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Properties of polyethylene-polypropylene 
blends 
Part 2 Thermal, swelling and mechanical characterization 

of strained samples with fibrous morphology 

R. GRECO,  G. M U C C I A R I E L L O ,  G. R A G O S T A ,  E. M A R T U S C E L L I  
Laboratorio di Ricerche su Tecnologia dei Polimeri e Reologia, CNR Via Toiano, 
2 Arco Felice, Napoli, Italy 

Differential scanning calorimetry, wide-angle X-ray scattering, swelling in n-hexane and 
mechanical tensile tests have been performed on cylindrical specimens with a fibrous 
morphology of high-density polyethylene-isotactic polypropylene blends. Such specimens 
were obtained by cold-drawing unoriented samples (obtained directly by extrusion, 
whose properties were studied in a previous paper) in an Instron machine at 60 ~ C. The 
resulting behaviours of fibrous specimens have been compared with those of the initial 
isotropic samples having a spherulitic morphology. The mechanical properties of 
unoriented samples have also been compared with the data of other works found in the 
literature. Such a comparison suggests that, especially for blends of two semicrystalline 
polymers, not only must the molecular characteristics be accurately specified but also 
other parameters such as crystallinity, melting points and morphological features, in order 
to clearly explain the different types of behaviour observed. 

1. Introduction 
It is well known that for a semicrystalline polymer 
Young's modulus is defined by a tensile stress- 
strain curve at vanishing deformation. Here the 
behaviour is linear and the deformations are per- 
fectly reversible since the material remains, structur- 
ally speaking, in a state of quasi-equilibrium during 
the tests. At higher elongation values the trend 
becomes less than linear and some permanent de- 
formation begins to occur after unloading the 
specimen. Such a feature is evidence that some 
permanent morphological changes start to occur in 
the original structure of the polymer [1]. At the 
yield point (defined as do/de = 0, where o and e 
are the stress and strain) a neck appears, generally 
along the specimen, and beyond this region a 
definite fibrous morphology develops in the 
necked portion of the samples [1]. This is very 
clearly seen from wide-angle X-ray diffraction 
(WAXD) patterns. Therefore, in a very idealized 

and schematic way, this region of the stress-strain 
curve can be thought of as the separation point 
between two very differently structured materials: 
(1) the initial spherulitic unoriented specimens; (2) 
the final oriented samples with fibrous morph- 
ology. Of course the two structure species, even 
though of the same chemical nature, exhibit quite 
different properties. 

In the first paper of this series [2], thermal, 
swelling and mechanical properties of the initial 
isotropic species, obtained directly by extrusion, 
have been examined in a preliminary way. In this 
second paper the same properties, relative to the 
final oriented material species, have been analysed 
and the resulting data compared with those of the 
initial extruded isotropic specimens. Furthermore, 
at the beginning of the present work the initial 
mechanical stress-strain features such as the 
Young's modulus and the yield point values have 
been compared with the data of other authors, 
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obtained on samples of the same chemical nature. 
The main purpose of the present work is to 
analyse the mutual influence of the two compo- 
nents during fibre formation by studying the de- 
pendence of several properties on the composition 
and morphology of the blends. 

2. Experimental procedures 
2.1. Materials 
The following polymers were used in the present 
work: high-density polyethylene (PE) ()14 w = 
166 000;~rn = 10200;Mw/Mn = 16; MFI* = 3.7 g 
(10 rain -1); p = 0.96 g cm-3), isotactic polypropyl- 
ene (PP) (Mw = 307 000; Mn = 15 600; Mw/Mn = 
20; MFI = 3.9 g (10rain)-1; p = 0.906 gcm -a) and 
RAPRA* standards HDPE1 and PPa respectively. 
The polymers did not contain any additives. 

2.2. Blend p repa ra t ion  
Polymeric blends were obtained by melt mixing 
pelletized components at 180 ~ C (typically 
10mm 3 pellet) in a laboratory extruder (CSI max 
mixing-extruder, model CS-194, manufactured by 
Instron Scientific Instruments Inc.). The standard 
procedure is described in a previous paper [1]. The 
composition range of the PE-PP blends used is 
given below in wt%: 

PE 0 10 30 50 70 90 100 
PP 100 90 70 50 30 10 0 .  

2.3. Fibre prepa ra t i on  
The cylindrical specimens obtained by extrusion 
were successively cold-drawn at 60~ using 
a tensile Instron machine at a constant cross- 
head speed of 5mm m i n  -1, up to an elongation 
ratio of about 10. 

All the samples showed classical neck formation 
characteristic of ductile behaviour in semicrystal- 
line polymers. It is to be noted however that, with 
the test conditions used initially (room tempera- 
ture and cross-head speed of 5mmmin-1),  only 
the pure PE and PP unoriented extruded samples 
extended so readily on cold-drawing to give fibre 
samples long enough to be clamped (in order to be 
redrawn in the Instron machine). In contrast, the 
blend samples exhibited a very low elongation-at- 
break and therefore the cold-drawing temperature 
for all the specimens was increased to 60 ~ C. The 
necked portions of the samples so obtained were 

then cut to obtain cylindrical fibres on which sub- 
sequent measurements were performed. 

2.4. Me thods  
The following techniques, as previously carried out 
on extruded unoriented samples [2], were also 
used on the fibrous samples, i.e. differential scan- 
ning calorimetry (DSC) wide-angle X-ray scattering 
0VAXS), gravimetric and axial swelling, picno- 
metry and stress-strain measurements. In order to 
perform tensile mechanical tests the oriented 
drawn fibres were wound onto suitable clamps 
mounted on the Instron machine. 

3. Results 
3.1. Mechanical properties of extruded 

unoriented blend specimens 
The stress-strain curves for PE-PP blends, 
obtained by tensile deformation of the cylindrical 
extruded isotropic specimens have already been 
discussed in the first paper of this series [2]. How- 
ever in the opinion of the authors it is very in- 
teresting to compare such data with literature 
results [3, 4], obtained for similar high-density 
polyethylene-isotactic polypropylene blends. 
Therefore for a complete comparison, the pure PE 
and PP characterizations, the material sources and 
the additives in the blends with appropriate refer- 
ences are reported in Table I. Furthermore, the 
mixing procedures, the specimen preparations and 
the final sample geometries are also mentioned in 
the same table. 

The moduli, E, of the isotropic extruded sam- 
ples are compared in Fig. 1, where Curve C shows 
lower values compared with Curves A, B and D 
which are very close in value. Such a result is prob- 
ably due to the effect of the addition of 1% of an 
antioxidant to the blend of Curve C, (see Table I). 
This plasticizes the material and may also alter the 
crystallinity and morphology of the homopoly- 
reefs. The yield strength, oy, and the elongation at 
yield, ey, are reported as a function of content PP 
in Fig. 2. oy is comparable for each blend but the 
shapes of the curves differ from each other signifi- 
candy. Curve A, in fact, shows a strong positive 
synergism at about 80% PP; Curves B and D show a 
minimum at about 25% PP and Curve C is a straight 
line connecting the values of the pure components. 
ey against percentage PP for Curve A shows also a 
maximum at almost the same percentage value as 

*MFI is meR flow index. 
"t'RAPRA is the Rubber and Plastics Research Association of Great Britain, Shawbury, Shrewsbury, UK. 
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Figure 1 Modull  E as a func t ion  o f  PP con ten t  obtained 
by  different  authors.  The  curves are labelled A, B, C and 
D as indicated in Table I. 

the corresponding curve for ay, whereas Curves C 
and D both show negative synergistic effects. A 
tentative interpretation of the behaviour of Curve 
A for both ay and ey has been given elsewhere [2], 
but it cannot be used to generalize for all the other 
different results, observed in Figs 1 and 2 which 
will be more thoroughly, even though qualitatively, 
discussed in the last part of the present paper. 

3.2. Fibrous specimen propert ies 
3.2. 1. X-ray scattering 
The WAXS diffraction patterns of the samples 
obtained by cold-drawing at room temperature 
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Figure 2 Yield strength O'y and elongation at yield ey as a 
funct ion  of  PP content ,  obtained by different authors.  
The  curves are labelled A, C and D as indicated in Table I. 
(The average errors are respectively -+ 2 0 k g c m  -2 and 
-+ 1.5% for Curves A. No indicat ion o f  the  errors was given 
in the  literature for the  other  curves. 
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Figure 3 DSC thermograms of  fusion for strained fibres 
(dashed lines): (a) pure  PE; (b) 50% PP; (c) pure  PP. Solid 
lines represent  the  second melt ing cycle thermograms.  

show a high orientation along the fibre axis of the 
PE and PP crystallites within the blends, character- 
istic of a fibrous morphology of both the com- 
ponents. Neither co-crystallization phenomena nor 
shifts in the spacing of the reflections are observed. 

3.2.2. Thermal properties 
Typical first and second run DSC thermograms foI 
blends and homopolymers with a starting fibrous 
morphology are shown in Fig. 3. The endotherms 
of fusion of the first run homopolymer and of the 
PE in the blends are sharper than those of the sam- 
ples which have been recrystallized from the melt 
(solid lines). Such an effect may be accounted for 
by a narrower distribution of crystallite sizes in 
the fibres. 

The melting peaks of PP in blends with a 
fibrous morphology are broader than the 
corresponding peaks for isotropic blends. This be- 
haviour may be explained by the fact that during 
fusion, the PE fibrils melt before the PP ones, 
inducing a certain amount of disorder in the 
adjacent PP regions. 

The melting point (Tin) and the fractional 
crystallinity (Xc) of PE crystallites in the fibrous 
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Figure 4 Melting points T m and fractional crystallinity X e 
of PE for strained fibres (circles) as a function of PP con- 
tent. Triangles represent values corresponding to the 
initial isotropic extruded samples. 

blends as a function of PP content, are reported in 
Fig. 4 (circles). The melting points of PE fibres are 
slightly higher than the corresponding values of 
the isotropic extruded samples (triangles in Fig. 4) 
especially at Iow and intermediate PP contents. 
This result shows the effect of an improvement in 
crystal perfection and/or of an increase in the 
dimensions of the PE crystals due to the mechan- 
ical treatment of the samples. PE crystallinity is 
slightly affected by cold-drawing. 

A similar plot for Tin and X c of PP fibres, is 
shown in Fig. 5; also, in this case the T m of the 
fibres is higher than the Tm of isotropic extruded 
samples. The fractional crystallinity, Xe, of fibres 
is sharply decreased at low PP contents when a PE 
matrix is surrounding the isolated PP fibrils. On 
the contrary at high PP contents, when PP is the 
matrix of the system, an enhancement in the 
crystallinity of PP fibres is observed. It is interest- 
•ng to point out that the crystallinity values calcu- 
lated from the DSC curves can be slightly affected 
by mutual interference of the two crystalline 
phases during the heating up of the blend samples. 

3.2.3. Swe//ing properties 
Gravimetric and axial swelling of the fibrous 
blends were also measured as a function of time. 
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Figure  5 Melting points T m and fractional crystallinity X c 
of PP for strained fibres (circles) as a function of PP con- 
tent. Triangles represent values corresponding to the 
initial isotropic extruded samples. 

Their equilibrium values (full circles in Fig. 6) are 
reported as a function of PP content. They show 
an almost linear trend with absolute values much 
greater than those corresponding to the isotropic 
extruded samples (squares in Fig. 6). This may be 
due mainly to craze formation in the fibres during 
the mechanical treatment and also to changes 
in morphology which may alter the absorbing 
properties of the materials, 

The axial swelling decreases linearly with 
increasing PP content indicating a shrinkage 
phenomenon of the fibres as a result of swelling. 
Such behaviour may be due to the solvent, which 
increases the chain molecule mobility thereby 
releasing the stresses frozen in the material during 
mechanical deformation. An analogous, even 
stronger, stress releasing action may be obtained 
by thermal effects, i.e. keeping the dry fibres at 
70~ for 5h, as also shown in Fig. 6 (open 
circles). The extent of fibre shrinkage, which is 
almost negligible for pure PE specimens, is 
enhanced with increasing PP content of the fibrous 
samples. Such an effect can be attributed to the 
higher plasticity of pure PE with respect to pure 
PP due to the very different chain mobility in the 
amorphous regions of the two homopolymers. In 
fact the frozen stresses can be released in pure PE 
with almost no additional increase of free volume 
by solvent or thermal actions, which become more 
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Figure 6 Equilibrium gravimetric and axial swelling as a 
function of PP content. Extruded samples (squares); first 
swelling data of fibres (full circles); second swelling data 
of fibres (open triangles); thermal axial shrinkage at 70~ 
(open circles). 

and more necessary with increasing PP content. 
On the same plot, data are also reported relative to 
fibres which had been swollen once, then dried 
under vacuum and swollen again. The gravimetric 
swelling data of  the pure components are greatly 
reduced to about the values of  the extruded 
samples. The blend values, instead, except for PP 
content close to pure PP, seem to reach swelling 
values only slightly lower than those obtained 
during the first swelling operation. This hinderance 
to craze healing for blend fibres may be due to 
some kind of  interaction occurring between the 
PE and the PP fibrils which makes the crazed 
structure, formed during the mechanical cold- 
drawing, more stable and less reversible. Further- 
more, no axial swelling in such a case is detectable. 
Therefore, the swelling occurs only in a radial 
direction, or better, it may probably be due to the 
moving of  existing crazes into the fibres. Such a 
hypothesis is also supported by density measure- 
ments performed on dry fibres of  the pure com- 
ponent, which gave density values much lower 
than those corresponding to the initial extruded 
samples (about 0.75 g cm -3 for PE and 0.80 g cm -3 
for PP fibres). Stress whitening was also present 
along the oriented specimens and disappeared by 
cold-rolling the fibres. 
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TABLE II Mechanical behaviour of oriented blend speci- 
mens as a function of their composition 

Composition Ey tr r er 
(wt%) (X 104kgcm -2) (X 103kgcm -2) 

PEl0o 12 3.4 0.20 
PPto 5.0 4.0 0.28 
PP~o 6.5 3.7 0.22 
PP3o 3.0 3.4 0.31 
PP4o 6.9 3.9 0.36 
PPso 6.1 3.4 0.23 
PP~0 5.3 3.2 0.35 
PP~o 5.5 3.8 0.28 
PP~o 4.4 3.8 0.39 
PPgo 4.8 3.5 0.17 
PPloo 4.9 3.4 0.20 

3.2.4. Mechanical properties 
Stress-strain curves have been obtained for all the 
oriented blend specimens at room temperature and 
at a cross-head speed of  5 mmmin  -1. From these 
curves average values (calculated on a basis of  at 
least seven tests) of  the Young's modulus, E, the 
tensile strength, as, and the elongation-at-break, 
er, are reported in Table II as a function of  blend 
composition. The Young's modulus o f  pure PE 
(12 times greater than that of  the corresponding 
unoriented extruded sample) decreases suddenly as 
soon as a small amount of  PP is added and remains 
so over the entire composition range, about con- 
stant and equal to the pure PP modulus (which is 
about seven times higher than that of  the corre- 
sponding extruded unoriented specimen). The 
strength, or, and the elongation-at-break, er, seem 
to be quite independent of  blend composition 
showing no difference in the mechanical behaviour 
o f  the homopolymer and blend fibres with respect 
to the ultimate properties. No literature data were 
available o f  such properties for comparison. 

4. Concluding remarks 
From the experimental observations the following 
remarks can be made. 

WAXD patterns show no co-crystallization 
phenomena in the extruded samples as well as in 
the oriented drawn fibres. 

The melting points are slightly higher for fibres 
than for unoriented samples suggesting an im- 
provement of  crystal perfection and/or an increase 
in the dimensions of  the PE and PP crystals sub- 
sequent to mechanical treatment. 

The second-cycle swelling data show that craze 
formation (evidenced also by density measure- 
ments and by the stress whitening effect visible on 



the drawn samples) seems to be reversible by sol- 
vent action in the case of pure PE and PP, whereas 
almost a total absence of reversibility is shown by 
their blends. Such a feature may be due to some 
kind of interaction existing between PE and PP 
fibrils in the blends. 

With respect to the mechanical stress-strain 
curves the following considerations can be made. 

At very low deformations the Young's moduli 
of the unoriented extruded specimens show no 
particular interactions between the diverse phases 
and their dependence on concentration is attribu- 
table mainly to the total amount of crystallinity of 
the blends [2]. Therefore the different authors' 
data are very close in value, except for type C, 
where a third component has been added to the 
blend. 

At the yield point very unsimilar behaviours are 
observed by the authors mentioned in Table I. The 
various synergistic or linear trends with varying 
composition seem to depend in such a case on the 
molecular characteristics of the two components 
and on the processing conditions used for making 
the specimens. 

In the plastic zone, after the yield point, propa- 
gation for blends in the necking zone is very un- 
stable at room temperature, whereas it becomes 
very easy at 60 ~ C. This effect is probably due to 
the enhanced molecular mobility in the amorph- 
ous regions of PE and PP in some way interlocked 
in the necking zone. This effect can be considered 
as a further indication (already mentioned in the 
swelling phenomenon and in the yield region) that 
some kind of interaction could be present between 
PE and PP regions during cold-drawing of the 
specimens. At room temperature, easy fibre forma- 
tion with no flow instability can be obtained by 
adding a small amount (5wt%) of an ethylene-  
propylene random co-polymer to such blends. This 
acts as a compatibilizer in the amorphous regions 
of the material and behaves like a lubricant during 
mechanical cold-drawing of the blends [6]. 

Finally the mechanical behaviour of the fibrous 
oriented sample seems to be quite independent of 
blend concentration. In fact only pure PE shows 
moduli higher than those of the other blends and 
pure PP. Furthermore, the ultimate strength and 
the elongation at break are always equal to those 
of pure homopolymers over the entire com- 
position range. 

It may be concluded from the previous con- 
siderations and from comparison with data in the 
literature that many important factors affect the 
properties of PE-PP blends observed on varying 
the blend composition: 

(1) The molecular parameters of the two 
homopolymers (as given for blends A and D and as 
MFI for blends B and C in Table I). 

(2) The mechanical and thermal histories used 
for making the samples (mixing procedures, speci- 
men preparation, sample shapes). 

(3) The morphologies of the extruded samples. 
(4) The existing interactions between the two 

homopolymer phases. 
Therefore all such factors must be specified and 

analysed from case to case to achieve a complete 
and thorough knowledge of the behaviour of a 
blend consisting of two semicrystalline polymers. 

Work is in progress in our laboratory to analyse 
the morphology of such blends by means of 
optical and electron microscopy. 
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