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ABSTRACT: In this work, the melt crystallization of immiscible blends of isotactic poly-
propylene (iPP) and branched polyethylenes (PE) was followed by oscillatory shear
measurements during controlled cooling. All the blends contained 20% iPP finely dis-
persed in several ethylene/a-olefin copolymer matrices (with and without a nucleating
agent) with densities ranging from 0.88 to 0.92 g/cm3 (linear low, very low, and ultra
low density polyethylenes: LLDPE, VLDPE, and ULDPE). The rheological results were
compared with parallel differential scanning calorimetry (DSC) measurements at the
same cooling rate. During preliminary evaluations of the neat resins, no effect was
found of the variation of the frequency of oscillation or the applied shear strain on their
crystallization (at least in the range explored in this work). In the case of the blends,
when the iPP crystallized in a fractionated fashion, only one sudden increase in the
storage modulus (G * ) was observed during cooling due to the partial coincident crystal-
lization of both iPP and the PE matrix. In the presence of a nucleating agent, an almost
complete separation between the crystallization of both components in the blend was
achieved and two increases in G * were clearly observed upon cooling. A close match
between the dynamic crystallization kinetics obtained by DSC and torsion rheometry
was demonstrated by a direct comparison between calorimetrically measured solid
conversion and G * during cooling from the melt. q 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 66: 2481–2493, 1997

Key words: fractionated crystallization; branched PE/PP blends; dynamic rheologi-
cal measurements; ultra low density polyethylene; very low density polyethylene

INTRODUCTION tic polypropylene (iPP) and high density polyeth-
ylene (HDPE) blends at isothermal and dynamic
crystallization conditions of the dispersed minor-In recent years the rheological properties of im-
ity phase.1,2 Similar studies have also been pub-miscible polymer blends, at temperatures where
lished2–6 for pure polymers (e.g., HDPE, iPP, andone of the components can crystallize while the
Nylon 6) or mixtures of polymers and nucleatingother is molten, have been reported. These rheo-
agents, where the rheological measurements arelogical evaluations have been performed on isotac-
carried out at temperatures at which only part of
the crystallinity has developed and most of the
polymer is still in the melt state. On the otherCorrespondence to: A. J. Müller.

* Present Address: Investigación y Desarrollo C.A., INDE- hand, Hingmann, Rieger, and Kersting7 have
SCA, Complejo PetroquıB mico Zulia, El Tablazo, Edo. Zulia, used rheological measurements to investigate theVenezuela.

phenomenon of lamellar thickening in random co-Journal of Applied Polymer Science, Vol. 66, 2481–2493 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/132481-13 polymers of iPP where annealing has been per-
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2482 MANAURE ET AL.

formed at a temperature where partial melting but not in heterogeneous media, especially if the
structure of the melt changes during the measure-has occurred.

In all the studies quoted above, the rheological ment, as in the case of a crystallizing polymer.5

Nevertheless, under equivalent experimental con-behavior of the system under investigation was
found to be similar to that of a filled polymer, ditions, the registered rheological properties could

yield complementary information of the crystalli-where the polymer crystallites act as the filler. In
a typical filled polymer, the real nature of the zation kinetics of complex systems.

Teh, Blom, and Rudin2 and Carrot, Guillet, andpolymer–filler interface is generally unknown
and the filler particles are usually anisotropic. Boutahar5 have pointed out that during rheologi-

cal measurements on crystallizing systems, theThis can make the modeling of these systems
quite complex, a fact that can prompt the use of applied strain must be low enough to avoid any

possible perturbation of the crystallization kinet-spherical filler particles and interfacial agents.
The advantage of a partially crystallized polymer ics. Teh, Blom, and Rudin also indicate that the

same precaution should be applied to the fre-where its own crystals act as fillers is the fact that
the filler can be considered as spherical entities quency, while from an instrumental point of view

the measurements should be made in a long(i.e., spherulites) that exhibit a perfect adhesion
with the matrix, since the melted amorphous enough time interval during crystallization before

the torque or load limit of the transducer isphase is connected with the supercrystalline
structure.5 reached. They performed dynamic and isothermal

rheological measurements on iPP, HDPE, andIn view of the fact that part of the polymer (or
one component in a blend) is crystallizing during iPP/HDPE blends (in the composition range

where iPP was the matrix) using the followingthe course of the rheological measurement, the
data gathered contains information on the crys- constant experimental conditions: v Å 1 rad s01

and g Å 0.8%. On the other hand, Carrot, Guillet,tallization kinetics. Therefore, some authors have
made efforts to correlate these data with other and Boutahar also used a constant frequency of 1

rad/s but reported that changes in strain fromcrystallization kinetic parameters obtained by dif-
ferential scanning calorimetry (DSC) and polar- 0.02% to 25% did not affect the crystallization pro-

cess. Shroff, Prasad, and Lee6 only adjusted theirized light microscopy (PLM).2,6

The crystallization process in polymers is usu- frequency (between 10 and 50 rad s01) and strain
values (between 3 and 5%) to optimize their sig-ally followed by techniques that measure changes

that are directly related to the progress of crys- nal-to-noise ratios on their rheological measure-
ments of different HDPE grades.tallinity, such as enthalpic changes (DSC),

volumetric differences (dilatometry), spherulitic The phenomenon of fractionated crystallization
has been the subject of several recent investiga-growth (PLM), and lamellar and/or superstruc-

ture development (small angle light scattering, tions.13–26 Commercial polymers are generally
nucleated by heterogeneities that are usuallyX-ray diffraction, Raman spectroscopy, and small

angle neutron scattering).8–11 In all these cases present in them and can effectively induce crystal-
lization at a specific undercooling. When a crystal-the experimental variables associated with these

techniques (apart from the expected kinetic de- lizable polymer is very finely dispersed in an im-
miscible matrix, such that the number of dis-pendencies with cooling rates) do not affect the

crystallization process. When the crystallization persed particles is much greater than the number
of heterogeneities that usually nucleate the poly-is followed by dynamic rheological techniques,

like oscillatory shear, the sample is exposed to a mer in bulk at a specific undercooling, the polymer
crystallization usually occurs in one or morefixed deformation (g ) at a particular frequency

(v ) . It is then possible that the action of this sim- stages at substantially larger undercoolings than
those needed to crystallize the same polymer inple shear flow field affects the crystallization pro-

cess depending on the magnitude of g and v. Fur- bulk. The reason behind such fractionated crystal-
lization is that only a small fraction of polymerthermore, it is well known that the rheological

properties in oscillatory shear must be measured droplets will contain the highly active heterogene-
ities capable of nucleating the polymer at highunder experimental conditions where the mate-

rial is within the linear viscoelastic range, in or- temperatures, and therefore the rest of the drop-
lets will need higher undercoolings in order to ac-der to ensure that the measured properties are

only a function of frequency and temperature and tivate other types of less efficient heterogeneities
and/or eventually produce homogeneous nucle-not of deformation.12 These conditions are easy to

establish in the melt in homogeneous materials ation. A thorough review of earlier literature on
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the subject was published by Frensch, Harnisch- The branched PE/iPP blends were prepared at
a constant composition weight/weight ratio offeger, and Jungnickel in 1988.13 In recent years

we have made some effort to understand the frac- 80 : 20. Blends of similar composition with 0.1%
by total weight of sorbitol were also prepared.tionated crystallization process of polyolefins dis-

persed in several immiscible matrices. The phe-
nomenon has been mainly studied in our group

Dynamic Rheological Measurementsby DSC using several approaches, such as self-
nucleation18,19,26 or the addition of nucleating The dynamic rheological measurements were per-

formed in a Rheometrics RDA II under dynamicagents.16,17,20,26 The influence of mixing vari-
ables,18 blend type,24–26 and the possible effects temperature ramp mode operation, using plate–

plate geometry (25 mm diameter) and a gap ofon the mechanical and dynamic mechanical prop-
erties18–20,23 of the blends has also been investi- 1.8 mm. The samples were circles cut from sheets

previously molded by compression at 1707C withgated.
In the present work, we continue our studies on a nominal thickness of 2.0 mm. The effect of speci-

men dimensions in torsion rheometry (using athe fractionated crystallization of iPP dispersed in
several immiscible matrices of branched polyeth- plate–plate geometry) has been examined in the

literature.5,6 When the polymer crystallizes, aylenes by the use of torsional rheometry to deter-
mine dynamic rheological properties upon con- substantial volume contraction can occur de-

pending on how much the sample crystallizes be-trolled cooling from the melt. For comparison pur-
poses we have also used analogous blends with a fore the test is stopped. In case the contraction is

substantial, two effects can be present.5 On onenucleating agent where the fractionated crystalli-
zation is not present. Before determining the con- hand the sample could be submitted to a tensile

force between the plates if the distance betweenditions of frequency and strain to be used in the
rheological measurements with the blends, a pre- the plates is kept constant (as is usually the case),

and on the other hand, the diameter of the sampleliminary evaluation of the effect of these variables
on the neat resins was made. The results were between the plates could be lower than its initial

value. These dimensional changes could inducecompared with parallel dynamic DSC determina-
tions at identical cooling rates. errors in the quantitative estimations of rheologi-

cal properties that are calculated from torque
measurements (such as storage modulus, G * ) .
Carrot, Guillet, and Boutahar5 proposed that theEXPERIMENTAL
distance between the measuring plates should be
adjusted while the crystallization process is pro-Materials
ceeding such that a negligible value of normal

The materials used in this study were a linear low forces is registered during the run (such adjust-
density polyethylene (LLDPE) ethylene/1-butene ment must then be taken into account in the cal-
copolymer SCLAIR 11U4, manufactured by DuPont culations of the rheological properties). Since the
Canada, a very and an ultra low density poly- primary objective of the present work is to study
ethylene (VLDPE and ULDPE), NVLD1 and the crystallization of 20% of the sample, which is
NULD1, ethylene/propene/1-butene copolymers well dispersed in a molten matrix, we did not cor-
of Enichem Polimeri (Italy), an isotactic polypro- rect our measurements for sample contraction. The
pylene (iPP) J400 manufactured by Polipropi- only results presented here which may contain an
lenos de Venezuela (Propilven), and sorbitol as a appreciable error in this respect are those of the
nucleating agent. Table I lists some characteristic neat resins; however, internal comparisons between
properties of these materials. the runs should still be valid even if the exact

quantitative values may contain slight errors.
In this work we have prepared samples of aBlend Preparation

starting nominal thickness of 2 mm, a value com-
monly used for rheological determinations in or-The polymers were melt-mixed in a Haake Rheoc-

ord EU10 co-rotating twin screw extruder at der to obtain a good signal-to-noise ratio. Since
the temperature control in the RDA is not the2107C and 40 rpm. The blending temperature and

deformation rate were selected from an extrapola- same as in an adiabatic calorimeter like a DSC,
there will be differences in temperature distribu-tion of capillary rheometry experiments on the

neat resins by choosing a viscosity ratio of the tion throughout the sample in both methods.
These will be considered in the discussion below.polymers to be mixed as close to one as possible.
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Table I Selected Properties of the Resins Used in This Study

Molecular Branch
Density MFI(a) Weight Content

Material (g/cm3) (dg/min) (g/mol) (mol %)

LLDPE SCLAIR 11U4 0.922 1.4 MV n: 37,800 Ethyl: 2.5
MV w: 159,700

VLDPE NVLD1 0.903 3.1 — —
ULDPE NULD1 0.888 2.1 MV n: 23,000 Methyl: 8.7

— Ethyl: 5.2
iPP J400 0.910 3.0 — —

a ASTM D 1238: PE 1907C and iPP 2307C.

In fact, Shroff, Prasad, and Lee,6 in a very recent An ‘‘unmixed blend’’ (u.b.) sample was used in
order to have a reference cooling scan. Such awork, recommend the use of very thin samples

(0.6 mm or less) in order to ensure a good temper- sample was prepared using the same weight pro-
portion of pure polymers in the blends withoutature distribution throughout the sample.

The cooling rate employed was 57C min01 , all nucleating agent, but placing both polymers in a
DSC pan separated by aluminum foil [ i.e., withthe samples were heated to 2007C for 3 min before

starting the cooling run in order to erase all previ- no contact whatsoever between the two polymers
(see refs. 18 and 27)]. The heat of crystallizationous thermal history, and the temperature was

measured on the lower plate of the measuring de- (DHc ) for 100% crystalline materials was taken
as 293 J g01 and 207 J g01 for PE and iPP, respec-vice. To evaluate the effect of deformation on dy-

namic crystallization in pure polymers, several tively.28

tests were performed in a range from 0.8% to 25%
(all of them within the linear viscoelastic regime
before the onset of crystallization) at a constant RESULTS AND DISCUSSION
frequency of 1 rad s01 . Also, the effect of frequency
was evaluated in a range from 0.5 to 100 rad s01

Effect of the Strain and Frequency on the Dynamicat a constant deformation of 1.0%. All tests were
Crystallization of Pure Polymersrepeated three times to check reproducibility.

After evaluating the pure polymers, specific The crystallization behavior of the neat resins is
values of frequency and strain were chosen for presented in Figure 1(a), where the DSC cooling
testing all the blends (5 rad s01 and 1.0% strain), runs at the same cooling rate used in the RDA
these were chosen as the conditions where the are shown. Figure 1(b) presents the data of Fig-
effect of such variables over the crystallization ure 1(a) transformed to crystallinity versus tem-
kinetics of the materials tested in this work was perature by partial integration and the use of
negligible (see Table II below). 100% crystallinity DHc values (see Experimental

Additionally, dynamic frequency sweep tests section and ref. 28). The iPP exhibits a very sharp
under isothermal conditions for all blends were crystallization exotherm characteristic of the ma-
performed applying a constant deformation of terial. The content and heterogeneous distribu-
15% in the range 1001–102 rad s01 at different tion of chain branching in the ethylene/a-olefin
temperatures: 120, 130, and 1507C, following a copolymers produces chain segregation during
period of 3 min in the melt at 2007C. crystallization,8,29 whereby the more linear chains

of the distribution crystallize at higher tempera-
tures in a relatively sharp exotherm [Fig. 1(a)] ,Differential Scanning Calorimetry
and the less linear chains crystallize at lower tem-
peratures in a broad tail or shoulder. In the caseA Perkin–Elmer DSC7 was used for calorimetric

evaluations. The cooling rate of the DSC experi- of the VLDPE and the ULDPE, crystallization can
continue even below room temperature.30 In Fig-ments was identical to that used in the rheometer

(i.e., 57C min01) . High purity dry nitrogen was ure 1(b) the region of maximum slope corre-
sponds to the first high temperature exotherm inused as an inert atmosphere and the sample

weight was 10 mg for all the samples examined. Figure 1(a) for each polymer. Figure 1(b) shows
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Figure 1 (a) DSC cooling curves of neat polymers cooled at 57C/min from 2007C, and
(b) crystallinity Xc versus temperature, obtained by partial integration of the DSC
traces in (a).

how the iPP crystallizes up to nearly 50% in a few had started since the normal force measurement
was overloaded before the completion of the crys-degrees, while the LLDPE develops 20% crys-

tallinity also in a very narrow temperature range tallization. It must be taken into account that
these two polymers crystallize very fast in a rela-and then keeps crystallizing at lower tempera-

tures until at 307C it possesses Ç 40% crystallin- tively narrow temperature range and up to high
degrees of crystallinity (Fig. 1). For these reasonsity. In the case of the VLDPE or the ULDPE the

high temperature first exotherm only amounts to the matching between the crystallinity data ob-
tained by DSC and the G * data obtained by RDA isthe development of very modest crystallinity de-

grees. In the case of ULDPE, the polymer only not perfect, even if there is a very good qualitative
agreement. A small temperature difference cancontains Ç 11% crystallinity at room tempera-

ture, therefore displaying rubbery behavior. cause a significant horizontal displacement be-
tween the curves in the region where either iPPFigure 2 shows examples of G * versus tempera-

ture curves for the neat resins along with a super- or LLDPE are crystallizing. In the case of the
LLDPE it is probable that the test was stoppedposition of the crystallinity data presented in Fig-

ure 1(b). This representation demonstrates that when the crystallinity level was around 20% (as
indicated by DSC data) if the change in slope inany increase in crystallinity will result in a pro-

portional increase in G *, as should be expected. the RDA data at the lowest temperature range is
considered.It can be observed that upon cooling from the

melt, the values of G * monotonically increase as Figure 2(b) shows the comparison between
DSC and RDA measurements for the VLDPE andthe temperature is decreased until a temperature

is reached where the polymer starts crystallizing the ULDPE. The agreement is very good. In this
case, because the crystallinity achieved by theseand a dramatic increase in G * occurs over a very

narrow temperature range. If one extrapolates polymers is lower than for iPP or LLDPE, the
RDA measurements could encompass much lowerthe region of maximum slope to the region where

the G * curve is changing slowly with temperature, temperatures. For the ULDPE, the crystallization
of the high temperature exotherm (see Fig. 1) thatan onset value is obtained in an analogous way

to DSC onset temperature determinations (i.e., corresponds toÇ 3% crystallinity was followed by
a proportional increase in G *, and further crystal-onset crystallization, vitrification, or melting28) .

In the case of LLDPE and iPP in Figure 2(a), the lization was registered down to 607C.
Table II presents data on the influence of defor-run had to be stopped shortly after crystallization

8E12 4658/ 8EF6$$4658 10-22-97 18:21:27 polaal W: Poly Applied



2486 MANAURE ET AL.

be determined by RDA [Fig. 3(b)] . When the
RDA dynamic cooling run is performed at a fre-
quency of 0.5 rad s01 [Fig. 3(b)] there is a mis-
match between the frequency at which the mea-
surements is performed and the crystallization
time upon cooling. The time needed for the instru-
ment to complete a full cycle and register an ex-
perimental point could be longer than the mean
crystallization time at that temperature interval,
especially when the crystallization rate increases
upon cooling. Because of this only a few data
points are actually measured; as a matter of fact,
all the available data points were plotted in Fig-
ure 3(b) for the measurements made at 0.5 rad
s01 , while in all the other RDA curves presented
in this work we have included fewer data points
than actually measured in the interest of clarity.
In the case of LLDPE at 0.5 rad s01 [Fig. 3(b)]
only two points define the region where G * in-
creases to very high values, while in the case of
iPP the polymer crystallized so fast that the ex-
periment had to be stopped by overload before a
data point in the region of high G * was taken. In
the case of ULDPE at 0.5 rad s01 [Fig. 3(b)] ,
since the polymer crystallizes at a lower rate and
up to a lower extent, the measurement frequency
is faster than the rate at which G * is increasing
due to crystallization, then the curve was fully
registered.

According to the results gathered here, the fre-
quency and strain (in the range explored in this
work) are not affecting the crystallization behav-

Figure 2 DSC derived crystallinity curves (solid line) ior of the materials under investigation if the fre-
and storage modulus G * at 5 rad/s and strain of 1% quency is kept at high enough values that allow
(symbols) versus temperature during cooling at 57C/ measurements during crystallization. In view of
min: (a) iPP, LLDPE, and (b) VLDPE, ULDPE. the above results, a frequency of 5 rad s01 and a

strain of 1.0% were chosen in order to study the
behavior of the blends.mation (g ) and frequency (v ) over the dynamic

crystallization of LLDPE, ULDPE, and iPP at 57C When the onset crystallization temperatures
obtained by RDA measurements are compared tomin01 . Equivalent results were obtained at 2.5 C

min01 .21 The table presents the onset crystalliza- those obtained by DSC for the neat resins (Table
II) , it can be seen that there is in general verytion temperature obtained from the change ob-

served in the curves of G * as a function of temper- good agreement between both measurements.
Teh, Blom, and Rudin2 have reported similar re-ature, as described previously and also values ob-

tained by DSC. Figure 3 shows examples of G * sults on the dynamic crystallization of iPP; how-
ever, they claimed that a nucleation stage couldversus temperature curves for two frequencies at

constant strain. It can be observed in Table II be detected by RDA, since a slight increase in G *
was observed at high temperatures (Ç 1507C) be-that the onset crystallization temperature is not

affected at all by changing the applied strain in fore any exothermic signal could be detected at
equivalent temperatures in the DSC. They arguedthe range explored in this work. The effect of fre-

quency of deformation is also not significant except that such nucleation could only be detected by
RDA measurements at cooling rates that wereat very low frequencies, where a small increase

in the onset temperature (Ç 27C for LLDPE and lower or equal to 27C min01 . In our case we were
not able to detect this nucleation signal in iPP at17C for ULDPE) was detected. For iPP at 0.5 rad

s01 the onset crystallization temperature cannot 57C min01 or at 2.57C min01 21 ; we did not use
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Table II Effect of Frequency and Strain on Onset Crystallization
Temperatures Obtained by Rheological and Calorimetric Measurements
in LLDPE, ULDPE, and iPP

Tc Onset

Parameter LLDPE ULDPE iPP

Frequency (rad s01)
0.5 108.3 { 0.3 86.3 —
1.0 106.7 { 0.6 85.3 { 0.3 122.0 { 0.5
5.0 105.6 { 0.2 85.8 { 0.6 122.0 { 0.6

10.0 105.3 { 0.1 85.6 { 0.7 121.7 { 0.2
50.0 105.3 { 0.1 85.7 { 0.2 121.7 { 0.1

100.0 105.7 { 0.2 84.5 { 0.1 121.6 { 0.6
Strain (%)

0.8 106.5 85.0 { 0.8 124.4 { 0.2
1.0 106.7 { 0.6 85.3 { 0.3 122.0 { 0.5
5.0 106.7 { 0.3 85.0 { 0.8 122.5 { 0.7

10.0 106.6 { 0.4 85.6 { 0.2 122.0 { 0.8
15.0 106.5 { 0.2 85.5 { 0.2 121.0 { 0.3
20.0 106.5 { 0.2 85.7 { 0.4 122.2 { 0.4

DSC 106.5 85.0 119.3

lower cooling rates. Even with the addition of a occurrence of the fractionated crystallization phe-
nucleating agent we were not able to observe a nomenon that we had described previously.16,18

similar behavior to that reported by Teh, Blom, Figure 4 presents the DSC cooling behavior (at
and Rudin. 57C min01) of the neat resins and the blends with

Finally, it is worth mentioning that the experi- and without sorbitol, the onset crystallization
mental variable that generally limited the lowest temperature of each sample is given in Table III
temperature achieved in the RDA measurements along with the peak crystallization temperature of
on the neat resins was the saturation of the nor- the first exotherm (i.e., that located at the highest
mal force rather than a torque overload. This re- temperature). If the blends were immiscible and
sult is in agreement with those of Carrot, Guillet, blending had no effect on the crystallization be-
and Boutahar,5 since they indicated that the volu- havior of the pure components, then the DSC cool-
metric contraction experienced by the crystalliz- ing scans should closely resemble those of the
ing sample (especially in the case of iPP and 80 : 20 LLDPE/iPP, VLDPE/iPP, and ULDPE/iPP
LLDPE) had an effect on the normal force experi- unmixed blends (u.b.) shown in Figure 4(a–c). In
enced by the sample. all unmixed blends the crystallization exotherm of

each component is clearly identified by the differ-
ent crystallization temperature range of iPP and

Fractionated Crystallization of Polypropylene any of the branched PE’s, and the 80 : 20 composi-
Dispersed in an Immiscible Polymeric Matrix tion is reflected in the size of each exotherm.

In contrast to the unmixed blend behavior, theWhen 20% of iPP was melt mixed with any of the
real melt-mixed LLDPE/iPP blend without sorbi-ethylene/a-olefin copolymers used in this work, a
tol [80 : 20 : 0 in Fig. 4(a)] , exhibited only onevery good dispersion of iPP droplets in a branched
crystallization exotherm at an intermediate tem-PE matrix was produced. Scanning electron mi-
perature between those of the pure polymers. Wecroscopy (SEM) of cryogenically fractured speci-
have demonstrated20,26 that this is due to coinci-mens showed that the mean particle size was of
dent crystallization, a special case of fractionatedthe order of 1 mm or less. An estimation of the
crystallization.13 The iPP crystallized in a frac-number of particles per unit volume gave values
tionated fashion, therefore lowering its crystalli-of the order of 1012 particles/cm3, while the num-
zation temperature in such a way that it over-ber of heterogeneities measured by PLM in the
lapped with the LLDPE exotherm. However, onceiPP used here was only in the order of 106 hetero-

geneities/cm3. These were ideal conditions for the the iPP droplets started to crystallize they nucle-
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2488 MANAURE ET AL.

were clearly separated. Moreover, an additional
nucleation effect of LLDPE had been induced by
the iPP/sorbitol mixture, causing a substantial
increase in the LLDPE crystallization peak tem-
perature [87C higher than pure LLDPE, compare
in Fig. 4(a) the 100 : 0 : 0 and the 80 : 20 : 0.1
curves]. The widening of the LLDPE exotherm
upon addition of sorbitol suggests that a preferen-
tial nucleation of the more linear chains within
the wide distribution of chain branching present
in the LLDPE could take place.

The fractionated crystallization of iPP also oc-
curs when the polymer is dispersed in highly
branched PE such as VLDPE [Fig. 4(b)] or UL-
DPE [Fig. 4(c)] . In Figure 4(b) the depression of
the crystallization temperature of iPP when it is
dispersed in VLDPE is even more noticeable than
when it is dispersed in LLDPE. When the un-
blended sample is compared to the melt-mixed
80 : 20 : 0 VLDPE/iPP blend, the absence of the
high temperature exotherm of iPP is very clear.
The DSC trace of the real 80 : 20 : 0 melt mixed
blend is very complex; it contains several peaks
and shoulders. If one looks closer to that trace,
it can be noticed that the first exotherm that is
encountered upon cooling has a high temperature
shoulder which could reflect the first part of the
fractionated crystallization of iPP, while the ac-
tual peak could correspond to the crystallization
of the VLDPE that is being nucleated by the iPP.
Then, a series of secondary peaks follow at lower
temperatures; these peaks are due to the crystalli-
zation of the rest of the VLDPE overlapped with

Figure 3 Storage modulus G * versus temperature other fractions of iPP that can also be crystallizing
during cooling at 57C/min for ULDPE, LLDPE, and iPP, at lower temperatures. When the nucleating
at a constant applied strain of 1%: (a) 50 rad s01 and agent is added to the blend, the iPP component
(b) 5 rad s01 . crystallizes at higher temperatures as expected,

while the VLDPE matrix is nucleated by the iPP/
sorbitol, thereby causing a broadening of its ex-ated the LLDPE matrix, therefore causing the

only discernible crystallization peak to be 3.77C otherm in comparison to that of the original
VLDPE (as a matter of fact, the high temperaturehigher than that of the pure LLDPE.

Figure 4(a) also offers evidence that the effect exotherm of pure VLDPE located at Ç 907C is so
spread out in the 80 : 20 mixture with sorbitoldescribed above is indeed due to fractionated crys-

tallization, that is, to the fact that the number of that it cannot be detected anymore).
A very similar behavior to that described abovedispersed iPP droplets in the LLDPE matrix is

much greater than the number of heterogeneities for the fractionated crystallization of the iPP in a
VLDPE matrix is displayed in Figure 4(c) for theoriginally present in the bulk iPP.18 When sorbitol

was added to the LLDPE/iPP blend [80 : 20 : 0.1 case of an ULDPE matrix. The qualitative behav-
ior was nearly identical, but quantitatively thesample in Fig. 4(a)] , the fractionated crystalliza-

tion disappeared, since the sorbitol provided the crystallization temperatures of iPP and ULDPE
for the unmixed blend were even more separated.heterogeneous nuclei that all the iPP droplets

needed in order to crystallize at similar tempera- This made the fractionated crystallization very
apparent, since the onset crystallization tempera-tures to that of pure iPP with sorbitol. In this

sample the exotherms corresponding to the crys- ture of the melt-mixed blend [80 : 20 : 0 in Fig.
4(c)] was displaced to lower temperatures at leasttallization of the two components in the blend

8E12 4658/ 8EF6$$4658 10-22-97 18:21:27 polaal W: Poly Applied



iPP IN ETHYLENE/a-OLEFIN COPOLYMERS 2489

Figure 4 DSC cooling curves at 57C/min from 2007C for: (a) LLDPE/iPP/sorbitol
blends, (b) VLDPE/iPP/sorbitol blends, and (c) ULDPE/iPP/sorbitol blends. u.b.: un-
mixed blend.

157C with respect to the unmixed blend. In this 80 : 20 : 0.1 blend was extremely broad and
started at higher temperatures with respect tosystem once again the fractionated crystalliza-

tion disappeared upon addition of sorbitol. The that of pure ULDPE in view of its nucleation by
sorbitol. Such behavior was also observed in sam-crystallization of the ULDPE component in the
ples of pure ULDPE with sorbitol.26

Table III Crystallization Temperatures
Evidences of Fractionated Crystallization byObtained by DSC and RDA
Rheological Measurements

DSC (7C) RDA (7C) In this section we present, as far as we are aware,
for the first time (with the exception of a coupleTp

a T0
b T0

b

of preliminary reports by our group21,22) results
on the rheological consequences of the fraction-LLDPE/iPP/sorbitol
ated crystallization. Figure 5 shows the variation100 : 0 : 0 103.9 106.5 105.5

100 : 0 : 0.1 105.3 115.4 — of storage modulus G * with temperature during
80 : 20 : 0 107.7 110.4 109.1 cooling at 57C min01 for two of the systems under
80 : 20 : 0.1 126.9 129.3 130.7 investigation (i.e., LLDPE/iPP and VLDPE/iPP).
0 : 100 : 0 115.2 119.3 121.1 As mentioned above, the sudden rise in G * upon
0 : 100 : 0.1 124.5 128.0 129.9 cooling from the melt indicated the onset of crys-

VLDPE/iPP/sorbitol tallization in the sample. For all the systems eval-
100 : 0 : 0 93.9 97.4 97.7 uated, the onset temperatures were in close agree-100 : 0 : 0.1 84.2 116.5 —

ment with the onset of crystallization as deter-80 : 20 : 0 97.8 107.8 108.9
mined by DSC and shown in Table III. As80 : 20 : 0.1 127.8 131.0 131.8
indicated in this table, we were not able to identifyULDPE/iPP/sorbitol
significant differences in the onset temperatures100 : 0 : 0 80.1 85.0 85.9

100 : 0 : 0.1 49.6 113.1 — by DSC and RDA that could be attributed to dif-
80 : 20 : 0 81.6 101.1 114 ferences in technique sensitivity to the nucleation
80 : 20 : 0.1 127.3 130.9 133 and crystallization processes as suggested by Teh,

Blom, and Rudin.2a Tp: Peak crystallization temperature of the highest tem- From Figure 5(a) or (b) it is apparent that theperature exotherm.
b T0: Maximum onset crystallization temperature. first polymer to crystallize upon cooling, thanks
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rise to the crystallization of the iPP dispersed
droplets (since iPP only amounts to 20% weight
fraction and it conforms the dispersed phase, a
comparatively smaller increase in G * is expected)
within the molten LLDPE and VLDPE matrix. In
the case of LLDPE/iPP/sorbitol blend, the second
very sudden rise in G * upon cooling corresponds
to the onset of crystallization of the LLDPE ma-
trix. For the VLDPE/iPP/sorbitol blend, the sec-
ond rise in G * upon cooling is more gradual since
it is due to the crystallization of the VLDPE, a
polymer that has a very broad crystallization
range (see Fig. 1). For the ULDPE/iPP blends the
behavior was qualitatively similar to the VLDPE/
iPP blends.22

The 80 : 20 blends without sorbitol in Figure 5
only exhibit their increase in G * at lower tempera-
tures (at 109.17C and 108.97C for the LLDPE/iPP
and the VLDPE/iPP blends respectively, see Ta-
ble III) than iPP or the blends with sorbitol, as
expected from its fractionated crystallization be-
havior. These blends crystallize at temperatures
that are higher than that of pure PE (LLDPE and
VLDPE) corroborating the nucleation effect of the
iPP on the PE suggested by the DSC results that
demonstrated the coincident crystallization of the
dispersed phase and the matrix (see Table III and
Fig. 4).

Figure 6 compares in the same plot, cooling
curves obtained by RDA and DSC for LLDPE/iPP
blends with and without sorbitol. The correspon-
dence between the two techniques is excellent and
the rheological effect of the fractionated crystalli-Figure 5 Storage modulus G * versus temperature
zation is apparent when curves without sorbitolduring cooling at 57C/min for: (a) LLDPE/iPP/sorbitol
[Fig. 6(a)] and with sorbitol are compared [Fig.blends and (b) VLDPE/iPP/sorbitol blends. Frequency:
6(b)] . In the case of the blend with sorbitol, the5 rad s01 , Strain: 1%.
full crystallization of the 20% iPP in the PE ma-
trix was followed by both techniques in view of
the differences in crystallization temperatures be-to the sorbitol, is iPP with sorbitol (at 129.97C,

see Table III) . The iPP without nucleating agent tween blend components induced by the nucleat-
ing agent.crystallizes as expected at lower temperatures (at

121.17C). In Figure 5(a and b) the curves that If it is considered that the change in G * is di-
rectly proportional to crystallinity, the DSC datacorrespond to the 80 : 20 LLDPE/iPP and

VLDPE/iPP blends with sorbitol are the most pe- can be partially integrated as a function of tem-
perature and compared to the RDA data as per-culiar. In both systems, the samples upon cooling

[compare with the corresponding DSC curves in formed above in the case of the pure polymers
(Fig. 2). Figure 7 shows such a plot; the differenceFig. 4(a) and (b)] experience a gradual and mod-

est increase in G * from an onset temperature with Fig. 2 is that the DSC data y -axis is ex-
pressed as percentage of material converted towhich is close to that of pure iPP with sorbitol

(at Ç 129.97C). The G * suddenly increases with solid, since being an immiscible blend, it would
be difficult to calculate a percentage crystallinity.decreasing temperature from 1157C onward for

the LLDPE/iPP blend with sorbitol, while the One could assume an additive mixing rule for the
enthalpy of crystallization, but that would not re-VLDPE/iPP blend with sorbitol only displays a

second gradual increment in G * at around the flect changes in the blends with sorbitol where at
high temperatures only iPP can crystallize. In anysame temperature. We attribute the first gradual
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Figure 6 DSC curves and storage modulus G * (5 rad s01 , 1% strain) versus tempera-
ture during cooling at 57C/min for LLDPE/iPP/sorbitol blends: (a) 80 : 20 : 0 and (b)
80 : 20 : 0.1.

case the correspondence between the DSC and the added it induces the crystallization of the iPP at
much higher temperatures [Fig. 2(a)] that are inRDA data after a proper selection of the y -axis

scale is very good up to the temperature at which the range of the rheological measurements. Fig-
ure 8 shows how at 1207C the complex viscositythe RDA run had to be stopped in view of the

saturation of the normal force measurement. In is much greater for the sample with sorbitol than
for the sample without nucleating agent, since theFigure 7(a) the runs were stopped when the

LLDPE matrix started to crystallize (for the blend iPP has already crystallized at that temperature
in the sample with sorbitol but is still molten inwith sorbitol) or when both components crystal-

lized simultaneously (for the blend without sorbi- the blend without sorbitol. The differences in com-
plex viscosity between the samples with and with-tol that exhibits coincident crystallization). In the

case of the VLDPE/iPP blends, the results are out sorbitol decrease as the temperature in-
creases, and only disappear at 1507C when forqualitatively similar but we were able to follow

the entire crystallization process not only of the both cases the samples are completely molten. It
should be noted that while the measurements ofdispersed iPP but also of the matrix, VLDPE,

since this copolymer possesses an excess of rub- Figure 8 at 1507C were all performed at conditions
that guarantee linear viscoelastic behavior, thosebery chains at the testing temperatures (the de-

gree of crystallinity of VLDPE isÇ 20% by weight at lower temperatures (at least for samples with
sorbitol) were not, because the crystallization ofat room temperature). So, in this case, the RDA

was able to register the individual crystallization the dispersed phase is a transient phenomenon
during cooling. Therefore, the curves of Figure 8of the blend components in the sample with sorbi-

tol or the start of the crystallization process of can only be compared qualitatively. This effect is
currently being studied in our laboratory.iPP and the subsequent coincident crystallization

with VLDPE for the sample without sorbitol as The results presented here could have practical
implications for immiscible blends that exhibitdescribed above [Fig. 4(b)] .

Finally, the effectiveness of the nucleating the phenomenon of fractionated crystallization,
since it is clear that they are solidifying at muchagent sorbitol in stopping the fractionated crystal-

lization of the iPP can also be demonstrated by lower temperatures than the samples that contain
a suitable nucleating agent.dynamic rheological measurements, as shown in

Figure 8. This figure presents complex viscosity
measurements performed at temperatures at which CONCLUSIONS
both components are molten in the 80 : 20
LLDPE/iPP blend in view of the fractionated crys- The results obtained in this work corroborated

previous findings that indicated that under dy-tallization behavior of the iPP. When sorbitol is
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namic cooling conditions, the onset of crystalliza-
tion could be followed by dynamic rheological
measurements. In the range of frequencies and
applied strains explored in this work we found no
significant effect on the onset of crystallization of
the resins employed (iPP, LLDPE, and ULDPE).
The only limitations encountered were at very low
frequencies and depended on the crystallization
rate of the polymers employed.

On the other hand, the dynamic rheological
measurements were found to be a useful tool to
study the phenomenon of fractionated crystalliza-
tion. In case the crystallization of iPP fine droplets
in a PE matrix is to be followed completely, either
a nucleating agent must be used (in order to in-
crease the crystallization temperature of iPP
eliminating the fractionated crystallization of the

Figure 8 Complex viscosity h* versus frequency ofdroplets) , or a matrix with a low enough viscosity
LLDPE/iPP/sorbitol blends at different temperatures
at 15% strain.

in the temperature range where fractionated crys-
tallization occurs must be used (like VLDPE or
ULDPE). The crystallization behavior of iPP/
branched PE blends studied by dynamic rheologi-
cal techniques yielded results that were in close
agreement with parallel DSC measurements; this
was demonstrated by a direct comparison be-
tween calorimetrically measured solid conversion
and G * changes as a function of temperature. At
the same time, the results obtained here demon-
strate the rheological consequences of the onset
of crystallization in heterogeneous systems where
fractionated crystallization was present.
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29. P. L. Joskowicz, A. Muñoz, J. Barrera, and A. J.ings of the 2nd SIAP/4th SLAP/6th IMC, Gra-
Müller, Macromol. Chem. Phys., 196, 385 (1995).mado, Brasil, 1994, p. 205.

30. V. B. F. Mathot and M. F. J. Pijpers, J. Appl.18. R. A. Morales, M. L. Arnal, and A. J. Müller, Polym.
Bull., 35, 379 (1995). Polym. Sci., 39, 979 (1990).

8E12 4658/ 8EF6$$4658 10-22-97 18:21:27 polaal W: Poly Applied


