
Thermal, Thermo-Mechanical, and Dynamic Mechanical
Properties of Polypropylene/Cycloolefin Copolymer Blends

Luca Fambri,1 Jan Kolarik,2 Alessandro Pegoretti,1 Amabile Penati1

1Department of Materials Engineering and Industrial Technologies, University of Trento, 38123 Trento, Italy
2Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 162 06 Prague 6, Czech Republic

Received 29 December 2010; accepted 24 February 2011
DOI 10.1002/app.34426
Published online 12 July 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Interaction of the components and physical
properties of the polypropylene (PP)/cycloolefin copoly-
mer (COC) blends were studied by means of differential
scanning calorimetry (DSC), dynamic mechanical thermal
analysis (DMTA), Vicat softening temperature (VST), and
measurements of the coefficient of linear thermal expan-
sion (CLTE) and of the density. The attention was focused
on the blends with 90–60% of PP by wt, where the COC
minority component was present in the form of short
fibers. DSC, DMTA, and density measurements concur-
rently prove the immiscibility of PP and COC. DSC meas-
urements reveal that crystallinity and melting temperature
of the PP component slightly decrease with the fraction of
COC in blends, in the range of 56–47% and 164–161�C,

respectively. Storage modulus and loss modulus of the
blends are in a good accord with the model predictions
based on (i) the equivalent box model (EBM) and on (ii)
modified equations of the percolation theory. The depend-
ence of the VST on the blend composition is in a good
correlation with the previous morphological analysis.
Measurements of the coefficient of thermal expansion pro-
vide useful data as the functions of temperature and blend
composition. Density of the blends was found to obey the
volume additivity. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 122: 3406–3414, 2011
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INTRODUCTION

Preparation of polymer blends is one of the most
cost-effective ways of the upgrading of existing poly-
mers. As potential applications of a polymer blend
are closely related to its physical properties, it is de-
sirable to study how these properties depend on the
blend phase structure (morphology). As generally
known, polypropylene (PP) shows relatively low
modulus, yield strength, and resistance to creep.
Thus, search for ‘‘upgrading’’ components, which
could easily be blended with PP, is still an interesting
issue. Amorphous ethylene–norbornene copoly-
mers—usually denoted as cycloolefin copolymers
(COCs)—synthesized with metallocene-based cata-
lysts rank among polymer materials with remarkable
properties, such as a relatively high glass transition
temperature (Tg), transparency (the length of ethylene
sequences is not sufficient for crystallization), heat re-
sistance, chemical resistance to common solvents, low
moisture uptake, high water barrier, good mechanical

properties, etc.1–3 Rising percentage of norbornene
accounts for the increase in yield or tensile strength
and decrease in strain at yielding or break (the phe-
nomenon of yielding is preserved up to about 40% of
norbornene in copolymers).4–6 Existing studies of me-
chanical properties of COC encompass dynamic me-
chanical thermal analysis (DMTA),7,8 stress–strain
measurements,4,6,7 flexural creep,6 micro-hardness,7

impact strength,9 creep,10 and tensile and impact
properties.11

Preparation of PP blends without compatibilizers
is viewed as rather difficult because the compatibil-
ity of PP with other polymers is limited.12 Because
of olefinic character,13,14 COC appears to be easily
dispersed in PP and other polyolefins. Particularly,
we were able to prepare the PP/COC heterogeneous
blends after processing the selected PP and COC
polymer without compatibilizers.15,16 Of available
COC products of TOPAS Advanced Polymers, we
used Topas 8007, i.e., the copolymer with the lowest
fraction of norbornene (about 30%), which displays
yielding and relatively high strain at break (10%).4

Our preliminary microscopy study of the phase
structure of the prepared PP/COC blends has
shown that injection molded samples with 10–40 wt
% of COC include short fibers of COC uniaxially ori-
ented in the direction of injection.15 In the 90/10,
80/20, and 70/30 blends, the PP matrix contained
fibers of COC, whose average diameter increased
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with COC fraction in the range 0.25–0.80 lm. In the
60/40 blend, COC component formed both fibers
(average diameter 2.6 lm) and larger elongated enti-
ties embedded in the PP matrix. The 50/50 blend
consisted of cocontinuous COC with PP components.
Microphotographs of fracture surfaces have revealed
that most COC fibers were partly pulled out from
the PP matrix, but some were broken, which eviden-
ces rather mediocre interface adhesion between PP
and COC. With regard to the micrographs15 and me-
chanical properties10,11 of the blends, the fiber aspect
ratio was estimated to exceed 20. Rheology of the
PP/COC blends was briefly described in our previ-
ous article.16 As the fibrous morphology of blends
prepared by a single-step technique is an interesting
phenomenon sometimes observed in oriented immis-
cible blends,17–24 these PP/COC blends appear to be
materials worth of more detailed and deeper studies.
The objective of this research is to estimate the
effects of the blend composition on thermal proper-
ties, density, dynamic mechanical and thermome-
chanical properties, and dilatation.

EXPERIMENTAL

Materials

Polypropylene Moplen C30G was a product of Lyon-
dell-Basell, Ferrara, Italy: melt flow index (MFI; 230�C,
2.16 kg) ¼ 5.76 0.1 dg/min; density: 0.90 g/cm3; crys-
tallinity: 45%. An amorphous COC produced under
the trade name Topas 8007 was a product of TOPAS

Advanced Polymers, Germany, consisting of 30% of
bicyclo(2.2.1)hept-2-ene (norbornene) units and 70%
of ethylene units4: MFI (230�C, 2.16 kg) ¼ 11.3 6 0.6
dg/min1; density: 1.0 g/cm3; Tg ¼ 80�C.

Blend preparation

A series of PP/COC blends was prepared with 5, 10,
15, 20, 25, 30, 40, 50, and 75 wt % of COC (Table I).
Polymers were mixed in a Banbury mixer (chamber
4.3 L; 164 rpm) at 190�C for 3.5 min. Produced pel-
lets were used for feeding a Negri-Bossi injection
molding machine. Two types of test pieces were pre-
pared: (1) American Society for Testing and Materi-
als (ASTM) D638 (length: 210 mm; thickness: 3.3
mm; gauge length: 80 mm; gauge width: 12.8 mm;
melt temperature: 242�C; injection pressure: 20 MPa;
mold temperature: 60�C) and (2) ISO 527 (170 mm; 4
mm; 80 mm; 10 mm; 230�C; 30 MPa; 50�C).

Morphology

Morphology of the selected PP/COC blends was
evidenced through Scanning Electron Microscopy
(SEM) images on cryofractured surfaces of pre-
notched ISO samples, taken by using a Cambridge
Stereoscan 200 at an acceleration voltage of about 15
kV, after gold sputtering metallization. The mutual
dispersion of each component and the interface at
correspondent composition 75/25 and 25/75 were
compared.

TABLE I
Glass Transition Temperature, Melting, and Crystallization Data of the PP/COC Blends as Function of Weight

Composition

PP/COCa

First heating Cooling Second heating

Tg1
i (�C) Tg2

i (�C)Tg2
b (�C) Tm1

c (�C) C1
d (%) Tc1

e (�C) C1
f (%) Tg2

b (�C) Tm1
c (�C) C1

d (%)

100/0 — 163.7 56.0 108.8 61.5 — 160.6 61.7 9.6 —
95/05 75.3 163.9 56.0 113.5 61.5 n.d.g 159.8 61.1 8.9 80.4
90/10 74.0 163.4 56.1 114.2 61.3 76.2 159.4 60.6 7.9 80.2
85/15 73.4 163.1 55.2 112.1 60.7 n.d.g 160.0 60.3 7.1 79.9
80/20 74.3 162.9 55.3 113.2 61.2 76.3 159.8 61.0 7.8 80.6
75/25 75.3 163.0 54.6 112.2 60.6 75.3 158.9 60.6 7.3 81.2
70/30 74.3 163.0 54.8 113.2 60.0 75.4 158.0 59.3 7.9 80.1
60/40 75.4 163.2 55.6 112.7 60.3 76.4 159.1 60.0 7.2 79.8
50/50 74.6 162.7 53.9 111.0 57.3 77.6 159.7 59.1 8.1 80.7
25/75 73.4 160.9 47.3 103.2h 54.1 76.4 159.9 54.3 8.1 80.7
0/100 74.5 — — — — 78.5 — — — 81.0

a Blend composition by wt %.
b Glass transition temperature of COC detected by DSC measured in the first or in the second heating scan.
c Melting temperature of PP component measured in the first or in the second heating scan.
d Normalized crystallinity of PP component measured in the first or in the second heating scan.
e Crystallization temperature of PP component in the cooling scan.
f Normalized crystallinity of PP component during the cooling scan.
g Not detectable.
h Shoulder peak at 108.5�C.
i Glass transition temperature of PP and COC measured at the maximum of loss modulus by DMTA.
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Differential scanning calorimetry

Mettler DSC 30 was used to perform two scans in
the interval from �50 to 200�C. The heating rate and
the cooling rate (between the scans) were 10�C/min.
Tests were run under the nitrogen atmosphere (flux:
100 mL/min). Test specimens (about 20 mg) were
cut from the central part of ASTM test pieces. The
measurements provided data on the glass transition
temperature Tg2 of the COC component (inflection
point corresponding to the glass transition tempera-
ture Tg1 of PP was rather unclear due to PP crystal-
linity), the melting temperature Tm1, and the melting
enthalpy DHmb of PP in blends. The crystallinity of
the PP component (Table I) is calculated as C1 ¼ 100
w1 DHmb/DHm1o, where w1 is the weight fraction of
PP in the blends and DHm1o ¼ 165 J/g is the melting
enthalpy of the crystalline phase of PP.25

Density measurements

Density measurements were carried out according to
the method of double weighing following the ASTM
D792-08 standard, where ethanol (99.8%) was used
as a reference liquid at 22�C. Three test coupons

(about 0.7 g) of each blend were cut from central
part of the ASTM specimens.

Dynamic mechanical thermal analysis

Measurements were performed by using a DMTA
Mk II (Polymer Laboratories Ltd., Loughborough,
UK). The storage E0 and loss E00 moduli were meas-
ured in the single cantilever bending mode at fre-
quency 1 Hz in the range �100 to 150�C (test pieces
12 mm � 12.8 mm � 3.3 mm were cut of the ASTM
specimens; heating rate 3�C/min; dynamic displace-
ment 0.064 mm). The glass transition temperature of
the PP or COC component was identified with the
position of the maximum of the respective loss mod-
ulus peak on temperature scale.
The coefficient of (linear) thermal expansion

(CLTE) was evaluated by means of the DMTA ten-
sile measurements (specimens 18 mm � 10 mm �
4.0 mm were prepared from the ISO pieces; static
stress: 0.025 MPa; dynamic displacement: 0.032 mm;
heating rate: 3�C/min; temperature range: �40 to
70�C). CLTE ¼ (DL/L0)/DT was calculated for four
different temperature intervals DT by using the ini-
tial specimen length L0 and the length variation DL
over the selected interval DT.

Vicat softening temperature

The Vicat softening temperature (VST) was meas-
ured according to ASTM D1525-09 with a load of
10N and a heating rate of 120�C/h by using an
HDT-Vicat apparatus model MP3 (product of ATS-
FAAR, Vignate, Italy). The dimensions of test speci-
mens prepared from the ASTM pieces were 12 mm
� 12.8 mm � 3.3 mm. The reported VST is the aver-
age value of three measurements.

RESULTS AND DISCUSSION

Morphology

Structure and properties of a blend are predeter-
mined by its composition and respective properties
of the parent polymers. However, the properties of
the blend components may differ from the proper-
ties of the starting polymers due to their partial mis-
cibility and changes in their structure (e.g., crystal-
linity). Figure 1(a,b) compares the morphology of
the cross section of ISO blend specimens containing
the minor component at a weight fraction w ¼ 0.25,
i.e., with PP/COC composition of 75/25 and 25/75,
respectively. Figure 1(a) evidences good dispersion
of COC and the formation of microfibers (about 1
lm diameter) in the PP matrix, whereas Figure 1(b)
shows PP particles with diameter up to 2 lm dis-
persed in the COC matrix. Moreover, the presence

Figure 1 SEM micrographs of blends PP/COC ¼ 75/25
(a) and PP/COC ¼ 25/75 (b), containing PP at selected
weight fraction w1 ¼ 0.75 and w1 ¼ 0.25, respectively.
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of some COC fibers partially pulled out and corre-
sponding cavities in the PP matrix indicate a medio-
cre interfacial adhesion between the components in
75/25 PP/COC blend.

Differential scanning calorimetry

Thermograms given in Figure 2 for the 50/50 blend
show that amorphous COC displays an inflection
localizing its Tg2 at about 75�C, whereas Tg1 of PP
(expected at about 0�C) is difficult to identify owing
to PP crystallinity. Table I shows that Tg2 of COC is
not perceptibly affected by the fraction of PP in the
blends, which is documented by differential scan-
ning calorimetry (DSC; Tg ¼ 74�C) and DMTA (Tg ¼
80�C) measurements. On the other hand, PP exhibits
clear-cut melting and crystallization peaks (Fig. 1).
Table I indicates a tendency of the PP melting tem-
perature Tm1 to slightly decrease with rising fraction
of COC in the blends, especially at w1 � 0.5.

The crystallinity (Table I) of the PP component in
as-molded blends decreases proportionally to its
weight fraction from about 56% for the neat PP to
about 47% for the 25/75 blend. In the second heat-
ing scan, the PP crystallinity in the PP-rich blends
(w1 � 0.5) is almost constant (about 60%) and only
slightly lower than that of the neat PP (61.7%). The
values of DHmb registered in the second heating scan
are noticeably higher than those in the first scan,
which can be ascribed to lower cooling rate
(between the first and second heating run) in com-

parison with the cooling rate used in the injection
molding of test specimens (higher than 250�C/min).
The crystallization temperature Tc1 of PP in blends
registered in the cooling scan is by 2–5�C higher
than that of the neat PP, which might indicate a tiny
nucleating effect of COC analogous to that previ-
ously observed for the high-density polyethylene
(HDPE)/COC blends.26 The simultaneous drops in
the melting temperature, crystallization temperature,
and crystallinity for the 25/75 blend indicate that
the dominating amorphous COC component inhibits
the structural organization of the minority PP com-
ponent. In particular, the changing morphology of
PP dispersed in COC is manifested by an enlarge-
ment of the crystallization peak and by a decrease in
the crystallization temperature (from about 112 to
103�C). Moreover, a shoulder at 108�C evidences the
occurrence of the so-called fractionated crystalliza-
tion. This phenomenon reviewed by Frensch et al.27

was recently observed in heterogeneous blends with
majority amorphous component, such as polysty-
rene,28 polycarbonate,29 or COC,30 where minority
PP (up to about 30%) exhibited a delayed crystalliza-
tion at a larger undercooling owing to decreasing
particle size.
The melting enthalpy of PP in blends, DHmb, is not

linearly proportional to its weight fraction but is
somewhat lower (Fig. 3). Experimental data for

Figure 2 DSC thermogram of the PP/COC ¼ 50/50
blend. See data in Table I.

Figure 3 The melting enthalpy of the PP component in
the PP/COC blends. Experimental data: first heating scan
(�); second heating scan (n). Parameters of eq. (1) with
DHm2 ¼ 0: first heating scan (dashed line): P1 ¼ 0.13, DHm1

¼ 92.4 J/g; second heating scan (dotted line): P1 ¼ 0.15,
DHm1 ¼ 101.8 J/g; full lines: additivity.
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blends consisting of two crystalline polymers that
can be fitted by the following empirical equation
recently applied by the authors.31

DHmb ¼ Hm1 w1ð1� P1w2Þ þHm2 w2ð1� P2w1Þ (1)

where w1 and w2 are the weight fractions, DHm1 and
DHm2 are the melting enthalpies of the neat compo-
nents, and P1 or P2 are empirical parameters encom-
passing a negative effect of component 2 on the
crystallinity of component 1 and vice versa. As COC
does not crystallize, the term comprising DHm2

equals to zero for the PP/COC blends. The value of
P1 ¼ 0.13 was obtained for the first heating scan per-
formed with as-molded specimens characterized by
DHm1 ¼ 92.4 J/g for PP. It is worth noting that the
negative deviation of the polyolefin crystallinity was
previously observed by the authors also for the
HDPE/COC blends.26

On the contrary, a positive deviation from eq. (1)
has been recently reported for linear low-density
polyethylene (LLDPE)/COC blends obtained by
melt mixing and compression molding.32 The values
DHmb observed in the second heating scan deviate
more from a straight line, i.e., P1 ¼ 0.15 (DHm1 ¼
101.8 J/g), than those found for the first heating
scan. As the deviation of the data points from a lin-
ear dependence is higher for the blends after melting
and crystallization (the second DSC scan), it seems
that higher crystallinity of the PP component is
accompanied by augmentation of imperfections in
the crystalline phase.

Density

Experimental density of the blends exhibits a linear
dependence on the blend composition, as shown in

Table II. The volume fractions of COC (vCOC), crys-
talline phase of PP (vcPP), and amorphous phase of
PP (vaPP) in the blends were calculated from the
weight composition and melting data in Table I, and
the experimental density of COC (qCOC ¼ 1.0040 6
0.0002 g/cm3), the literature value of the crystalline
PP density (qcPP ¼ 0.943 g/cm3), and the amorphous
PP density (qaPP ¼ 0.854 g/cm3).33 Assuming the
volume additivity, the blend density qb can be calcu-
lated as a function of the blend composition accord-
ing to eq. (2):

qb ¼ vCOC qCOC þ vcPP qcPP þ vaPP qaPP (2)

It is well evident that the experimental densities of
the PP/COC injection molded samples are systemati-
cally higher than those calculated and reported in
Table II, which is probably caused by the orientation
effect in the processing and/or by a partial interac-
tion of amorphous phase at the interface.

Dynamic mechanic thermal analysis

Dynamic mechanical patterns (Fig. 4) of the PP/
COC blends display two prominent loss modulus
peaks at about 8 and 80�C, which correspond to the
glass transitions of PP and COC indicated at the fre-
quency of 1 Hz. Table I shows that the temperature
location of both loss peaks is independent of the
blend composition. Thus, DSC and DMTA concur-
rently confirm that there is no miscibility of PP and
COC, because otherwise Tg1 and Tg2 should increase
and decrease, respectively. Loss modulus dependen-
ces show regular changes with increasing fraction of
COC in blends, whereas the peak at 80�C grows, the
peak at 8�C is proportionally reduced. Moreover,
loss modulus curves of the blends intersect around

TABLE II
Volume Fraction, Experimental, and Calculated Density of the PP/COC Blends as Function of Weight Composition

Volume fractionb

PP/COCa vCOC vcPP vaPP qPP/COC experimental data (g/cm3) qPP/COC calculated values (g/cm3)c

100/0 0.000 0.535 0.465 0.9045 6 0.0003 0.9017
95/05 0.045 0.511 0.444 0.9092 6 0.0004 0.9063
90/10 0.091 0.488 0.421 0.9128 6 0.0005 0.9110
85/15 0.137 0.455 0.408 0.9181 6 0.0004 0.9150
80/20 0.183 0.432 0.385 0.9223 6 0.0002 0.9199
75/25 0.230 0.401 0.369 0.9277 6 0.0009 0.9242
70/30 0.278 0.378 0.344 0.9319 6 0.0003 0.9293
60/40 0.374 0.332 0.293 0.9412 6 0.0002 0.9397
50/50 0.473 0.271 0.256 0.9513 6 0.0007 0.9490
25/75 0.728 0.122 0.150 0.9759 6 0.0004 0.9740
0/100 1.000 0.000 0.000 1.0040 6 0.0002 1.0040

a Blend composition by wt %.
b Volume fraction of COC, crystalline PP, and amorphous PP in the blends, evaluated from composition and experi-

mental crystallinity, considering 1.004, 0.943, and 0.854 g/cm3 the density of COC, and crystalline and amorphous PP.
c Calculated density of PP/COC injection moulded samples.
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68�C; these patterns are believed to indicate the
inverse proportionality of the relaxation processes
present below and above its temperature.34

Modeling of DMTA results

To confront experimental data at selected tempera-
tures with the model predictions, we will use a pre-
dictive format based on a combination of an equiva-
lent box model (EBM) and modified equations of the
percolation theory used for the evaluation of phase
continuity.35–38 The EBM for binary blends in Figure
5 operates with partly parallel (subscript p) and
partly series (subscript s) couplings of components.
The EBM is a two-parameter model as of four vol-
ume fractions vij only two are independent; its vol-
ume fractions are interrelated as follows:

vp ¼ v1p þ v2p; vs

¼ v1s þ v2s; ðv1 ¼ v1p þ v1s; v2 ¼ v2p þ v2sÞ v1 þ v2

¼ vp þ vs ¼ 1 ð3Þ

Equations for storage and loss moduli of binary
blends were derived in previous articles26,31:

E0
b ¼ E0

1v1p þ E0
2v2p þ v2sN

0=D (4a)

E00
b ¼ E00

1v1p þ E00
2v2p þ v2sN

00=D (4b)

where

N0 ¼ v1s E
0
1ðE02

2 þ E002
2 Þ þ v2s E

0
2ðE02

1 þ E002
1 Þ (5a)

N00 ¼ v1s E
00
1ðE02

2 þ E002
2 Þ þ v2s E

00
2ðE02

1 þ E002
1 Þ (5b)

D ¼ ðv1s E0
2 þ v2s E

0
1Þ2 þ ðv1s E00

2 þ v2s E
00
1Þ2 (5c)

As the EBMs are not self-consistent models, the
volume fractions vij are to be calculated by using
another appropriate model, e.g., modified equa-
tions35–38 based on the percolation theory.39,40

v1p ¼ ½ðv1 � v1crÞ=ð1� v1crÞ�q; (6a)

v2p ¼ ½ðv2 � v2crÞ=ð1� v2crÞ�q (6b)

where v1cr or v2cr is the critical volume fraction
(the percolation threshold) at which the component
1 or 2 becomes partially continuous, and q is the crit-
ical exponent.39 Remaining v1s and v2s are evaluated
by using eq. (3). In the marginal zone 0 < v1 < v1cr
(or 0 < v2 < v2cr), where only component 2 (or 1) is
continuous, simplified relations can be used for the
minority component, i.e., v1p ¼ 0 and v1s ¼ v1 (or v2p
¼ 0 and v2s ¼ v2), to obtain an approximate predic-
tion of mechanical properties. Values of q are usually
located in an interval of 1.6–2.0, so that q ¼ 1.8 can
be used also as an average value. For three-dimen-
sional cubic lattice, the percolation threshold vcr ¼
0.156 was calculated.41–43 In general, the patterns
predicted by using ‘‘universal’’ inputs, i.e., v1cr ¼
v2cr ¼ 0.156 and q ¼ 1.8, may not be in a good
accord with experimental data because real v1cr and
v2cr of polymer blends may differ from 0.156 and/or
from each other. Their actual values can then be
obtained by a fitting procedure, which makes the
EBM a valuable source of quantitative information
on the phase structure of studied blends.
The effect of the blend composition on Eb

0 and Eb
00 is

confronted with the model predictions in Figure 6: ex-
perimental data were extracted from Figure 4, and the
universal inputs were used in eqs. (4a) and (4b) (the
effect of the composition-dependent PP crystallinity
given in Table I was not encompassed because the

Figure 4 Effect of the composition (in wt %) of the PP/
COC blends on the temperature dependence of the storage
modulus Eb

0 and of the loss modulus Eb
00. PP/COC ¼ 100/

0 (1—full line); 75/25 (2—dotted line); 50/50 (3—dashed
line); 25/75 (4—dash–dot–dot line); 0/100 (5—dash–dot
line).

Figure 5 Equivalent box model for a binary blend 50/50
(schematically).
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dependence of PP modulus on PP crystallinity could
not be estimated). The prediction of E0 fits the experi-
mental data very well: the graph shows that storage
modulus at 50�C rises with the COC content (which
holds for the moduli from the central interval 25–
75�C), whereas the modulus at �50�C or 100�C
decreases. On the other hand, the prediction of E00 at
50 and 100�C seems to be partially underestimated,
and the results may be considered plausible taking
into account a mild stiffening effect of microfibers.

Moreover, Figure 7 shows that the maxima of the
loss modulus Ebm

00 (PP) and Ebm
00 (COC), taken as

the height of the respective peaks, are in a good
accord with the prediction of eq. (4b). It is worth
noting that tensile modulus of the blends observed
in the stress–strain measurements in the direction of
injection molding (i.e., produced fibers of COC)
rather followed the rule of mixtures in the composi-

tion interval 10–40% COC.11 It seems that DMTA
performed in bending mode at very small deforma-
tions cannot differentiate between structures encom-
passing COC fibers or COC cocontinuous phase.

Vicat softening temperature

The VST of PP, measured at 120�C/h and 10N, VST
¼ 155 6 1�C (Fig. 8), is in a good agreement with
the literature data for analogous grade PP.44 On the
other hand, VST ¼ 89 6 1�C of COC is higher than
VST ¼ 80�C reported in Technical Data Sheet, how-
ever for more critical testing conditions (50�C/h,
50N).45 In this context, it is worth noting that the ex-
perimental standard deviation of VST in our meas-
urements ranges between 1 and 3�C. The PP/COC
blends show a virtually linear decrease in VST with
the COC volume fraction in the interval 0 < v2 <
0.23, whereas at higher COC fractions, a steeper
decrease is observed.
Bastida et al.46 proposed VST as a method suitable

for assessment of the phase behavior. They revealed
that two-component blends of immiscible glassy
polymers show a typical S-shaped decrease in VST
as a function of the blend composition, if two dis-
tinct phases are present. The behavior of our PP/
COC blends (Fig. 8), which undoubtedly consist of
two distinct components, is in full conformity with
this finding.15 Analogous dependences of VST on
the blend composition were published for blends
consisting a semicrystalline polymer and an amor-
phous glassy polymer, i.e., polyoxymethylene/phe-
noxy,47 polyamide/polyvinyl chloride (PVC),48 and
polybutyleneterephthalate/polyamino-ether.49 In all
cases, the initial linear decrease (up to about v2 ¼
0.3–0.4) in VST can be attributed to the softening of
the majority semicrystalline component. In the com-
position range where glassy amorphous polymer
becomes the dominating phase, whereas semicrystal-
line component loses its phase continuity, a steeper

Figure 6 Effect of the composition (in vol %) of the PP/
COC blends on the storage modulus Eb

0 (full points) and
loss modulus Eb

00 (empty points) read at the temperature
�50�C (triangles), 50�C (circles) or 100�C (squares). Full
lines: prediction of Eq. (4a) for ‘‘universal’’ input data v1cr
¼ v2cr ¼ 0.156 and q ¼ 1.8.

Figure 7 Effect of the composition (in vol %) of the PP/
COC blends on the maximum Ebm

00 of the loss modulus
read off for the glass transition peaks of PP (open trian-
gles) and COC (solid diamonds), respectively. Full lines:
prediction of eq. (4b) for ‘‘universal’’ input data v1cr ¼ v2cr
¼ 0.156 and q ¼ 1.8.

Figure 8 Effect of the composition (in vol %) of the PP/
COC blends on the Vicat softening temperature (10N,
120�C/h; ASTM D1525-09).
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VST decrease was observed. Thus, we can say that
the dependence of VST on the composition of the
PP/COC blends is in a good conformity with our
morphological analysis.15

Coefficient of linear thermal expansion

The CLTE was evaluated for four temperature inter-
vals in the range between �40 and 70�C as specified
in Figure 9. The value of CLTE for neat PP increases
with temperature from 0.25 � 10�4 K�1 at �30�C to
1.20 � 10�4 K�1 at 30�C and 2.10 � 10�4 K�1 at
55�C, whereas COC is characterized by values 0.35
� 10�4 K�1, 0.85 � 10�4 K�1, and 0.90 � 10�4 K�1,
respectively. These data are in a good agreement
with the values reported in the literature for the
room temperature, i.e., 1.00 � 10�4 K�1 for PP and
0.70 � 10�4 K�1 for COC.6,50 CLTEs found for the
temperature intervals �40 to �20�C and �20 to 20�C
are almost independent of the composition of the
blends containing 0 < v2 < 0.3 of COC, which indi-
cates the dominating effect of the PP component. For
v2 > 0.3, a small linear increase in CLTE with the
fraction of COC indicates the rising role of the COC
cocontinuity. In the interval 20–40�C, which is
located above the glass transition of PP, a virtually
linear decrease in CLTE with the fraction of COC
can be observed. Finally, in the interval 40–70�C, a
steep decrease in CLTE with the COC fraction char-
acterizes the blends in the region 0 � v2 � 0.50; for
v2 � 0.5, CLTE ¼ 1.27 � 10 �4 K�1 may be associ-

ated with the higher percentage of amorphous PP in
these blends. It should be noted that above 80�C, the
injection molded specimens of the PP/COC 25/75
blend and COC exhibited an increasing tendency to
shrinking when Tg of the major component was
exceeded.
Alternatively, Figure 10 shows CLTEs of PP, COC,

and two selected blends as functions of temperature.
The plotted curves, CLTE(T), were obtained as the
derivative D(T) of the polynomial function fitting
the length variation DL(T) with temperature, accord-
ing to eq. (7)

CLTEðTÞ ¼ ½DLðTÞ=DT�=L0 ¼ DðTÞ=L0 (7)

where L0 is the initial specimen length. CLTE(T)s of
all materials are very similar in the interval between
�40 and 0�C, i.e., up to the glass transition tempera-
ture of PP. Both PP and the 75/25 blend show a
steep rise of CLTE(T) above 0�C from about 0.6 �
10�4 K�1 to about 2.2–2.7 � 10�4 K�1 at 70�C. On
the other hand, CLTE(T) of the blends with v2 � 0.4
can be expected to lie in a relatively narrow interval
delimited by the dependencies for PP/COC ¼ 50/50
and COC. It is evident that more pronounced dilata-
tion is typical of the PP-rich blends.

CONCLUSIONS

Morphology and interfacial interaction of the injec-
tion molded PP/COC immiscible blends were found
to markedly affect their physical properties. Observed
Tgs of the blend components are independent of the
blend composition. Density measurements evidence
the volume additivity of components, which is in con-
formity with the immiscibility of PP and COC. The
melting temperature of PP in the blends slightly

Figure 9 Coefficient of linear thermal expansion (CLTE)
as a function of the PP/COC blend composition. Average
values read off in the following temperature intervals: �40
to �20�C (~); �20 to 20�C (&); 20–40�C (�); 40–70�C (~).

Figure 10 Coefficient of linear thermal expansion (CLTE)
as a function of temperature. PP/COC ¼ 100/0 (~); 75/25
(�); 50/50 (h�); 0/100 (&).
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decreases at COC volume fraction higher than 0.4,
which indicates augmentation of imperfections in the
PP crystalline phase. The crystallization temperature
of PP in blends observed in the cooling scan is 2–5�C
higher than that of the neat PP, which might indicate
a tiny nucleating effect of COC. Parallel declines in
the melting temperature, crystallization temperature,
and crystallinity of PP found for the 25/75 blend indi-
cate that the dominating COC component inhibits the
structural organization in the PP component and
induces a fractionated crystallization.

The effect of the blend composition on the storage
modulus and loss modulus is in a plausible accord
with the simultaneous prediction based on the pre-
dictive scheme operating with a two-parameter EBM
and the data on the partial phase continuity of the
components obtained from modified equations of
the percolation theory. The dependence of the VST
on the blend composition is typical of immiscible
blends and is in good conformity with the morpho-
logical analysis. The CLTE evaluated as a function of
blend composition or temperature reveals that the
blend expansion (i) is controlled by the fraction and
cocontinuity of the components, (ii) is more pro-
nounced for the PP-rich blends, and (iii) generally
rises with temperature.

The authors are verymuch obliged to Dr. Paolo Goberti (Lyon-
dell-Basell, Italy) for the blend preparation, and to Lyondell-
Basell (Italy) and TOPAS Advanced Polymers (Germany) for
kind supply of PP and COC, respectively.
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