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The microhardness H of PE=PP=PA blends prepared by one-Step and two-step
mixing processes was determined. The microhardness of the blends was markedly
affected by the composition. Results reveal that the presence of compatibilizers
induces a remarkable decrease in the H of the blends. It is shown that the large
deviation of H from the additivity law of the single components is mainly due to the
depression of the crystal hardness values of polymer crystals. However, the
decrease in crystallinity of the individual components in each blend also has to be
considered. Comparison of experimental and calculated H data and analysis of
DSC results in all the blends suggest that the surface free energy of the crystals
increases as a consequence of the blending process. Results are discussed in light
of the changes occurring in the defective boundary surface of the crystals. Finally,
a linear relationship between the hardness H and the yield stress sy, as well as
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between H and the Young’s modulus E, are found. The deviation of the H=sy and
the H=E ratios from the theoretical predictions are discussed in the light of the
strain rate used and the compatibilizer effects on the blend structural properties.

Keywords: binary and ternary blends, polyethylene, polypropylene, polyamide,
compatibilizer, blend composition, processing conditions, crystallinity, microhardness,
tensile properties

1. INTRODUCTION

Blending of two or more thermoplastic polymers is a convenient way to
upgrade the properties of a given polymer and to achieve totally new
and unique property combinations. Most thermoplastic polymers are
immiscible and poorly compatible with each other, and, in most cases,
another component (compatibilizer) is needed to resolve this problem.
The most common compatibilizers are block and graft copolymers,
which are presumed to locate at the blend interface (1). They reduce
the interfacial tension, increasing the adhesion between the separate
phases, promoting the dispersivity, and controlling the particle size of
the dispersed phase.

The role of thermoplastic rubber as compatibilizer in poly-
olefin=polyamide blends has been the subject of many reviews and
publications (2-6), but few of them deal with their application in
ternary systems (7, 8). The SEBS (Styrene-Ethylene=Butylene-Styrene)
type block copolymers, consisting of styrene end blocks and ethy-
lene=butylene midblocks, are thermoplastic elastomers exhibiting phy-
sical properties typical for rubbers but melt processability similar to
conventional thermoplastics. These properties arise from the fact that
styrene is thermodynamically incompatible with the elastomeric
midblock, and therefore micro-phase separation of the material occurs.
The hard polystyrene micro-domains act as physical crosslinks
between the elastomeric sequences providing high strength; on the
other hand, soft midblocks elasticity (similar to conventional vulca-
nized rubber) is achieved. It has been reported that the use of maleic
anhydride grafted SEBS (SEBS-g-MAH) as a compatibilizer improves
the physical properties, and a much finer dispersion of the minor
phase in the matrix can be achieved (9, 10). The chemical compatibi-
lization reaction affecting the graft copolymer formation is expected to
take place between the anhydride or carboxyl groups of the functio-
nalized SEBS and the amine end groups of the polyamide.

Microhardness has proven to be a very useful technique for the
microstructural investigation of glassy and semicrystalline polymers,
copolymers, and polymeric blends of known composition, providing a
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bridge between their macroscopic mechanical properties (modulus,
yield strength) and their microstructural characteristics (such as
crystal size, crystallinity, etc.) (11-19).

Binary blends of thermoplastics (polyamide PA, polypropylene PP,
polyethylene PE) have been the subject of several studies due to the
commercial interest of these materials. Thus, PA=PP (2-6) as well as
PP=PE (20, 21) and PE=PA (7, 8) are found to result in interesting
engineering materials. The present work deals with the study of the
microhardness and the thermal behavior of binary and ternary blends
of PE, PP and PA prepared via reactive blending process (twin-screw
extrusion) at different compositions. Ternary blends are of special
interest, since they are expected to give tough and high-impact
resistant materials as their respective binary blends.

The aim of this paper is twofold: 1) to examine the influence of the
preparation method and the presence of compatibilizers upon the
microstructure (crystallinity) and mechanical and micromechanical
(microhardness) properties of the blends, 2) to study the correlation
between the microhardness and the mechanical properties, namely
yield stress and Young’s modulus.

2. EXPERIMENTAL

2.1. Materials

High density polyethylene (HDPE) LUPOLEN 6031M from BASF,
polypropylene (PP) VESTOLEN P5000 from Chemische Werke Hüls,
and the polyamide 66 (PA66) DURETANE A30 from BAYER were used
in this study.

The compatibilizers used were SEBS: KRATON G1652 and SEBS-
g-MAH: KRATON FGX1901X from Shell.

Preparation of Blends
Blends of dried PA and preblends of PE=PP were prepared by melt

mixing using a HAAKE co-rotating twin screw extruder. The screw
speed was 140 rpm and, except for the feed zone, the barrel setting
temperature was 270

�
C for blends containing polyamide and 230

�
C for

polyolefin blends. The residence time was about 2 min. The hot
extrudates were immediately quenched in water and pelletized. The
polyamide as well as the blends containing polyamide were dried at
65

�
C for a period of 24 hours to remove the absorbed water.
In order to study the effect of processing and that of the compati-

bilizer on the properties of the PP=PE=PA blends, the PA was mixed
with PE and PP in two different ways:
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-One step mixing: Preparation of PP=PE=PA blends with and
without compatibilizers by introducing all components into the
extruder.

-Two step mixing: 1) Preparation of the extruded polyolefin blends
(1st mixing step). 2) Blending the SEBS-g-MAH compatibilizer and
the PA in different compositions with the extrudates of the step 1 (2nd
mixing step).

Blend Compositions
The blend compositions are presented in Table 1. We have used the

following symbols to indicate particular compositions:

TABLE 1 Blend Compositions and Compatibilizers Used

Blend number
First mixing step

Composition
PP=PE=PA

Compatibilizer type
(wt%)

1 50=50=0 —
2 50=50=0 10% N2
3 50=0=50 —
4 50=0=50 15% N1
5 0=50=50 —
6 0=50=50 15% N1
7 100=0=0 —
8 0=100=0 —
9 0=0=100 —

10 33=33=33 —
11 33=33=33 15% N1
12 33=33=33 15% N2
13 33=33=33 15% N1+10% N2

Second mixing step Composition
b=PA

Compatibilizer type
(wt%)

14 90=10 15% N1
15 80=20 15% N1
16 60=40 15% N1
17 50=50 15% N1
18 40=60 15% N1
19 20=80 15% N1
20 10=90 15% N1
21 66=33 —

Composition
a=PA

22 66=33 —
23 66=33 15% N1

942 R. Krache et al.
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N1 ¼ SEBS-g-MAH.
N2 ¼ SEBS.
a ¼ PP=HDPE (50=50) (1st mixing step).
b ¼ PP=HDPE (50=50)þN2(10%) (1st mixing step).

Ternary blends were prepared by mixing PE, PP, and PA. Samples
10, 11, 12 and 13 were prepared using a single mixing step. Samples
22 and 23 were prepared using two mixing steps (see Table 1 for
numeration). These blends have identical composition (with PE, PP
and PA in equal amounts) but differ in the content and type of com-
patibilizer.

Processing
Samples for mechanical testing were prepared in the form of

100�mm�long tensile bars (cross section of 6� 4 mm) using an
ARBURG 270S injection molding machine. The melt temperature and
mold temperature were 270

�
C and 70

�
C, respectively, for the poly-

amide and the blends containing polyamide, and 250
�
C and 60

�
C for

the polyolefins and their blends. All samples were dried for 20 h at
65

�
C, and preserved in a desiccator until the mechanical measure-

ments were made.

2.2. Techniques

Tensile tests were made using ADAMEL-LHOMARGY DY-25 equip-
ment at 23

�
C, according to i.f.w. A0120.01-3, at a crosshead speed of

50 mm=min. A minimum of seven samples was tested in each case and
the deviation of the data from the mean was less than 5%. Tensile
properties (modulus, yield point) were evaluated from the stress-strain
data.

Microhardness (H) was measured at room temperature using a
Leitz tester equipped with a square-based diamond indenter. (See
reference (22) for details). The H-value was derived from the residual
projected area of indentation according to: H ¼ kP=d2, where d is the
length of the impression diagonal in meters, P is the contact load
applied in N, and k is a geometrical factor equal to 1.854. A loading
cycle of 0.1 min and loads of 0.5 and 1N were used. 8�10 indentations
were made on each sample, and results were averaged. Microhardness
measurements were done in the outer surface of the non�oriented
part of each dumb-bell shaped sample.

Thermal analysis was performed using a Perkin Elmer differential
scanning calorimeter DSC-4. The typical sample weight was 5�10 mg,
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and the heating rate 20
�
C=min. The range of temperature was

40�320
�
C. All the scans were performed in a N2 atmosphere.

The degree of crystallinity a was derived from the melting enthalpy
data obtained by DSC using the following formula: a ¼ DHm=DHm

1,
where DHm and DHm

1 are the experimental melting enthalpy and the
melting enthalpy for an infinitely long crystal, respectively.

3. RESULTS

3.1. Crystallinity

All the samples included in this study show DSC traces in which the
melting peak of every component can be clearly distinguished. Figure 1
shows the DSC scans for all the blends of the b-PA series. The con-

FIGURE 1 DSC traces for the blends of the b-PA series. Blend composition is
indicated on each thermogram.
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stancy of the position of the melting peaks (near 135
�
C, 162

�
C, and

260
�
C for PE, PP, and PA, respectively) with composition suggests that

the crystal thickness of the three components remains nearly
unchanged.

Crystallinity values, a, for every component were derived from the
DSC data. From the literature (23), we have taken the values DHm

1

(PE) ¼ 70.3 cal=g, DHm
1 (PP) ¼ 49.6 cal=g, and DHm

1 (PA66) ¼
61.3 cal=g. The crystallinity values of every component in all the
blends are presented in Table 2. Figure 2 shows the slight decrease of
the total crystallinity of the b-PA blends as a function of the increasing
PA content.

TABLE 2 Degree of Crystallinity a for the Individual Components of the
Blends Investigated

Blend number
First mixing
step

Composition
PP=PE=PA

Compatibilizer
type

(wt%) aPP aPE aPA

1 50=50=0 — 0.36 0.59 —
2 50=50=0 10% N2 0.35 0.60 —
3 50=0=50 — 0.46 — 0.32
4 50=0=50 15% N1 0.45 — 0.27
5 0=50=50 — — 0.79 0.27
6 0=50=50 15% N1 — 0.71 0.29
7 100=0=0 — 0.35 — —
8 0=100=0 — — 0.69 —
9 0=0=100 — — — 0.29

10 33=33=33 — 0.33 0.65 0.26
11 33=33=33 15% N1 0.31 0.60 0.23
12 33=33=33 15% N2 0.36 0.71 0.27
13 33=33=33 15% N1þ10% N2 0.40 0.76 0.28

Second mixing
step

Composition
b=PA

Compatibilizer
type (wt%)

14 90=10 15% N1 0.35 0.66 0.30
15 80=20 15% N1 0.37 0.66 0.28
16 60=40 15% N1 0.36 0.64 0.25
17 50=50 15% N1 0.36 0.70 0.24
18 40=60 15% N1 0.34 0.62 0.29
19 20=80 15% N1 0.47 0.92 0.35
20 10=90 15% N1 0.34 0.69 0.27
21 66=33 — 0.35 0.66 0.33

Composition
a=PA

22 66=33 — 0.35 0.67 0.33
23 66=33 15% N1 0.34 0.65 0.28
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3.2.1. Microhardness of Binary Blends
Table 3 includes the experimental and calculated microhardness

values, applying the hardness additivity law: H ¼ SiHiFi (22) to the
binary blends. In this expression, Fi is the weight fraction of each
component, and Hi its respective hardness value. From inspection of
this table, it can be clearly seen that only binary blends 1, 2 and 5
behave according to the hardness additivity law. In case of samples 3,
4 and 6, the experimental values are much lower than the calculated
ones. In all cases, the presence of a compatibilizer results in hardness
values that are notably lower than those corresponding to the blends
without additives (see Figures 3�5).

FIGURE 2 Total degree of crystallinity a (from DSC) of the b-PA blends as a
function of the PA content.
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3.2.2. Microhardness of ternary blends
Table 3 also includes the experimental and calculated hardness

values for the PE, PP and PA blends with the same composition
(samples 10, 11, 12, 13, prepared using one�step mixing, and samples
22 and 23, prepared using two�steps mixing). It can be seen that only
samples 10 and 22 follow the additivity law. Again the presence of a
compatibilizer, particularly that of N1, strongly depresses the H-value.
Table 3 additionally shows that there is not a great influence of the
preparation method on the H-values of the blends without additives
(compare the H-values for the samples 10, one-step method, and 22,
two-step method). However, in case of the blends prepared with
additives, the two-step process seems to provide materials with
improved mechanical properties. For instance, sample 23 (two-step
blending) shows a higher H-value than sample 11 (one-step blending),
both samples having the same composition.

TABLE 3 Comparison between the Experimental Microhardness Values,
Those Calculated from the Additivity Law, and H Values Calculated Taking
into Account the Contribution of a

Blend number
First mixing
step

Composition
PP=PE=PA

Compatibili-
zer type
(wt%)

Calculated
Microhard-

ness
(additivity

law) (MPa)

H values
from
Eq. 2

Experi-
mental
micro-

hardness
(MPa)

1 50=50=0 — 74 — 74
2 50=50=0 10% N2 67 — 61
3 50=0=50 — 133 147 113
4 50=0=50 15% N1 113 116 78
5 0=50=50 — 122 — 119
6 0=50=50 15% N1 103 103 79
7 100=0=0 — — — 85
8 0=100=0 — — — 63
9 0=0=100 — — — 180

10 33=33=33 — 108 — 102
11 33=33=33 15% N1 93 83 49
12 33=33=33 15% N2 93 91 62
13 33=33=33 15% N1þ10%

N2
82 85 67

Blend number
Second mixing
step

Composition
a=PA

22 66=33 — 108 — 106
23 66=33 15% N1 93 91 72

Micromechanics of Polymer Blends 947
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We have centered our interest especially on the samples prepared
by the two-step method, using the constant b (PP=PE 50=50þ 10% N2)
composition and the PA component in different proportions, plus 15%
of N1. The hardness variation of these blends as a function of poly-
amide content is illustrated in Figure 6. Here, it is clearly seen that all
the experimental H-values are lower than those predicted by the
additivity law (straight line 1).

3.3. Tensile Properties

Table 4 shows the experimental Young’s modulus E, the yield stress sy
and the H-values for the investigated blends. It is noteworthy that
blend no. 19 (20=18 b-PA composition) presents a peculiar behavior: it
shows the highest values for a, E, sy and H among the different ternary
blends investigated in this work.

FIGURE 3 Hardness of PE=PP blends. Influence of the compatibilizer (N2).
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It is of interest to study the correlation between H, sy, and E.
Figure 7 shows the relationship between hardness and yield stress for
all the blends, without and with compatibilizer. The regression line
follows: H ¼ 1:8288sy. As is well known, according to Tabor (24), the
relationship between microhardness and yield stress is H=sy � 3.
Figure 8 shows the plot of H as a function of the Young’s modulus, E.
In this case, the equation relating E and H is: H ¼ E=16.5. In a recent
study (25), PE samples with different molecular weight and thermal
history (compression molded, annealed at atmospheric pressure, chain
extended and melt-crystallized samples) were found to follow the
H�E=10 relationship. On the other hand, the blends investigated in
the present study obey Struik’s predictions (26). Struik’s model relates
the yield stress to the Young’s modulus, in tension, according to the
expression sy � E=30. This relationship has been shown to apply for
amorphous and semicrystalline homopolymers (26).

FIGURE 4 Hardness of PP=PA blends. Influence of the compatibilizer (N1).
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4. DISCUSSION

The obtained results show that only samples 1, 2, 5, 10 and 22 follow
the additivity law. To explain the behavior of the rest of samples, we
assume the two phase model for the hardness of a semicrystalline
polymer:

H ¼ HcaþHað1 � aÞ ½1�

where Hc and Ha are the intrinsic hardness values for the crystalline
and amorphous phases, respectively, and a is the volume fraction of
the crystalline material. By combination of the additivity law and
equation [1], we are led to the expression:

H ¼ HPE
c aPE þHPE

a 1� aPE
� �� �

FPE þ HPP
c aPP þHPP

a 1� aPP
� �� �

FPP

þ HPA
c aþHPA

a 1� aPA
� �� �

FPA ½2�

FIGURE 5 Hardness of PE=PA blends. Influence of the compatibilizer (N1).
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which describes the microhardness of the binary or ternary blends in
terms of the hardness values of the independent crystalline and
amorphous components. In the case of PE, as HPE

a �< HPE
c , we can

approximate HPE ffi HPE
c a. For PP we assume a value of HPP

a ¼ 30 MPa
(27). Taking into account the recently found relationship between H
and the glass transition temperature (Tg) in amorphous polymers (28),
we can attempt to derive the hardness for the amorphous phase of the
PA66 from its Tg value. Thus, if we let TPA

g ¼ 50�C (23), we obtain for
HPA

a ffi 65 MPa. We have calculated HPE
c ¼ 91 MPa, HPP

c ¼ 187 MPa
and HPA

c ¼ 463 MPa for the three homopolymers from their experi-
mental H values using eq. [1]. By substituting aPE, aPP, aPA in eq. [2] for
their experimental crystallinity values (see Table 2), the calculated H
values for every composition can be obtained.

FIGURE 6 Hardness variation in b-PA blends as a function of PA content. �:
experimental values, straight dotted line 1: additivity law, dotted line 2:
H-values calculated from Eq. (2) using, aPE, aPP and aPA data (Table 2) for each
blend.
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In Figure 6, the H values calculated using eq. [2] for the different b-PA
compositions are indicated by the dotted line 2. From inspection of this
figure, it can be seen that the experimental values are even lower than
those calculated taken into account the a values of every component
for each blend. The same is true for the blends 3, 4, 6, 11, 12, 13 and 23,
not shown in Figure 6 (see Table 3).

The very lowH values obtained for all the above�mentioned samples
could be explained as follows: it is known that the expression that relates
the crystalline hardness Hc of a material of crystal thickness lc to the
corresponding H1

c value for an infinitely thick crystal is given by (29):

TABLE 4 Young’s Modulus, E, Yield Stress sy and Microhardness H for All the
Blends Investigated

Blend number
First mixing
step

Composition
PP=PE=PA

Compatibilizer
type

(wt%)
E (MPa)

107 3 sy(Mpa) H(MPa)

1 50=50=0 — 1.65 40.12 74
2 50=50=0 10% N2 1.48 33.56 61
3 50=0=50 — 1.83 56.4 113
4 50=0=50 15% N1 0.414 61 78
5 0=50=50 — 2.25 58.6 119
6 0=50=50 15% N1 0.899 35 79
7 100=0=0 — 1.802 40.22 85
8 0=100=0 — 1.518 31.3 63
9 0=0=100 — 2.71 99.62 180

10 33=33=33 — 1.81 62.5 102
11 33=33=33 15% N1 0.18 30.87 48
12 33=33=33 15% N2 1.63 51.8 62
13 33=33=33 15% N1þ10% N2 0.374 32.75 67

Second mixing
step

Composition
b=PA

Compatibilizer
type (wt%)

14 90=10 15% N1 0.837 27 50
15 80=20 15% N1 0.324 24.3 43
16 60=40 15% N1 0.691 26 60
17 50=50 15% N1 0.363 32.25 60
18 40=60 15% N1 1.04 40.9 67
19 20=80 15% N1 2.08 83.6 137
20 10=90 15% N1 1.59 61 143
21 66=33 — 1.12 48.5 93

Second mixing
step

Composition
a=PA

22 66=33 — 1.81 44 106
23 66=33 15% N1 0.449 33.58 72
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Hc ¼ H1
c = 1 þ b=lcð Þ ½3�

The b-parameter is here defined as b ¼ 2se=Dh, se being the free
surface energy, and Dh the energy required for the plastic deformation
of the crystals. The b-value can be influenced by the degree of order at
the crystal surface (22). Hence, the blending of the samples, and also
the presence of one or two compatibilizers, could well affect the
b-value. Compatibilizers are amorphous materials, with flexible chains.
These are also branched to some extent. As a consequence of these
factors (the influence of blending and the use of compatibilizers), the
surface of the crystals within the blends probably becomes more dis-
ordered. This could lead to a se increase for each polymer system with
reference to the surface free energy of the homopolymers. As a con-
sequence, the b-parameter would also increase in the polymer crystal

FIGURE 7 Plot of hardness vs. yield stress for the blends investigated. ˆ:
samples without compatibilizer, �: samples with compatibilizer.
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of the three components, giving rise to a Hc decrease which, therefore,
contributes to an overall lower H-value.

The obtained results show that the linear relationship found
between H and the yield stress sy (see Figure 7) applies reasonably
well to the blends studied with a widely varying composition range.
The mean value of the H=sy ratio obtained is about 1.8, i.e., lower
than the value predicted by Tabor’s relation (24). This is due to the fact
that the yield stress is strain-rate dependent (31). It is known that
Tabor’s relation is only obeyed when the strain rate used is similar to
that employed in the hardness test (31). In the blends studied in
the present work, the crosshead speed used in the determination of
the tensile properties was 5 cm min7 1 , that is much higher than the
penetration rate of the indenter employed during the hardness
indentation tests (0.01-0.02 cm min7 1 ). Similar behavior is observed
with the relationship between H and Young’s modulus E (see Figure 8).

FIGURE 8 Plot of hardness vs. Young’s modulus for the blends investigated.
Symbols are as in Figure 7.
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The mean value of the H=E ratio obtained is about 0.066. The devia-
tion from the reported value of H=E � 0.10 obtained for PE samples
with different morphologies (25) could be due to the same reason, i.e.
the effect of strain rate in addition to the compatibilizer effects on the
blend structural properties: changes in the overall crystallinity, blend
components interactions, etc.

5. CONCLUSIONS

In most of the binary and ternary blends of PP, PE and PA, the crys-
tallinity of the components is affected by the blending process. How-
ever, the main effect of the blending process seems to lead to an
increase of disorder at the crystals surface, giving rise to hardness
values much lower than those calculated taking into account the
individual contributions of a. The presence of one or two compati-
bilizers contributes to magnify this hardness depression effect. Thus,
blends without additives show higher H-values than their counter-
parts with compatibilizers. A linear relationship between H and sy
following Tabor’s relation has been found to apply for the blends stu-
died in a wide varying range of compositions. Additionally, a rela-
tionship has been found, as well, between E and H in accordance to
Struik’s predictions (26).
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[28] Fakirov, S., Baltá Calleja, F. J. and Krumova, M. (1999). J. Polym. Sci., Phys., 37,

1413�1419.
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