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polypropylene by a blending and deformation 
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The blending of polymers to achieve either unique or intermediate properties has become 
a rather common practice. High density polyethylene (HDPE) and isotactic polypropylene 
(PP) are immiscible in the melt state and phase segregate. This behaviour and their 
difference in melting point (~ 132 against ~ 165 ~ C) has been exploited to produce a 
uniaxial reinforcement of HDPE with PP fibres by a process of melt blending, and tensile 
drawing followed by annealing. Tensile drawing of the blends results in the transformation 
of each phase to a fibrous structure having an increased modulus and tensile strength. The 
annealing of this material to melt and recrystallize the HDPE converts it to a lower 
modulus ductile lamellar structure which is reinforced with the fibrous PP regions. Both 
the modulus and tensile strength in the fibre direction fit simple composite theory for 
isotropic HDPE filled with higher modulus PP fibres over the entire composition range. 

1. Introduction 
The blending of polymers has become a rather 
common practice to obtain properties that are 
either unique or intermediate between those of 
the blend components. The general scope of this 
field has been well reviewed in several texts, 
notedly those of Paul and Newman [1] and 
Manson and Sperling [2]. 

The structure and properties of blends of poly- 
ethylene (PE) and polypropylene (PP) have 
received considerable attention since they are two 
of the most commonly used thermoplastics and 
are of considerable commercial interest in impact 
modified PP, which is frequently a blend PP, 
ethylene-propylene rubber and high density 
polyethylene (HDPE) [3]. 

This study demonstrates a new concept of 
utilizing blending and solid state deformation to 
produce a uniaxial composite of HDPE reinforced 
with isotactic PP fibres. HDPE and PP are molecu- 
larly incompatible [4, 5]. Intensive mixing can 
result in a fine scale phase segregation with micro- 
metre and submicrometre size domains [6]. Blends 
of highly ductile semicrystalline polyolefins such as 
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PP and HDPE can be drawn to transform both 
phases to a fibrous morphology [7,8].  As ex- 
pected, this results in the well known improve- 
ments in stiffness and strength of each component 
[9-11] .  A reinforced composite structure was 
produced from such a deformed blend of HDPE 
and PP by exploiting the differences in the melting 
point of each polymer (~ 132~ for HDPE and 

165~ for PP). Annealing the sample at fixed 
length (to prevent shrinkage), between the melting 
points of 
causes the 
converting 
logy. The 
reinforced 

PE and PP, and subsequent cooling 
melting and recrystallization of the PE, 
it from a fibrous to lamellar morpho- 
resulting product is non-fibrous HDPE 
with PP fibres. 

In this communication, the structure and ten- 
sile properties of the blend are described at each 
of the three stages of the process: (i) cold drawing 
of HDPE-PP blends produced by melt extrusion, 
(ii) the resultant fibrous product, and (iii) the PP 
fibre reinforced HDPE that results from annealing 
and recrystallization. The tensile properties of the 
final product are then compared with those pre- 
dicted by simple composite theory. 

Drive, Menlo Park, CA 94025, USA. 

0022-2461/84 $03.00 + .12 �9 1984 Chapman and HallLtd. 



2. Experimental 
2.1.  Materials 
Staflene high density polyethylene and Monte- 
dison s30s polypropylene were melt blended in 

an extruder at 200~ at PE compositions 0, 20, 
35, 50, 65, 800 and J l00wt% with 0 .1wt% 
Irganox 1076 antioxidant. After grinding the 
extrusion was repeated to improve mixing. These 
resins were chosen since that have almost the same 
melt index, 0.93 and 0.73g per 10min respec- 
tively, at 200 ~ C. Samples of  circular cross-sections 
were produced by drawing the melt at 8 mmin  -1, 
from the 8.5 mm diameter die of the extruder 
down to filaments of ~ 1.0 mm diameter using a 
take-up roller. These samples will be referred to as 
"extruded". 

2.2.  Drawing  and  mechanical testing 
The extruded samples were cold drawn at room 
temperature under the same conditions for deter- 
mining their tensile properties using an Instron. 
The cross-head speed was 5 cmmin -1 for a 10cm 
gauge length. The tensile moduli were determined 
from cross-head displacement with a correction for 
machine stiffness. The draw ratio, X, was com- 
puted with the reduction in cross-sectional area 
on drawing by the following equation: 

(1) 

with do and df as the initial and final sample 
diameters, respectively. The mechanical properties 
of  the extruded, cold drawn and annealed fila- 
ments were measured by the same method. The 
error bars on the curves indicate the extreme 
values obtained from no less than five specimens. 

2.3. Anneal ing 
Cold drawn samples were clamped with fixed ends 
in an air circulating oven to prevent shrinkage 
during the thermal treatment. The temperature 
was slowly raised (~  5 ~ C rain -1) to 150 ~ C, which 
was sufficiently high to melt the PE in the fibres 
without melting the PP. At this point the oven 
was turned off, opened and ventilated with a fan 
to quickly coot and recrystallize the PE. These 
samples will be referred to as recrystallized. 

2.4. Scanning electron microscopy (SEM)  
Melt extruded samples were prepared for SEM by 
notching perpendicular to the extrusion direction 
and then fracturing in air after 5 to lOnrin 

immersion in liquid nitrogen. The samples were 
examined at 25 kV accelerating voltage with a 
JEOL T-200 SEM after sputter coating with gold. 

2.5. X- ray  di f f ract ion 
Wide angle X-ray diffraction patterns were recorded 
on flat film in the transmission mode with the 
extrusion/draw direction perpendicular to the 
beam. CuKc~ radiation was used with a sample to 
film distance of  5.0 cm. 

3. Results and discussion 
Fig. 1 indicates the change in tensile modulus, E, 
and yield stress, oy, as a function of  composition 
for the extruded samples. The dotted line is the 
rule of mixing behaviour for the modulus [12] 
while the solid line is a fit to the experimental 
data. While the sample to sample variation is large 
the results tend to fall slightly below this ideal 
limit. The yield stress increases gradually with PP 
content to that of pure PP. 

Mechanical properties of  HDPE-PP blends have 
been investigated by Noel and Carley [13], Nolley 
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Figure ] Tensile modulus  and yietd stress of  the extruded 
blends against composit ion.  
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Figure 2 Scanning electron micrograph of the 80% PP 
extruded sample fracture surface. Spherical HDPE 
domains ~ 0.1 to 0.25 gm in diameter are visible. 

et al. [14], Deanin and Sansone [15], Lovinger and 
Williams [6] and Greco et al. [7]. Greco et al. have 
compared and summarized these studies and point 
out that the behaviour with respect to composition 
varies greatly due to differences in the molecular 
weight and melt theology of the resins as well as 
the mixing procedure and crystallization con- 
ditions. They found that the tensile modulus 
obeyed the law of mixing while the yield stress 
showed a positive deviation at approximately 80% 
PP for their system. Lovinger and Williams [6], 
however, reported that the yield stress obeyed the 
law of mixing while the ultimate tensile strength 
and modulus exhibited a positive deviation from 
the law of mixing at 75 to 80% PP. 

Scanning electron microscopy (SEM) was 
applied tO determine the domain size in each blend 
composition. Fig. 2 is the brittle fracture surface 
of the 80% PP sample magnified to show the 
spherical PE domains which range in diameter 
from ~ 0.1 to 0.25/am. Fig. 3 is from a region of 
brittle fracture in the 20% PP sample. Both holes 
from which PP domains detached and those which 
remained attached to the fracture surface are 
visible in the figure, as indicated by arrows. The 
domain size is on the order of ~ 0.2/am. Fracture 
surfaces of 50/50 composition were very difficult 
to interpret since the fracture was fairly ductile. 
The small domains produced and their uniform 
dispersion at 20% PP and 80% PP suggest good 
mixing over the entire composition range that 
should result in a uniform dispersion of fibrillar PE 
and PP after deformation. This domain size is 
approximately an order of magnitude better than 
that achieved by Lovinger and Williams [6] who 
subjected their blends to 15 min of mixing on a 
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Figure 3 Scanning electron micrograph of the 20% PP 
extruded sample fracture surface. Holes and sphere 
~ 0.2~m in diameter indicate the dispersion of PP in the 
HDPE matrix. 

two roll mill at 200 ~ C. They reported PE domains 
2 to 10/am in diameter in 50/50 blends and 1 to 
2/am PE domains at 80% PP. 

A qualitative description of the crystalline 
orientation changes in each step of the deformation 
and annealing process was obtained by X-ray dif- 
fraction. Figs. 4a, b and c are the flat film X-ray 
patterns of the extruded, cold drawn and recrys- 
tallized samples, respectively, of 50% PP com- 
position. This sample illustrates the trend observed 
over the entire composition range. The extruded 
samples have almost isotropic scattering (con- 
tinuous rings) for both PE and PP as indicated by 
the 1 1 0, 0 4 0  and 12 1 PP reflections and 1 1 0 
PE reflection. Highly anisotropic scattering 
patterns typical of fibrous PE and PP [16, t7] are 
found after cold drawing. After recrystallization 
the PP reflections are sharp arcs, indicating the PP 
crystallites have maintained the orientation present 
in the cold drawn state. The arcing of 1 1 0 PE 
reflections, however, has increased considerably 
due to the melting of the oriented PE crystallites. 

The tensile testing procedure for the extruded 
samples produced cold drawn filaments. The 
natural draw ratio, X, of these varied with sample 
composition, as shown in Fig. 5. X is barely 
affected by the minor component, remaining close 
to 8 for PE rich blends against 5.5 for PP rich 
blends. Only the 50/50 composition had an inter- 
mediate value. 

The ultimate tensile strength, cry, and tensile 
modulus, E, of the cold drawn filaments are 
plotted in Fig. 6 as a function of composition. The 
values of both cr~ and E are nearly identical for the 
pure PE and PP but vary considerably at inter- 



Figure 4 Flat film X-ray diffraction patterns show changes 
in the crystalline orientation of PP and HDPE in each step 
of the sample preparation process for 50% PP composition: 
(a) extruded, (b) cold drawn and (c) annealed sample. 
The extrusion and drawing directions are vertical. 

The strain at failure, el, of  the cold drawn 
samples against composit ion is shown in Fig. 7. An 

almost linear fit is observed between the low value 
pure PE and the higher strain of pure PP except 
for the 65% PP sample which exceeds the strain 
at failure of even the pure PP significantly. While 
these results cannot be explained a similar t rend in 
the elongation to break was observed by Greco 
etal .  [7] at 60 to 80% PP. 

10- 
! 

mediate values. Both o~ and E decrease with the 
addition of  less than 50% PP to PE but  then ,< 8 
increase for greater than 50% PP compositions. 
It is impossible to rationalize these data since 
modulus and strength are a strong function of  X O 6 
[8, 9], which varies with overall composit ion (as U- 
shown in Fig. 5), and may be different for each ~< 
phase. 4 

Results from a similar system have been reported ~< rr 
by Greco et  al. [7] in a study of  P E - P P  blends, ca 
drawn at 60 ~ C. They found that deformation at 2 
room temperature resulted in failure at low strains 
such that cold drawn samples could not  be pro- Ni 
duced. They reported a modulus of  12 GPa for v0 
pure drawn PE with the modulus of  the drawn 
blends and pure PP between 3.0 and 6.5 GPa. In 
addition, the tensile strength and elongation at 
break seemed to be independent of  composit ion.  
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Figure 5 Natural draw ratio which occurred on cold 
drawing the extruded sample as a function of com- 
position. 
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Figure 6 The ultimate tensile strength, of, and tensile 
modulus, E, of the sample as a function of composition. 
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Figure 7 The strain at failure, el, of the cold drawn fibres 
against composition. 
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Figure 8 Tensile modulus of the recrystallized samples 
against composition. The dotted line is the rule of mixing 
behaviour for equivalent PP fibres in a melt crystallized 
HDPE matrix. 

The tensile modulus of the recrystallized 
samples as a function of composition is shown in 
Fig. 8. The modulus of the 100% PE sample is 
assumed to be equal to that of the extruded sample 
since it and the PE phase in the recrystallized 
samples are melt crystallized. The dotted line in 
the figure is the rule of mixing [12] behaviour: 

E :- E fVf  -I-Era(1 - - V f )  (2)  

where E is the tensile modulus of the composite, 
Ef is the modulus of recrystatlized 100% PP 
(3.95 GPa), Em is the modulus of the extruded PE 
(1.l GPa) and Vf is the volume fraction of PP, 
which is present as a fibrous phase. The rule of 
mixing is applicable for continuous fibres expected 
for PP compositions greater than 50% (since the 
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Figure 9 Ultimate tensile strength of the recrystallized 
samples against composition. The solid line is the theor- 
etical value for continuous fibres in the ductile HDPE 
matrix. 

PP phase is continuous in the extruded material it 
should remain continuous after deformation) as 
well as high aspect ratio non-continuous fibres 
[18]. The good fit of  the ideal behaviour justified 
the assumption of  the E m value and suggests that 
the PP fibres are either continuous or greater than 
the critical aspect ratio at all compositions. 

The ultimate tensile strength of  the recrystallized 
samples was also determined and compared with 
behaviour predicted by composite theory. These 
results are shown in Fig. 9. No value is assigned to 
100% PE composition since its failure would 
involve yielding, cold drawing of  PE and then the 
failure of the cold drawn fibres. The solid line in 
the figure is the theoretical value for a continuous 
fibre reinforced composite with a ductile matrix 
[19]. 
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Figure 10 The strain at failure of the recrystallized 
samples plotted against composition. The solid line is a 
smooth fit to the experimental data. 

of = a~re V~ 4- (urn)el(1 --  Vf) (3) 

where of is the ultimate strength of  the composite, 
afiure is the ultimate strength of  the 100% PP 
sample after annealing (400 MPa) and (am)el is the 
stress in the pure matrix at the strain at failure of  
the fibre (el, 55%). (ore)el was determined to be 
25MPa from the stress-strain curve of  the 
extruded pure PE sample. This excellent corre- 
spondence of  the results with theory demonstrates 
that a fibrous composite has been created by this 
process. 

The strain at failure, el, of  the annealed samples 
as a function of  composition is shown in Fig. 10 
with the solid line fit to the experimental data. 
The trend of decreasing elongation with increasing 
PP fibre volume fraction is evident. The strain of 
failure of  the 80% PP composition is lower than 
that of  the pure PP sample. The decrease in 
elongation with increasing fibre volume fraction 
is expected for ductile fibres in a ductile matrix 
[20]. The greater ductility of  the pure PP fibres 
probably reflects the lower concentration of  
defects in a homogeneous fibrous material rather 
than the fibre-fibre composite formed via plastic 
deformation of the HDPE matrix. The strain at 
failure of  the recrystallized samples is greater than 
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that of the cold drawn samples except at 65 to 

80% PP composition. This can be seen by com- 
paring Figs. 7 and 10. 

4. Conclusions 
The reinforcement of HDPE with fibrous PP has 
been achieved via blending, followed by cold 

drawing and annealing. Melt blending produced a 

dispersion of 100 to 250 nm diameter domains of 

the minor component.  Cold drawing of this struc- 
ture then resulted in the formation of two fibrous 
phases with an increase in tensile modulus. 

Annealing the cold drawn samples at fixed 

length at 150~ followed by cooling resulted in 

the melting and recrystaltization of HDPE. This 

caused a reduction in the crystalline orientation of 

the HDPE phase and a loss of its fibrous proper- 
ties, resulting in an HDPE matrix reinforced with 

drawn-annealed PP fibres. The modulus and 

ultimate tensile strength of these filaments agreed 
with continuous fibre composite theory. 

The results demonstrate a unique method of 

obtaining fibre composite properties from polymer 

blends. Further investigations of transverse, tear 
and impact properties are warranted for this and 

similar systems to define unique polymer-polymer  

composite properties. 
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