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SYNOPSIS

Compatibilization is necessary for most binary blends which display poor mechanical prop-
erties. The addition of an ethylene—propylene block copolymer to a blend of isotactic poly-
propylene and linear low-density polyethylene alleviates the problem of poor adhesion at
the interface. This was observed through the improvement in overall performance of the
blend. It was noted that it is not solely the “interfacial agent” which is responsible for the
improvement in impact strength of this blend. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

In this work attention has been focussed on the im-
provement of polypropylene’s poor impact strength
at low temperatures by blending with polyethyl-
ene.’” The differences in the impact behavior of
these two polymers relate to their glass transition
temperatures. Polyethylene has a glass transition
temperature at ca. —110°C, as compared to poly-
propylene’s lower glass transition temperature at
about —22°C.

In general, the mechanical properties of the bi-
nary blends are unsatisfactory as these two com-
ponents are immiscible and incompatible. This pa-
per presents a study on the compatibility of these
blends with the addition of a ternary component.
The compatibilizer chosen was an ethylene—propyl-
ene block copolymer as it is expected thermody-
namically to sit at the interface between the two
components. The ethylene-propylene segments are
incompatible with each other on the molecular scale
but each segment is compatible with one of the
phases.*”

* To whom correspondence should be addressed.
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EXPERIMENTAL

Materials and Blend Preparation

The starting materials used were: isotactic polypro-
pylene (i-PP) (p = 0.905 g/cm?), linear low-density
polyethylene (LLDPE) (p = 0.919 g/cm®), and
ethylene-propylene block copolymer (EP) (p
=0.902 g/cm?). The tradename of the EP copoly-
mer is GXM104. They were used as standard
commercial grade materials with typical additives
present.

The blends were prepared by tumble blending for
15 min (the proportions are stated in Table I) and
then melt-blending in a 1.5 in. Johns single-screw
extruder using temperature profile 190, 200, 210, 220,
230, and 230°C, for zones 1-4, the head and the die
zone, respectively. Then followed the quenching in
water of the laces, their blow drying, and finally their
granulation. The unblended materials were passed
through an identical process of extrusion so as to
give them the same history as the blend samples.

Polymer Characterization

The materials were characterized using dynamic
mechanical thermal analysis (DMTA), differential
scanning calorimetry (DSC), and gel permeation
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TableI Blend Compositions®

% Composition

Blend PP LLDPE EP
1 100 0 0
2 80 20 0
3 79.2 19.8 1
4 72 18 10
5 0 100 0
6 98.8 0 1.2°
7 88 0 12>
8 0 0 100°

® There is minimal error associated with the composition be-
cause these samples were produced in large quantities. The blend
compositions were checked after mixing using a differential scan-
ning calorimeter (DSC).

b These samples were prepared as reference materials with
respect to the PP/EP/LLDPE blends.

chromatography (GPC) to determine the glass
transition temperature, melting temperature, and
molecular weight distribution respectively. These
results are summarized in Table 1L

The measurements on the Polymer Laboratories
DMTA were made in the temperature range of
—120-50°C on samples of the following dimensions:
length 20 mm, width 10 mm, and thickness 1 mm.
They were run in a single-cantilever mode at fre-
quencies of 0.3, 3.0, and 30 Hz. Flat specimens of
about 10 mg weight, encapsulated in aluminium
pans, were used for DSC measurements on a Mettler
DSC 20. The samples were heated from 50 to 250°C
at a programmed heating rate of 10 K min'. All
measurements were made under a nitrogen atmo-
sphere (flow rate 50 mL /min). GPC samples were
run on a Waters 150C GPC combined with a Vis-
cotek differential viscometer at 140°C, using 1,2,4-
trichlorobenzene as the solvent. Absolute molecular
weights were calculated using the principle of uni-
versal calibration.

The microstructure of these blends was studied
using the technique of scanning electron microscopy
(SEM). Fractured Charpy impact samples were
etched for 15 min at 70°C in an acid mixture com-
posed of 19.8% hydrochloric acid, 61% phosphoric
acid, 2.7% chromium trioxide, and 16.5% water. This
etched out the block copolymer but had no effect on
LLDPE or PP. The samples were then water cooled
on a cold stage prior to gold coating to a thickness
of 32 nm in an argon atmosphere. The microscopes
used were an ISI Mini SEM and a Phillips SEM
515 model.

Mechanical Testing

Samples for tensile tests and Charpy impact tests
were injection-molded from the blends. The tensile
samples were molded using a Battenfeld injection
molder at 245°C into dumbbell shapes of 3.0 mm
thickness, 12.6 mm width, and with a gauge length
of 50 mm. All samples were annealed at 95°C for
2 h and slowly cooled in order to alleviate the prob-
lems of orientation and internal stressing. The tests
were carried out using an Instron Model 1026 tensile
testing machine at a crosshead speed of 1 mm/min.
For measurement of Young’s modulus an appropri-
ate extensometer was used. The samples for the
Charpy impact test were also injection molded at
245°C into 6 X 13 X 130 mm thick bars and were
then machined down to 6 X 5 X 45 mm. A single
point cutter was used to centrally notch each spec-
imen with a 45° V-notch. Sixteen samples were
tested at four notch depths. The notch depths varied
between 30 and 60%. The samples were in an
ethanol/dry ice mixture for 0.5 h to achieve tem-
perature equilibrium and then tested using a
Hounsfield impact tester. It is well known that
ethanol does not affect the properties of polypro-
pylene or polyethylene. The tests were carried out
at —20°C as these blends were prepared with the
primary aim of improving PP’s impact strength at
low temperatures.

RESULTS AND DISCUSSION

Morphology of Blends

Scanning electron microscopy revealed the location
of the components in the blends. Typical morphol-
ogy of the fracture surfaces is shown in Figure 1.
The compatibilizer forms shells around the LLDPE

Table II Polymer Characterization

T T."
Material (+0.5°C) (£0.5°C) M, M,
PP —22(+8)1 166.4 57000  5.14
LLDPE -110 122.5 30300  3.70
EP —49 166.8 52400  5.65

* Ty values were measured using a Polymer Labs DMTA in
the temperature range of —120-50°C at a heating rate of 2°C/
min.

b T, values were measured using a Mettler DSC at a heating
rateof 10°C/min.

¢ MW measured using ICI GPC.

4 PP has apparently two glass transitions.
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Figure 1 Morphology of impact surface of blend 4, fractured at —20°C (SEM X 4500).

particles as well as itself, forming separate particles
dispersed in the matrix. The shell morphology of
the EP copolymer has been reported for the PP/
EP/HDPE ternary blend previously.® The forma-
tion of the shell around the LLDPE was observed
in both the ternary blends containing 1% EP and
10% EP. However, in the blend containing 1% EP,
crescent shaped gaps around the LLDPE occlusions
were also observed suggesting incomplete and in-
sufficient coverage by the block copolymer around
the LLDPE particles.

The sizes of LLDPE inclusions vary from 0.9 to
1.3 um in diameter in the binary blends. In the
etched ternary blends there are crescent-shaped
holes observed between LLDPE and PP as well as
circular holes left in the material. The circular holes
after etching are 1.2-1.6 um in diameter. This in-
dicates that LLDPE alone cannot have occupied this
space and that the holes must have contained block
copolymer. Charpy samples were also fractured in
liquid nitrogen to further confirm the arrangement
of the components. It would seem from Figure 2 that
there are a few LLDPE occlusions embedded in the
block copolymer.

DMTA results provide further evidence about the
immiscibility of the blends as separate glass tran-
sitions were observed for each component. With PP
there are apparently two glass transitions.® It is

composed of amorphous phase A and amorphous
phase B, which have transitions at —22 and +3°C,
respectively. The glass transition of LLDPE was
measured at about —110°C and its 8 transition at
—35°C. We observed in blend 4 that the 3 transition
of polyethylene has shifted by about 10°C to lower
temperatures. This shift may be related to the fact
that the ethylene segment of the block copolymer
becomes partially miscible with the PE component.

Young’s Modulus of Blends

As a starting point, it can be assumed that our het-
erogeneous materials may be described adequately
as consisting of a homogeneous and isotropic matrix,
in which particles of a second homogeneous phase
are dispersed. Assuming that the volume concen-
tration of the particles is uniform, it should be pos-
sible in principle to calculate the properties of mul-
tiphase materials in terms of the properties of its
constituents. The mechanical results are summa-
rized in Table III and Figures 3-6.

As a first approach we may consider the simple
law of mixtures for the Young’s modulus of the
blends. The equation for the upper bound of the
modulus is given by!°

E, = E¢, + Esxp, (1)
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The corresponding equation for the lower bound is

given by
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Figure 2 SEM micrographs of impact surfaces of blend 4 fractured at liquid nitrogen

temperature.

L_¢, &

E, E, E,

(2)

where E; and E, are the Young’s moduli of PP and
LLDPE, respectively, and ¢; and ¢, are the volume
fractions of PP and LLDPE, respectively. Figure 3
shows plots of egs. (1) and (2) fitted to our data
from Table III, as well as the experimental modulus



Table I[II Summary of Mechanical Results

at —20°C?
E ay

Blend (GPa) (MPa) G,
1 4.5 57.3 0.82
2 3.5 52.2 1.21
3 3.4 44 .4 1.45
4 3.4 42.3 2.06
5 0.7 13.9 16.0
6 4.2 54.2 0.55
7 4.8 51.4 1.08
8 2.5 35.2 3.77
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® There is less than 5% error associated with the yield stress
values and less than 10% error with the modulus and Charpy
impact values.

data for the binary and ternary blends of PP and
LLDPE. The experimental values for the Young’s
modulus lie between these two bounds with the ex-
ception of one point. In fact, the points are essen-
tially at the upper bound, indicating that a simple
additive law of mixtures can be used as a first ap-
proximation. More detailed study and analysis may
reveal special relationships and microstructures,
particularly at the high PE content side of the com-
position range.

A different approach was taken by Kleiner et al.™!
who proposed an empirical equation of second order
that can describe a synergistic effect of blending on
modulus in terms of an interaction parameter 3:

Young's modulus [GPa]

0 L 1 1
0 0.2 0.4 0.6 0.8 1

volume fraction of LLDPE

Figure 3 Young’s modulus versus volume fraction of
LLDPE data at —20°C. Crosshead speed 1 mm/min: (O)
data for ternary blends 6 and 7; (¢) data for ternary blends
3 and 4 from Table III; (@) binary blends 1, 2, and 5 from
Table III as well as unlisted data.
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Figure 4 Variation of Young’s modulus with compo-
sition for two phase composite and blend materials ac-
cording to egs. (1)~(5).

E, = Eip, + Exdy + Bo1¢ps (3)

For our data a reasonably good fit can be obtained
as 3 approaches zero. The relationship is thus re-
duced to the equation derived by Paul describing
the upper bound for the elastic modulus in tension
for a two-phase blend. By contrast, Kleiner and his
co-workers obtained a value of 8 = 2 for blends of
polystyrene with polyphenylene oxide of low molec-
ular weight (M, =~ 10*). They have shown that a
good correlation exists between the modulus of elas-
ticity and the density as a function of blend com-
position.
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Figure5 Dependence of yield strength on composition.
Experimental data obtained at —20°C and crosshead speed
of 1 mm/min: (A) binary blends; (O) blends 6 and 7; (<,
[J) blends 3 and 4 from Table III. Continuous and broken
lines represent equations (7), (9) and (10).
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Figure 6 Variation of strain energy release rate with
volume fraction of LLDPE, obtained from Charpy impact
tests carried out at —20°C, for the binary and ternary
blends.

If we consider the blends not as a continuum of
two phases, but rather as a matrix with inclusions,
then the theories of Kerner!? and Halpin and
Kardos'® become relevant. In this approach, the de-
pendence of modulus on the volume fraction of in-
clusions is described by the Kerner equation as fol-
lows:

_ pa(ak, — B)+ 8
Ee =By (aE,—B) 1+ 8 @

where o = [(7 — 5v)E; + (8 — 10v)E;] ! and 8
= [15(1 — »;)] ", with » being Poisson’s ratio. The
equation is universal in the sense that the volume
fraction of inclusions can vary from zero to 100%,
and correspondingly the matrix can be either PP or
LLDPE. It turns out that the above equation is not
very sensitive to the value of Poisson’s ratio between
0.2 and 0.5, so much so that Dumoulin et al.!* used
different values (for polyethylene-rich blends, vpg
= 0.48 and vpp = 0.43, and for polypropylene-rich
blends, vpg = 0.48 and vpp = 0.8) to fit their data to
the equation. There is no justification for the un-
realistic value of vpp = 0.8. If the volume of material
remains unchanged, then » = 0.5 and » < 0.5 for
materials which display an increase in volume.!®
Dumoulin et al. used the constants v; and v, as em-
pirical factors rather than the Poisson’s ratio in or-
der to fit the equation.

The theory of Halpin and Kardos is based on
Kerner’s and Hill’s'® approach. They have derived
an equation for the modulus of a composite material

consisting of a matrix and inclusions, which can be
written as follows:

Ey=E —F——/—, B=—7—7-"(5)

The constant A depends on the stress distribution
in the composite, and for spherical particles has a
value of 2.

Yet another approach was taken by Small-
wood,'"'® who derived the following equation for a
system with perfect adhesion between the matrix
and particles:

E,=E (1 + 2.5¢, + 14.2¢:2) (6)

We note that the above equation was derived for
the stiffening effect in rubber due to spherical filler
particles. In our case the equation could be at best
applied to the blends in which PE is the matrix of
low modulus and PP is in the form of rigid particles.
Another equation was developed by Sato and
Furukawa'® to describe a system of hard particles
in plastics, where the adhesion between the two
phases is weak. Both Smallwood and Sato and Fu-
rakawa equations apply over limited ranges of vol-
ume fractions, and can be approximated by the gen-
eral equation (5).

Figure 4 shows plots of egs. (3)-(5). Note that
Kerner’s and Halpin and Kardos equations are in-
distinguishable if the experimental error limits as-
sociated with our results are taken into account.
Klein’s, and, to some extent, Smallwood’s equations
are the only ones capable of showing a synergistic
effects leading to modulus values above the upper
bound. From a comparison of Figures 3 and 4 it be-
comes clear that our results for the binary blends
are represented best over the whole range of volume
fractions by the simple law of mixtures [eq. (1)].
Paul used energy theorems of elasticity to derive
this equation. An implicit assumption in this deri-
vation is that of the continuity of stress in the two
phases (matrix and inclusion), and, as a conse-
quence, the discontinuity of strains, since the elastic
moduli of the two phases are very different. This
condition would be satisfied if there was no adhesion
between the two polymers. It would also be satisfied
if the interface is amorphous and rubbery, and hence
easily conforming to the requirement of disconti-
nuity of strain. Such an interface should consist of
a layer of about 1-2 nm in thickness, made up of a
mechanical mixture of PP and LLDPE chains,
which are in a noncrystalline state.

Finally we make the point that the modulus of



the ternary blends does not differ to any significant
extent from that of the binary blends, considering
the few data points that we have and noting that
the data for the ternary blends are superimposed
onto a binary blend diagram. This appears to be
surprising at first since the modulus of EP is essen-
tially halfway between those of PP and LLDPE
whereas the discussion above called for a rubbery
interface. We believe that the solution is in the un-
derstanding that the EP is not necessarily the in-
terface, but rather that the blend consists of three
phases with two soft interfaces between each, that
is, at the PP/EP boundary and the EP/LLDPE
boundary.

As a final comment, it is interesting to note that
for the PC/PE and PC/PS blends® the variation
of modulus with volume fraction showed a substan-
tial dip below the straight line of the upper bound.
Kunori and Geil'® explained these in terms of (i)
anisotropic domains and (ii) foam or loose particle
approximation. In our opinion the latter approxi-
mation is not substantiated enough. We accept that
there may not be any adhesion between the PE /PC
phases as is shown by the micrographs of the frac-
tured surfaces. However, the optical micrographs of
the unfractured specimens do not show any loose-
ness, and since the Poisson’s ratio of the two poly-
mers is approximately the same, then, under tensile
deformation, the particles must contribute to the
resistance to deformation of the blend, and conse-
quently to the Young’s modulus of the blend.

Yield Strength of Blends

The yield strength is defined here as the first point
of maximum stress on a stress-strain curve. When
the data from Table III are plotted against volume
fraction, as shown in Figure 5, then to a first ap-
proximation the experimental results follow a linear
relationship.

There are few theories describing the yield
strength of polymer blends in terms of composition.
One such “rule of mixtures” for yield strength, pro-
posed by Varin and Djokovic,? is as follows:

oy = 0103 T 0202 + Y100 (7

where o¢; is the tensile yield strength of the blend,
gy is the yield strength of the inclusion, ¢; is the
yield strength of the matrix, v is the interaction
term, in this case between polypropylene and poly-
ethylene, and ¢ has the usual meaning of volume
fraction. We fit eq. (7) to the experimental results
and found v to vary between +22 to +42 across the
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full composition range. This indicates that the in-
teraction between the two phases is not constant
but depends on the relative fractions of the two
components. The curve in Figure 5 is for v = 22.

Neilsen?! and Leidner et al.?>"?* proposed that the
tensile strength of composite materials, consisting
of a matrix with spherical inclusions, can be related
to the area fraction of the dispersed phase, with a
general equation of this form:

op = Ko1(1 — ¢%) (8)

The parameter K reflects the possible modification
in the strength of the matrix due to the presence of
the second phase, but normally K = 1 if the two are
immiscible. Leidner concluded that if there is no
cohesion between the inclusions and the matrix,
then the yield strength of the blend should be de-
creasing as the volume fraction to the first power,
in which case n = 1 in eq. (8). However, further
considerations by Nicolais and Narkis® resulted in
a modified equation:

op = o1(1 — 1.2193%/3) (9)

The value of the constant in front of ¢, is chosen
so that o, = 0 when ¢ = 0.75 (maximum packing by
filler). Another approach was taken by Neilsen®
and Kunori and Geil,>” who suggested that in a
blend, where the two components display consid-
erable decohesion, the particles do not contribute to
strength and can be thought of as voids. In this case
the following equation should describe the tensile
strength:

oy, = 0, exp(—agp,) (10)

where o 1s an empirical constant. However,
Schrager? included microstructural features in the
analysis of stress distribution, and proposed the fol-
lowing definite physical meaning for a:

a=-—t—t (11)

where V, is the volume of the matrix surrounding
an embedded particle and affected by its presence,
as is defined by eq. (12) below. V; is the volume of
the dispersed particle and is described by eq. (13).

V,=4x[(R + Ar)® — R3]/3 (12)

V:, = 47R3%/3 (13)
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Fitting our data to eq. (10) results in a = 0.7-0.9
for the PP-rich blends. This is meaningless since by
definition a > 1. However, using eqgs. (12) and (13)
instead to determine o from the observed micro-
structure, we get a value between 3.2 and 4.4 (as-
suming that the affected area around the inclusions
is somewhere between 0.3R and 0.5R). These values
were used in eq. (10) shown by the broken lines in
Figure 5.

Equations (8)-(10) were developed to describe
the reduction in strength due to inclusions whereas
we find that the yield strength data can be best fit,
to a first approximation, by a line slightly curving
upwards. This is summarized in Figure 5, which
shows experimental data and plots of egs. (7), (9),
and (10).

The dependence of yield stress on volume fraction
was examined making the assumption that similar
type of dependence exists as the dependence of the
tensile strength on volume fraction. From Figure 5
it can be seen that all the experimental values lie
close to the line plotted from eq. (7), suggesting the
existence of an intermixed zone and some interfacial
adhesion between the two phases. Greco® and his
co-workers have measured yield strength in the same
way on similar blends. They reported that at the
lower volume fractions of PE the yield stress of the
blends lies well above the solid line. This they related
to the marked reinforcing effect of the PE compo-
nent on PP. Apparently the PE inclusions delay the
neck formation, and so the yield stress obtained for
the blends is higher than the additive value of the
pure components. We did not, however, observe this
in our binary blends.

The experimental yield strength values for the
ternary blends dropped by approximately 20% in
relation to the binary blends. One conclusion is that
the EP block copolymer, which has double the yield
strength of LLDPE, is not as effective as LLDPE
in delaying neck formation in the blend sample.

Toughness of Blends

The value of G, the critical strain energy release
rate at fracture, was used to assess the impact be-
havior of our blends. G, can be obtained directly from
absorbed fracture energy measurements under the
condition that the deformation is elastic. Marshall
et al.?® and Brown?®!' have independently shown that
the fracture mechanics approach can be applied to
impact testing if this assumption is satisfied. We
have carried out our measurement at —20°C, and
observed very little nonelastic deformation of the
specimens.

The values of the critical strain energy release
rate were taken as the gradients from the plots of
the fracture energy Uy, against the factor PBW for
each blend. @ is the geometry factor and is calculated
for measured crack lengths using tables of values
for standard Charpy specimens, derived from nu-
merical stress analysis.*? B and W are the thickness
and width of the specimen respectively. The Charpy
impact results are summarized in Figure 6. From
the graph it can be seen that with the addition of
20% LLDPE the impact strength of PP improves
by roughly 50%. This improvement in impact
strength however is not significant as has been re-
ported by Teh?®® and others.?

The addition of 1% EP block copolymer to the
20% LLDPE binary blend improves its impact
strength by a further 20%. With the ternary blend
containing 10% EP block copolymer at —20°C, a
150% increase in the impact strength of PP is ob-
tained, which corresponds to a 50% increase in the
impact strength of the binary blend containing 20%
LLDPE.

There were two reasons for preparing ternary
blends using 1% and 10% EP block copolymer. One
was to establish the amounts required to fully com-
patibilize our system and the second to determine
whether the improvements in impact strength were
related to the fact that the EP block copolymer was
acting as a good interfacial agent. We prepared as
reference samples, binary blends of PP and EP close
to the proportions present in the ternary blend
(compare blends 3 and 4 with blends 6 and 7). We
note that in blend 6 the impact strength is less than
of blend 3 and of pure PP, suggesting a negative
effect of EP alone on the PP matrix. It is therefore
evident that the EP block copolymer in blend 3 is
playing a crucial role as an interfacial bonding agent.
A comparison of blends 4 and 7 suggests that roughly

PP matrix brittle

EI:/ductiIe\ Q

LLDPE ductile

Figure 7 Proposed model of the microstructure of a
PP/EP/LLDPE ternary blend.



50% of the improvement in impact strength is due
to the EP block copolymer acting as a compatibilizer.

Toughening Madel

We hypothesize that there are two mechanisms of
toughening.®* If we consider Figure 7, as an idealized
microstructure of the ternary blend, then the first
mechanism we propose is that of energy absorption
by the drawing of the polyethylene occlusion [see
Fig. 8(a)]. The corresponding microstructural fea-
tures of the drawn polyethylene are shown in Figure
1. The second mechanism is related to the matrix
being toughened through the introduction of the soft
particle. It is well known that the addition of rubber
particles to glassy polymers increases their tough-
ness. We propose that the second mechanism of
toughening of our blends is of similar nature. We
would expect these inclusions to act as stress con-
centrators and so to initiate crazing and plastic de-
formation in the matrix. Then it follows that the
impact resistance of the homopolymer (i-PP) can
be increased as plastic deformation and orientation
of the ethylene-propylene copolymer absorbs in part
the mechanical energy of the impact.?*3¢

(b)

Figure 8 Mechanisms of energy absorption in the ter-
nary blend: (a) by drawing of the ductile phase (LLDPE);
(b) by reduction of stress concentration at the tip of the
crack by the presence of soft particles.
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CONCLUSION

The addition of LLDPE alone is ineffective in im-
proving the impact strength of PP to acceptable lev-
els for applications at low temperatures. This may
be due to the fact that the dispersed LLDPE par-
ticles are present as a minor percentage and there-
fore cannot initiate plastic deformation, crazes, nor
arrest crack growth to the extent of the EP co-
polymer. It may also be related to the poor adhesion
between LLDPE and PP at the interface. From our
results there is a strong suggestion that adhesion
between these two components is improved by the
presence of the ethylene-propylene block copolymer
as each segment anchors firmly in the phase it is
trying to compatibilize. The improvement noted in
impact strength at the 10% level of EP is not due
entirely to interfacial activity. This implies that to
maximize the impact strength of a blend one must
consider a ternary component which will not only
improve the adhesion of the two components but
will also reinforce the matrix.
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