sequences without shifting the
T, of SEBS to higher temperatures. We assume that
there are fewer butylene sequences for the interaction
with iPP than ethylene sequences for the interaction
with HDPE- in the EB blocks of SEBS. This would
readily explain the different dependences of the inter-
facial strength on the functionalization of SEBS.

HDPE and iPP reveal different morphologies un-
der the light microscope. On HDPE pecled surfaces,
no deterioration of the underlying HDPE was detect-
able. In contrast, the iPP contacting the SEBS inter-
face reveals microcracks perpendicular to the peeling
direction. As we have seen above, the failure mecha-
nism of the SEBS film shows buckling and rippling,
but no homogeneous rupture in the interface region
as it does in the HDPE system. The appearance of
the microcracks in the iPP may lead to the con-
clusion that the SEBS transfers the stress away
from the interface in the bulk iPP until the stress
due to peeling is greater than the adhesive forces
between SEBS and iPP. This is in agreement with the
possibility that SEBS builds up a thermally reversible
network and with different failure mechanisms of the
SEBS film at the interfaces. These mechanisms are not
influenced by the functionality of the SEBS, except
that there is more homogeneity in the results in the
case of SEBS;,,,.. Also the intrinsic asymmetry of the
interfaces due to the preparation techniques is of no
influence.

From these results, conclusions concerning bulk
blends of iPP, PE and SEBS can be drawn.

4, Conclusions

1. SEBS shows a different interaction with HDPE
and iPP. The EB sequences in the copolymer can
interact better with HDPE than with iPP. Butylene
sequences interact with iPP. The effect, however, is
lower since the number of butylene sequences is lower
than the number of ethylene sequences.

2. The compatibility of the butylene sequences of
the EB block with iPP explains the good dispersion
found in bulk binary blends of iPP with SEBS. The
homogeneous and fine dispersion of SEBS clusters
in the iPP matrix and the building of a physical net-
work explains the good mechanical behaviour of this
system. )

3. The existence of a thermally reversible network is
proved by a number of morphological characteristics
of the peeled surfaces of both systems, although differ-
ent stress transfer processes for both systems are ob-
served. While in the system HDPE-SEBS/HDPE
the stress builds up in the SEBS film, causing the
crack to run homogeneously through the film, in
iPP-SEBS/iPP samples the stress is transferred away
from the interphase into the iPP matrix causing crack-
ing perpendicular to the peeling direction.

The high peel strength of the system HDPE-
SEBS/HDPE containing functionalized SEBS reveals
an excellent interaction between PE and the function-
alized EB blocks of the SEBS. The breaking of the
samples reveals a pure adhesive mechanism at the
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interface. The peel strength is controlled entirely by
the mechanical strength of the SEBS film.
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