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ABSTRACT: A series of graft polymers having polypro-
pylene (PP) backbone and poly(ethylene-co-propylene)
(EPR) side chains was prepared. PP backbone molecular
weight (Mn) was 28–98 kg/mol, EPR side chain Mn was
2.6–17 kg/mol, and EPR content was 0–16 wt %. In this
work, thermal analysis of the copolymers was performed
using differential scanning calorimetry (DSC). Nonisother-
mal crystallization was performed at different cooling rates.
The DSC thermograms revealed multiple melting peaks for
slowly cooled samples, most likely the result of the melting
of thinner tangential lamellae followed by the melting of
thicker radial lamellae. Equilibrium melting temperature
(Tm

0) was determined using the linear Hoffman–Weeks
method. Another approach was also used for determining

Tm
0: melting temperature (Tm) and crystallization tempera-

ture (Tc) were plotted as functions of logarithmic cooling
rate. Linear relationships were observed for all samples with
the cross points as Tm

0’s. As cooling rate decreased, Tc, Tm,
and enthalpy of fusion (�Hf) increased. Tm and Tm

0 in-
creased with increasing PP Mn. Tc and Tm were unaffected
by the grafting of EPR onto the PP backbone. Tm

0 and �Hf
decreased as EPR content increased. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 99: 3380–3388, 2006

Key words: poly(propylene), (PP); poly(ethylene-co-pro-
pylene), (EPR); differential scanning calorimetry, (DSC);
crystallization; melting

INTRODUCTION

Polypropylene (PP) is an important commercial plas-
tic, but it has poor low-temperature impact strength.
Today, PP is toughened by blending it with olefin
elastomers, such as ethylene–propylene rubber (EPR)
or ethylene–propylene–diene monomer (EPDM). The
blend of olefin elastomers and PP is incompatible and
forms a multiphase system. When the rubber content
is below about 30 vol %, a PP matrix with dispersed
rubbery domains results.

High-impact PP has high stiffness and is a good
electrical insulator. It is primarily used in durable
applications, such as automotive parts, including
bumpers and body panels and appliances. Impact-
modified PP exhibits significantly higher fracture re-
sistance, impact strength, elongation-at-break, and
fracture toughness than unmodified PP. However,
modified PP has reduced modulus, tensile strength,
and transparency. These properties are influenced by
interfacial adhesion, the concentration of rubber, and
the size, shape, and dispersion of the domains.

For multiphase polymers, toughening is determined
by two factors.1 First, it has been shown that the
smaller the particle and the narrower the particle size
distribution, the better the impact properties. Smaller
particles and narrower particle size distributions par-
tially result from low surface tension between the
particle and the matrix (i.e., good compatibility be-
tween phases). Second, it has been demonstrated that
the stronger the adhesion between the particle and the
matrix, the better the impact properties. Strong inter-
facial adhesion is also the result of good compatibility.

Nitta, Mori, and coworkers synthesized diblock co-
polymers of isotactic PP and ethylene–propylene ran-
dom copolymer (PP-b-EPR) by a short-period (or
stopped-flow) polymerization method.2–8 They used
differential scanning calorimetry (DSC) for thermal
analysis of the PP-b-EPR, along with a PP homopoly-
mer and a PP/EPR blend.4 The PP and PP/EPR blend
had the same melting temperature (Tm) of 157°C. Tm

decreased with increasing EPR fraction in the PP-b-
EPR, from 157 to 147°C. A similar trend was reported
in other papers by the same group.2,7

Wang and Huang reported the synthesis of PP-EPR
and PP-EPR-PP block copolymers by sequential slurry
polymerization with �-TiCl3-Et2AlCl in hexane.9 DSC
of the PP-EPR and PP-EPR-PP copolymers revealed
two melting endotherms, one at 154–162°C, attribut-
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able to PP, and the other at 119–121°C, attributable to
long ethylene sequences in the EPR block.9 Similarly,
there were two crystallization peaks, one for PP and
one for PE.

Arranz-Andrés et al. studied a commercially avail-
able propylene-b-(ethylene-co-propylene) copolymer,
which is composed of iPP and EPR units.10,11 The
copolymer was supplied by Repsol-YPF (Spain). It
was synthesized as follows: An iPP homopolymer was
produced in a first reactor, and then propylene and
ethylene were fed in a second reactor. This resulted in
a multiphasic copolymer composed of blocks of semi-
crystalline iPP and amorphous EPR. DSC analysis was
performed on this PP-b-EPR.10 The copolymer was
quenched from the melt and then heated at 20°C/min,
revealing two peaks upon melting. The existence of
two peaks was attributed to a melting–recrystalliza-
tion–melting process acting on imperfect crystallite
formation.

Lohse and coworkers prepared a graft copolymer
with iPP arms pendant from an EPR backbone and
demonstrated its ability to compatibilize iPP/EPR
blends.12,13 In the first step, an ethylene–propylene–
diene terpolymer (EPDM) was made.12 In the second
step, iPP chains were grown from the unreacted dou-
ble bonds of the diene. Alternatively, a succinic anhy-
dride grafted PP was reacted with an EPR containing
primary amine groups.13

Ruokolainen et al. synthesized a syndiotactic PP-b-
EPR using a bis(phenoxyimine)-based titanium cata-
lyst system with methylaluminoxane.14 The reactor
was first saturated with propylene and then injected
with the catalyst to initiate polymerization. After some
time, the reactor was vented and ethylene was intro-
duced into the reactor. After additional time, the re-
action was quenched. Using DSC, Tc and Tm were
discovered to correlate best with the sPP-EPR block
copolymer total molecular weight, with higher molec-
ular weights producing lower Tc and Tm.

Coates and coworkers have also synthesized a syn-
diotactic PP-b-EPR.15,16 Tm decreased with the addi-
tion of EPR. Fukui and Murata synthesized an atactic
PP-b-EPR using metallocene catalyst systems.17

Recently, Kolodka et al. synthesized a series of
novel polymers with iPP backbones and EPR branch-
es.18,19 The molecular weight of EPR side chains and
the EPR weight percentage in the copolymer were
well controlled. There appeared to be a critical EPR
branch length at an Mn of about 6 or 7 kg/mol. When
the EPR length was below this Mn, the side chains
behaved as short chain branches and had little influ-
ence on rheological properties. If this critical Mn was
exceeded, the side chains were long enough to form
entanglements and behaved as long chain branches.
Increasing branch Mn and branch frequency led to
increases in zero shear viscosity, shear thinning, and
flow activation energy. A two-phase system also de-

veloped, with fine rubbery domains dispersed in a PP
matrix. The two-phase system enhanced the loss mod-
ulus of the copolymer. The domain sizes depended on
the Mn of individual EPR branches, and were nano-
scale. Because the EPR chains were chemically grafted
to the PP backbone, there was excellent dispersion of
rubbery domains.

The objective of the present work is to establish the
relationships between chain structure (i.e., PP Mn, EPR
content, and EPR Mn) and thermal properties (i.e.,
crystallization and melting behavior) using the poly-
mers synthesized by Kolodka et al. Thermal analysis
of the polymers is performed using DSC.

EXPERIMENTAL

Synthesis of PP-g-EPR

The copolymers of iPP and EPR used in this work
were synthesized in a two-step polymerization pro-
cess. First, EPR macromonomers were prepared in a
high-temperature, high-pressure continuous stirred
tank reactor using a Dow Chemical constrained geom-
etry catalyst, [C5Me4(SiMe2NtBu)]TiMe2 with cocata-
lyst, tris(pentafluorophenyl)boron. The details regard-
ing the reactor system and the polymerization were
reported in previous publications.20,21 Next, the EPR
macromonomers were copolymerized with propylene
in a semibatch reactor using rac-dimethylsilylenebis(2-
methylbenz[e]indenyl) zirconium dichloride and modi-
fied methyl aluminoxane.

Differential scanning calorimetry

The heating, cooling, and heat measurements of poly-
mer samples were performed using a TA Instruments
DSC 2910 Modulated DSC. The DSC was operated in
Conventional DSC mode for all experiments. The DSC
was connected to a TA Instruments DSC Refrigerated
Cooling System. The DSC was controlled using Ther-
mal Advantage Instrument Control Software.

A nitrogen purge rate of 30 mL/min was used for
all experiments. The DSC cell constant and tempera-
ture were calibrated using indium. Polymer samples
weighed about 5–10 mg, and were crimped in alumi-
num pans.

Samples were heated at 10°C/min to 180–210°C and
held there for 10 min to erase thermal history. They
were then cooled at different rates (0.2 or 0.3, 1, 3, and
10°C/min) to 50–80°C. Crystallization temperature
(Tc) was measured during cooling. The slowest cool-
ing rate was 0.2°C/min for samples 1, 6, 7, and 13 (and
0.3°C/min for all others). Cooling was followed by a
second heating scan at 10°C/min. Melting tempera-
ture (Tm) and enthalpy of fusion (�Hf) were measured
during the second heating scan.
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RESULTS AND DISCUSSION

The results of crystallization and melting are summa-
rized in Tables I and II, respectively. The data on
molecular weight (Mn) and EPR content are from the
previous work.19 The reported Tc is the temperature at
which crystallization commenced (i.e., onset of crys-
tallization). The reported Tm is the peak Tm. After
rapid cooling, there was only one melting peak upon
heating. The Tm’s reported for the slow cooling exper-
iments are of the dominant peak, in the cases where
there are low temperature shoulders or peaks.

Multiple melting peaks

After the polymer samples were cooled rapidly (10°C/
min), only one endothermic peak was visible upon

melting. Slower cooling led to the development of an
endothermic melting shoulder at a temperature about
10°C lower than the main melting peak. Further de-
creasing the cooling rate allowed the shoulder to de-
velop into a more well-defined melting peak (Fig. 1).
This phenomenon is evident for all the polymer sam-
ples tested. There is no significant difference between
the melting peaks of samples 6 and 7 at any cooling
rate, despite the presence of EPR in sample 6 (Figs.
2–4).

Many different explanations have been given for the
presence of multiple melting peaks in the DSC ther-
mograms of iPP. Explanations vary based on the poly-
mer chain structure and the crystallization conditions.
One explanation is the formation of different crystal-
line polymorphs (�-, �-, or �-forms), which have dif-

TABLE I
Crystallization Results From DSC

Sample
PP Mn

(kg/mol)
EPR Mn

(kg/mol)

EPR
content
(wt %)

EPR branch
per PP
chain

Tc (°C)

10°C/min 3°C/min 1°C/min
0.2 or

0.3°C/min

1 54.5 2.6 7.6 1.75 115.3 118.9 123.0 128.0
2 52.8 3.9 10.7 1.62 113.0 119.0 123.3 127.7
3 50.1 6.0 8.6 0.78 113.1 117.8 121.7 126.1
4 34.6 7.8 15.7 0.82 111.0 116.7 121.2 125.6
5 34.4 11.2 16.1 0.59 115.8 121.2 125.4 130.0
6 90.4 17.1 8.7 0.50 115.8 120.8 125.1 130.9
7 97.7 0.0 0.0 0.00 116.3 120.1 123.9 129.9
8 51.7 2.6 2.4 0.50 112.0 117.8 122.2 126.4
9 52.7 2.6 4.5 0.97 118.8 122.5 125.4 128.9

10 45.7 2.6 5.4 1.02 111.3 117.8 122.6 127.2
11 74.0 17.1 1.4 0.06 112.0 116.8 121.6 125.7
12 77.4 17.1 3.3 0.15 115.0 120.4 124.6 128.6
13 30.0 2.6 5.3 0.66 108.3 113.9 118.5 124.5
14 28.1 2.6 4.5 0.52 115.6 119.5 122.5 125.7

TABLE II
Melting Results From DSC

Sample

Tm (°C) �Hf (J/g)

10°C/min 3°C/min 1°C/min
0.2 or

0.3°C/min 10°C/min 3°C/min 1°C/min
0.2 or

0.3°C/min

1 147.2 148.0 149.4 150.8 92 95 96 96
2 148.2 149.0 150.2 151.6 95 97 103 103
3 147.9 148.7 149.8 151.1 98 99 98 105
4 148.0 148.5 149.6 150.6 87 97 98 104
5 149.5 150.2 151.1 152.7 91 95 100 100
6 151.9 152.8 154.1 156.1 88 92 94 97
7 151.3 151.9 153.5 156.3 102 105 110 116
8 146.9 147.9 149.3 150.6 113 115 118 122
9 148.9 149.6 150.6 151.6 98 105 109 111

10 143.2 144.6 147.0 148.1 108 106 117 115
11 149.1 150.2 151.6 153.6 101 106 110 115
12 149.3 150.2 151.9 152.5 74 77 81 90
13 142.1 143.1 144.8 146.3 95 100 99 99
14 144.6 144.9 146.1 147.0 102 105 113 110
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ferent Tm’s. In cases where both �- and �-forms are
present, the two melting peaks represent the melting
of �- and �-crystals, where the �-crystals melt at a
lower temperature.22–25 For isothermal crystallization,
the relative content of the �-form decreases with in-
creasing Tc.

24 For nonisothermal crystallization, the
percent of �-form decreases when cooling rate de-
creases.23 These results from isothermal and noniso-
thermal experiments are consistent, because slower
cooling results in higher Tc. This explanation will not
work for the results found in the present research,
because the intensity of the lower peak increases with
slower cooling.

Another possibility involving two crystal forms is
that the two peaks represent the �- and �-crystals,
where the �-crystals melt at a lower temperature.26–28

The �-phase of iPP can be formed by using high pres-
sures during crystallization. It can also be formed at
atmospheric pressure in homoPP with a high concen-
tration of stereodefects and regiodefects in the chain
and in PP copolymers. The percent of �-phase in-
creases with decreasing cooling rate or increasing iso-
thermal Tc.

28–31 Therefore, the double melting peaks
are more prominent after slow cooling. This is the

same trend observed in the present research. How-
ever, �-crystals are not the only possible explanation
for the multiple melting peaks observed in the present
research.

The second possible explanation for the multiple
melting peaks is a melting-recrystallization process
that occurs during heating after crystallization. In this
case, the double melting peak is not related to the
structure or morphology of the original crystallized
sample. Instead, the low melting peak corresponds to
the partial melting of the original crystals, and the
high melting peak corresponds to the melting of crys-
tals formed during the melting process.32 Upon heat-
ing in the DSC, thin molten lamellae recrystallize into
thicker lamellae, which melt at higher temperatures.
This explanation involves melting of a disordered
phase �1, followed by recrystallization into an ordered
phase �2, and finally the melting of �2.25,33–35

In isothermal crystallization experiments, multiple
melting peaks are produced after crystallization at a
low Tc, but not at a high Tc.

35–37 Similarly, in noniso-
thermal crystallization experiments, many researchers
have found multiple melting peaks after fast cooling
(low Tc), but only one melting peak after slow cooling

Figure 2 DSC melting curves for samples 6 and 7 after
cooling at 10°C/min.

Figure 1 DSC melting curves for sample 13 after cooling at
0.2, 1, and 10°C/min.

Figure 3 DSC melting curves for samples 6 and 7 after
cooling at 1°C/min.

Figure 4 DSC melting curves for samples 6 and 7 after
cooling at 0.2°C/min.
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(high Tc).
33,37–40 Therefore, this explanation is more

likely valid for low isothermal Tc or for rapid cooling,
for which more imperfect crystals are formed. At
lower cooling rates, greater percentages of the sample
crystallize perfectly and, therefore, the percentage of
polymer that undergoes reorganization decreases.
Conversely, in the present research the double melting
peaks are visible only after slow cooling.

A third possibility is that the two endothermic
peaks correspond to the melting of two populations of
lamellae. It is well-known that spherulites of iPP con-
tain two populations of lamellae, namely the radial (or
dominant or mother) lamellae and the tangential (or
subsidiary or daughter) lamellae.41,42 The tangential la-
mellae form a cross-hatched structure across the radial
lamellae. When this is the cause of the double melting
peaks, it is because the radial lamellae are thicker and
therefore melt at a higher temperature than the thin-
ner tangential lamellae, according to the Gibbs–Thom-
son equation (eq. (1)), which can be simplified as
follows:

Tm � Tm
o �1 �

2�e

�Hf
oL� (1)

where �e is the fold surface free energy, �Hf
0 is the

heat of fusion of an infinitely thick crystal, and L is the
lamellar thickness.

It has been demonstrated that at low Tc, radial and
tangential lamellae have the same thickness.43–45 At
low Tc, the tangential lamellae develop at almost the
same time as the radial lamellae, and thus they have
similar thicknesses.43 Therefore, it is expected that at
low Tc the melting of radial and tangential lamellae
occur simultaneously. This has been experimentally
demonstrated by Alamo et al.45 As Tc increases, the
thickness increases of both radial and tangential la-
mellae. However, the rate of increase of radial lamellar
thickness with increasing Tc is greater than the rate of
increase of tangential lamellar thickness with increas-
ing Tc.

44,45 At high Tc, the radial lamellae grow before
the tangential lamellae, and thus the radial lamellae
have greater thickness.43 Therefore, after crystalliza-
tion at high temperatures, upon heating, the thin tan-
gential lamellae melt first, and then the thicker radial
lamellae melt.45–47 Weng et al. demonstrated that dif-
ferent lamellar thicknesses cause multiple melting in
metallocene-catalyzed PP and in propylene-ethylene
random copolymers.46,48

It has been shown that different explanations apply
in different circumstances. For �-form PP, when the
supercooling is high (i.e., at low Tc or fast cooling
rate), double endotherms are caused by melt-recrys-
tallization.49,50 When the supercooling is lower (i.e., at
high Tc or slow cooling rate), double endotherms are
caused by multiple populations of lamellae with dif-

ferent thicknesses.49–52 Intermediate supercooling re-
sults in only one melting peak. The Tc and Tm ranges,
in which each explanation applies, vary based on fac-
tors such as the isotacticity and molecular weight of
the PP under investigation. Zhao et al. demonstrated
the applicability of these explanations to a propylene-
ethylene copolymer.53

The explanation involving different lamellar thick-
nesses is in accordance with the observations of the
present research. There is only one melting peak at
low Tc, but there are two melting peaks at high Tc. This
indicates that the experiments were conducted in the
low to intermediate supercooling ranges described
above. Another possibility is that the multiple peaks
represent the melting of �- and �-crystals. This expla-
nation cannot be ruled out based on DSC measure-
ments alone. The other explanations, involving �-crys-
tals or melt-recrystallization, are only applicable when
the opposite trend is observed (i.e., one melting peak
at high Tc and two melting peaks at low Tc).

Equilibrium melting temperature

Observed Tm’s of polymers are well below the ther-
modynamic values, even when using slow cooling
and heating rates. The difference between observed Tm

and Tm
0 can be minimized by increasing Tc. In the case

of nonisothermal crystallization, increasing Tc can be
achieved by using lower cooling rates. In both isother-
mal and nonisothermal experiments, higher Tc leads
to the formation of thicker lamellae, which increases
Tm. The dependence of Tm on lamellar thickness is
described by the Gibbs–Thomson equation (eq. (1)).
The longest crystallizable sequences form the thickest
lamellae, which melt at the highest temperature.

Hoffman and Weeks devised a method for studying
the dependence of Tm on Tc.

54 They observed that a
straight line is obtained when Tm is plotted as a func-
tion of Tc. Tm

0 is the temperature where the polymer
crystallizes infinitely slowly and Tm equals Tc. There-
fore, the intersection of the two lines (Tm versus Tc and
Tm � Tc) represents Tm

0 (see Fig. 5). The Hoffman–
Weeks equation is:

Tm � Tm
o �1 �

1
�� �

Tc

�
(2)

where � is the morphological factor or thickening
coefficient, which represents the ratio between the
final lamellar thickness after thickening and the initial
lamellar thickness at Tc. The greater the value of �, the
more stable the crystals.

A nonlinear Hoffman–Weeks method has been de-
veloped by Xu and coworkers.55,56 Whereas Xu et al.
argue that linear Hoffman–Weeks method underesti-
mates Tm

0 of iPP by about 27°C, Yamada et al. argue
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that linear Hoffman–Weeks overestimates Tm
0 by about

17°C.53,55,56 Clearly, there is still uncertainty about the
true Tm

0 of iPP. The linear Hoffman–Weeks method
continues to be used in the literature.27,57

The results of the Hoffman–Weeks extrapolations
are shown in Table III. The lowest temperature has
been excluded from the calculation of Tm

0 , except for
samples 10, 12, and 13, where no data was excluded.
Excluding data from low temperatures is common-
place in the literature.27,58,59 The slow rate of change of
Tm with Tc in the low Tc region can be explained as
follows.60 Samples crystallized at low temperatures
(or high cooling rates) traverse a temperature interval
in which rapid crystallization occurs. Consequently,
small lamellae of approximately the same thickness
are formed at each Tc in this temperature range. There-
fore, Tm increases very slowly with increasing Tc.

The differential coefficient (dTm/dTc � 1/�) ranged
between 0.24 and 0.33 for the graft copolymers and
was 0.45 for the homoPP. For Tc � 159°C, Yamada et
al. found a differential coefficient of 0.31 for their

homoPP.51 Other researchers found differential coef-
ficients of 0.29–0.47 for various homoPPs.37,59

Tm and Tc as functions of cooling rate

Both Tm and Tc were plotted as functions of logarith-
mic cooling rate (Fig. 6). A linear relationship was
observed in both cases for all samples. It was observed
that these lines would intersect at very low cooling
rates. The intersection of these lines gives the Tm

0 . For
this method, when only 3 points were used, the high-
est cooling rate has been excluded.

The linear relationship between Tc and logarithmic
cooling rate has been observed in previous re-
ports.61,62 This is in contrast to the linear relationship
between Tc and (nonlogarithmic) cooling rate pro-
posed by Khanna and the related crystallization rate
coefficient (CRC).63 Since Tc is linearly correlated with
logarithmic cooling rate, and Tm is linearly correlated
with Tc (according to the Hoffman–Weeks equation),

Figure 5 Hoffman–Weeks plot for determination of equi-
librium melting temperature. Data shown are for sample 8.

TABLE III
Equilibrium Melting Temperature Results by Two Methods

Sample

Hoffman–Weeks ln (rate) Tm vs. ln (rate) Tc vs. ln (rate)

Tm (°C) R2 Tm (°C) R2 # Points R2 # Points

1 161.4 0.9974 160.3 0.9884 4 0.9987 4
2 161.6 0.9999 161.7 0.9999 3 0.9997 3
3 161.3 1.0000 161.0 0.9997 3 0.9996 4
4 158.5 0.9997 158.5 0.9982 3 0.9993 3
5 161.5 0.9797 159.3 0.9612 4 1.0000 3
6 168.6 0.9983 167.8 0.9997 3 0.9986 4
7 177.5 0.9991 179.1 0.9976 3 0.9986 4
8 161.9 1.0000 159.1 0.9927 4 0.9949 4
9 161.8 0.9976 161.6 0.9993 3 0.9996 4

10 158.2 0.9747 158.3 0.9784 4 0.9939 4
11 171.0 0.9759 170.6 0.9931 3 0.9976 4
12 160.1 0.9673 161.1 0.9665 4 0.9990 3
13 154.3 0.9823 154.3 0.9860 4 0.9970 4
14 157.6 0.9912 157.6 0.9889 3 0.9999 3

Figure 6 Effect of logarithmic cooling rate on crystalliza-
tion and melting temperatures. Data shown are for sample 1.
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Tm must also be linearly correlated with logarithmic
cooling rate, as shown here.

Effect of cooling rate

Tc increases with decreasing cooling rate (Fig. 7). At
lower cooling rates, the activation of crystallization
nuclei occurs at higher temperatures because there is
more time to overcome the nucleation barrier.64 �Hf

increases with decreasing cooling rate. Flexible poly-
mer chains form amorphous, random-coil conforma-
tions in polymer melts. Fast cooling rates trap amor-
phous regions of a semicrystalline polymer and min-
imize the crystalline ordering that takes place upon
cooling. Tm increases with decreasing cooling rate.
Quickly cooled samples do not have enough time to
form organized crystal structures. At low cooling
rates, crystal thickening occurs, which leads to more
perfect crystals due to longer times for reorganization
within crystals.

Effect of PP Mn

PP Mn had no apparent effect on Tc or �Hf. Tm in-
creases with increasing PP Mn (Fig. 8). This relation-
ship has been observed by other researchers.7,58 The
implication is that higher molecular weight leads to
greater lamellar thickness. Tm

0 increases with increas-
ing PP Mn (Fig. 9). Cheng et al. found that the Tm

0 of
iPP (isotacticity � 0.99) increases from 170°C at Mn �
15 kg/mol to 185°C at Mn � 300 kg/mol.58 Yamada et
al. showed that the Tm

0 of iPP ([mmmm] � 99.6%)
increases with increasing Mn, from 183.7°C at 23 kg/
mol to 187.7°C at 263 kg/mol.65 See Mandelkern and
Stack for discussion of this relationship.66

Effect of EPR content

Tc was unaffected by the grafting of EPR onto the iPP
chain. In mechanical and reactor blends of iPP/EPR,

the EPR domains can act as crystallization nuclei, pro-
ducing more crystals, which lead to faster crystalliza-
tion, thereby increasing Tc in nonisothermal crystalli-
zation experiments.40,67,68 Since the Tc of the PP-g-EPR
is independent of EPR content, the EPR side chains do
not act as crystallization nuclei for PP.

�Hf decreases as percent EPR increases (Fig. 10).
Experimental errors in the determination of �Hf from
DSC measurements are fairly large (�5–10 J/g).
Therefore, the general trend is significant, but individ-
ual points are not significant. This relationship has
also been observed for PP/EPR blends.69 It is due to
the thickening of amorphous layers between lamellae,
which is caused by the increased amorphous content
of the PP-g-EPR. The decrease in �Hf is approximately
proportional to the amorphous EPR fraction. The crys-
tallization of PP is unhindered by the EPR side chains.

Tm was unaffected by the grafting of EPR onto the
PP chain. The EPR in PP/EPR blends does not usually
affect the Tm of the PP.40,68,70 However, Bedia et al.
reported a decrease in Tm of 2.8°C from homoPP to a
50% EPR blend.69 The lack of change in Tm suggests
that the incorporation of EPR does not affect lamellar
thickness.

Figure 7 DSC crystallization curves for sample 2 cooled at
various rates.

Figure 8 Effect of PP molecular weight on melting tem-
perature (after cooling at 1°C/min).

Figure 9 Effect of PP molecular weight on equilibrium
melting temperature, as determined by the Hoffman–Weeks
method.
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Tm
0 is lowered by the presence of EPR branches. The

Tm
0 of the homopolymer, sample 7, is approximately

10°C higher than that of the copolymer with a similar
Mn, sample 6. Furthermore, sample 11, which has a
low EPR content (1.4 wt %) and a low branch fre-
quency (0.06), has a Tm

0 higher than sample 6 and
considerably higher than any of the other copolymers
(Fig. 9).

Effect of EPR Mn

The length of the EPR side chains has no apparent
influence on the Tc. There is no discernible influence of
EPR Mn on �Hf. �Hf decreased solely as a function of
EPR content, and not as a function of EPR chain
length. EPR Mn does not affect experimental Tm.

EPR Mn has no effect on Tm
0 . At first glance, it may

appear that Tm
0 increases at the highest EPR Mn (17.1

kg/mol). However, these Tm
0 s can be explained with

reference to the polymer characteristics discussed in
previous sections. The highest of these Tm

0 s is that of
sample 11. This sample has a low EPR content and a
low branch frequency. The second highest Tm

0 at this
EPR Mn is that of sample 6, which has the highest total
Mn.

CONCLUSIONS

DSC was used to characterize unique PP-g-EPR sam-
ples in terms of nonisothermal crystallization and
melting. The DSC thermograms revealed multiple
melting peaks for slowly cooled samples, most likely
the result of the melting of thinner tangential lamellae
followed by the melting of thicker radial lamellae,
although this cannot be proved based on DSC mea-
surements alone. The multiple melting peaks were not
the result of the presence of �-crystals (in addition to
�-crystals), nor were they the result of the melting-
recrystallization–remelting phenomenon.

As cooling rate decreased, Tc, �Hf, and Tm all in-
creased. Tc and �Hf were unaffected by PP Mn. Tm and
Tm

0 increased with increasing PP Mn. Tc was unaf-
fected by the grafting of EPR onto the PP chain. �Hf

decreased as EPR content increased. Experimental Tm

was unaffected by the EPR content in the PP chain.
However, Tm

0 was lowered by the EPR branches. The
Mn of the EPR side chains had no apparent effect on
Tc, �Hf, Tm, or Tm

0 .
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