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Synopsis 

Blends of poly(ecapro1actone) (PCL)/isotactic polypropylene (iPP), in the solid state and at  
compositions spanning the complete range, were characterized using the dynamic mechanical, 
DSC, and optical microscopy techniques. Morphology examination revealed that increasing 
the PCL content causes a decrease of spherulitic size. The loss modulus spectra at isochronous 
conditions (110 Hz) reveal a n  heterophase system with limited phase mixing between the 
amorphous components of the blend constituents. Melt-mixing and quenching using the DSC 
causes a considerable melting point depression of the PCL component, attributed to its mis- 
cibility with the polypropylene amorphous phase. Addition of PCL caused a n  increase of iPP 
crystallinity at intermediate compositions, while at low PCL levers the presence of iPP crystals 
hinders the growth of PCL crystallites. 

INTRODUCTION 
It is now recognized that blending of polymers of which one or both are 

crystalline is associated with principles of applied and theoretical interest.'S2 
Of practical consequence is, e.g., the observed synergism of these blends at 
certain compositions,M the undesirable phase separation due to crystalli- 
zation of polymeric processing aids: and the effect of potential miscibility 
of the amorphous matrices on the overall crystallinity and engineering 
properties of the blend.7.8 Of theoretical significance are questions related 
with the thermodynamics of miscibility modified by the formation of the 
crystalline p h a ~ e , ~ , ~  factors associated with its morphology,l*12 the kinetics 
of ~rystallization,'~ the possibility of co~rystallization,~J~ etc. Several cases 
of blends involving crystalline polymers were cited, and their properties 
briefly commented on in a recent review.15 

In this work-an extension of a previous investigation16 on the compat- 
ibility of poly(e-caprolactone) (PCL) with low density polyethylene ( L D P E j  
blends of isotactic polypropylene (iPP) with PCL are examined at various 
compositions. Earlier investigations of these blends at low PCL contents 
indicated a crystalline-crystalline association17 on the basis of their X-ray 
reflections.17J8 Of practical significance is also the fact that combinations 
of PCL with iPP give fibers of improved tenacity and dyeability.l* 

In the present study additional techniques were applied to improve char- 
acterization of these blends. These are: optical microscopy to ascertain the 
influence of changing composition on crystalline gross morphology; the 
dynamic mechanical, to detect the possibility of amorphous phase mixing 
(from changes in the mechanical loss spectra), and the effect of bulk crys- 
tallinity on blend stiffness (dynamic modulus); and the differential scanning 
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calorimetry (DSC), to determine the effect of composition and thermal treat- 
ment on the crystallinity level of each of the blend components and ulti- 
mately relate it to other observed mechanical and morphological properties. 

EXPERIMENTAL 

Materials and Specimen Preparation 

PCL used was donated by Union Carbide (PCG700). Its xw was reported 
to be ca. 40,000. Other characterization data are available in the litera- 
ture.l8J9 iPP was obtained from EGA-Chemie, Europe. T, and mp were 
reported to be 26°C and 189"C, respectively. zv determined in decalin at 

Blends were prepared by dissolving at ca. 120°C in pxylene and copre- 
cipitating in chilled methanol. The vacuumdried blends were compression 
molded between Teflon sheets into films, at ca. 200°C and 80 kg/cm3, relaxed, 
and quenched at 0°C. At low PCL contents (lo%), the melt and film produced 
were transparent. Increased amounts of PCL gave opaque white films with 
a fibrillar texture, especially at the intermediate compositions (50%). At 
the other extreme of compositions, the films were transparent and brittle. 

For the DSC measurements the first heating cycle (1 cy) refers to samples 
which after preparation were aged for ca. 1 week at room temperature 
(30°C). Additional heating cycles (2 cy, 3 cy etc.,) were performed by heating 
to 190"C, quenching within ca. 2 min to 0°C and repeating the scan between 
these limits. Annealing was performed by keeping the melted blend at 130°C 
for 2 h in an evacuated oven and subsequently storing it at  30°C. The 
following compositions were studied, OP1100, 10P/90,20P/80,50P/50,80P/ 
20, lOOP/O, the first numeral denoting the percentage by weight of PCL. 

i3rc was 2.0 x 105. 

Apparatus and Procedure 

Optical micrographs of quenched films were obtained using a Leitz Wet- 
zlar polarizing microscope. Samples OP1100 and 1OP/90 were sufficiently 
transparent to be directly examined. Other compositions were examined by 
melting the blend on the microscope slide and slightly pressing the molten 
film with a cover glass, to obtain a sufficiently thin layer. These were 
subsequently quenched on a metal plate maintained at 0°C. 

Dynamic mechanical data were obtained between -120°C and 160°C at 
110 Hz using the Rheovibron and the procedure described before.16 

DSC measurements using the 990 DuPont Calorimeter were carried out 
with a heating rate of 10"C/min and a cooling rate of 20"C/min to obtain 
the crystallization temperature T,. Nominal sample weight was 6-8 mg. 

RESULTS AND DISCUSSION 

Morphology 
The micrographs in Figure 1 obtained with crossed polarizers indicate 

limited amorphous content at the 1OP/90 composition. The differences of 
free (on slide) and constrained (in films) crystallization is demonstrated in 
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(e) (0 
Fig. 1. Optical micrographs of quenched blends with crossed polarizers: (a) lop/% @,c) 

20P/80, (d) 50P/50; (e) 80P/20; (0 lOOP/O. (c) and (0 freely crystallized on microscope slide. 

Figures l(c) and l(b). Increased amounts of PCL reduce crystallite size and 
enhance crystallinity. Some amorphous-crystalline phase segregation is ob- 
served at the 80P/20 blend. The crystallite size reduction at the higher 
levels of PCL bears analogy to results on PCL/LDPE blend@ and to the 
HDPE/iPP system: where the presence of PE drastically reduces the size 
of iPP spherulites. (Neat iPP spherulitic diameters are of the order of 100 
pm.) 

Dynamic Mechanical Properties 

The mechanical spectra are presented in Figure 2, and Table I reports 
on the temperatures of the main relaxation (p) observed. For iPP there is 
general agreementm that the dominant P peak is due to the amorphous 
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-80 TPC 80 160 
Fig. 2. Composition dependence of dynamic mechanical spectra of blends: (a) loss modulus; 

8Op/20; (b) storage modulus. Quenched: (-) OP/lOO; (0) 1OP/90; Ce, 20P/80; (v) 50P/50; 
(- 4 lOOP/O Annealed; (- . .) OP/lOO; (0) 10P/W. 

component of the solid. At 110 Hz this main glass relaxation is located at 
ca. 20°C for quenched specimens. Annealing causes a shift to lower tem- 
peratures, and this has been attributed13s20 to increased phase separation 
of the amorphous material, when the iPP spherulite radii increase. For the 
main PCL relaxation at  ca. -47"C, annealing causes a shift to higher tem- 
peratures caused21 by the interaction of the crystalline and amorphous 
phase, increased crystallinity raising the Tg of the sample. The loss modulus 
mechanical spectra [see Fig. 2(a)] reveal an heterophase system with the 
iPP main peak shifting to lower temperatures with the addition of PCL. 
This is attributed to amorphous phase mixing between the two constituents 
and has also been observed16 in the LDPE/PCL system. No significant 
change of the L? PCL peak temperature was observed except for the 1OP/ 
90 annealed sample. This could well be due to increased crystallinity since 
annealing does not favor mixing. The additional peaks at ca. 26°C for the 
annealed 1OP/90 blend [see Fig. 2(a)] is attributed to premelting phenomena 
associated with the PCL phase. The spectrum regains its symmetry after 
the T, of PCL, at about 60°C. These phenomena were also detected as small 
endotherms between 20°C and 30°C (see Fig. 3). 

Figure 2(b) shows the effect of composition on modulus. Pure PCL has a 
lower modulus than iPP at all temperatures. However, the 10P/90 annealed 
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Fig. 3. 
indicate 

- 

- 

120 160 8o TIC 40 

, 

wt % of EL. Heating cycle also indicated. [8OP/20 in 3(b) run at half-sensitivity.] 
DSC thermograms of blends: (a) quenched, (b) annealed. Numbers next to curves 

and the quenched 1OP/90 and 20P/80 samples exhibit higher moduli than 
either of the pure components. This synergism can be attributed6 to in- 
creased crystallinity and/or decreased spherulitic size; see the micrographs 
in Figure 1 and the DSC results below. Of these factors the latter seems to 
be more decisive since enhanced crystallinity was found at other compo- 
sitions as well. At  intermediate compositions, where the specimens had a 
strongly fibrillar texture, stiffness is considerably reduced. At the 50P/50 
composition, mechanical strength is also low either because of reduced 
amount of intercrystalline links and/or because of component phase sep- 
aration. This is usual in blends8J6vzz since at this composition it is common 
for matrix inversion to take place. It is to be noted that at the 80P/20 
composition PCL is clearly the matrix; see drop in modulus near the T,,, of 
PCL at ca. 60°C. 

Thermal Properties 

Figures 3(a) and 3(b) give thermograms taken after blend preparation 
and aging at 30°C (1 cy), thermal recycling, and annealing, respectively. 
During the first heating the T,,, of PCL is only slightly increased as the iPP 
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Wt% PCL 8o 
0 40 

Fig. 4. Compasition dependence of the bulk crystallinity of blends and its components: (a) 
at 1st heating cycle; (b) at subsequent heats. (0) iPP (0) PCL; Ca, total blend crystallinity. 

content increases (see also Table I). This reflects increased crystallite size; 
compare Figure l(a) with Ud). Thermal recycling causes a noticeable T,,, 
depression while the T, of the iPP phase varies less. Some premelting 
phenomena were observed in the 140-155°C region, possibly associated with 
the /3- to a-iPP crystal This is more evident in the case 
of the annealed specimens [Fig. 3(b)]. The observed reduction of T, of PCL 
is attributed to better mixing of the components after thermal recycling 
and quenching, yielding smaller crystallites at increased iPP levels. This 
differentiates recycled blends from those tested after storage (see above, 
first heat-scan testing). In the latter case PCL crystals may phase-separate 
during storage.18 Crystallization temperatures for the iPP increase slightly 
at high levels of PCL, while at small percentages (-10) no T, for PCL could 
be detected at the cooling rate employed. It is proposed that at high PCL 
contents lower molecular weight fractions, or PP molecules of increased 
disorder, are extracted by dissolution in PCL, in analogy to other blends.= 
Indeed thermal recycling which promotes mixing tends to raise the T,,, of 
iPP (more perfect crystals) (see Table I). On the other extreme, at low PCL 
compositions because of its alloying with the iPP matrix, crystallite for- 
mation is significantly depressed (see below) and eventually hindered be- 
cause of the T,,,-Tg gap reduction2 of the surrounding amorphous matrix. In 
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Figure 4, the endotherm area of each constituent per unit weight, per molar 
heat of fusion (to obtain a measure of crystallinity) is plotted vs. blend 
composition. AHfused was 15.88 and 9.41 kJ . mol-' for PCLl9 and iPP," 
respectively. Crystallinity of iPP is enhanced by the presence of PCL es- 
pecially at the intermediate compositions in melt mixed, quenched speci- 
mens. During aging (1 cy), crystallinity is higher at the lower PCL contents 
(< 20%). This increased iPP crystallinity is attributed to the removal of 
imperfect PP molecules facilitating its crystallization. Crystallinity of PCL 
is not hindered or enhanced at low iPP contents (up to 50%). At higher 
contents, PCL crystallinity is progressively reduced partly because of the 
hindrance of the iPP crystals already formed, partly because of the mis- 
cibility with the diluent. A different behavior was reported16 in blends of 
LDPE/PCL where the presence of PE crystals facilitated crystallization of 
PCL. In the case of HDPE/iPP% and polybutene/iPP8 mutual interference 
to crystal growth was reported. Regarding total sample crystallinity, both 
aged and recycled specimens showed increased values at the intermediate 
compositions. In general, thermal behavior does not indicate the formation 
of eutectic mixtures or cocrystallization phenomena. The latter should be 
excluded because of the widely different b and c unit cell parameters of the 
two components. No epitaxial growth of PCL on iPP was reported,% though 
some of the properties observed, e.g., T,,, (PCL) depression, iPP crystallinity 
increase, and the fibrillar texture, bear similarity to corresponding prop- 
erties observed in the PE/PCL blend where epitaxy was e~tabl ished.~~ 

CONCLUSIONS 

The morphological, mechanical and thermal properties of PCL/iPP blends 
are compositiondependent and chiefly determined by the miscibility of 
molten PCL with iPP at the extremes of composition. 

In the solid state, the dynamic mechanical data indicate limited misci- 
bility of the amorphous phases when blends are quenched. This affects 
crystallization behavior in that the PP amorphous portion is extracted; 
hence crystallinity of iPP is enhanced while that of PCL is depressed at 
low to intermediate PCL compositions. In this composition range decreased 
crystallite size causes modulus synergism. 

The assistance of Dr. C. Katagas in obtaining the optical micrographs is greatly appreciated. 
Thanks are also due to Union Carbide for donation of PCL. 
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