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Abstract A reaction between a linear polypropylene functionalized with maleic
anhydride (PPg) and epoxy resin (bisphenol A diglycidyl ether) was carried out on
the molten state to generate long-chain branches (LCB) in the molecular structure of
the PPg. Concentrations of epoxy resin (ER) of up to 3.15 wt% were employed to
obtain different levels of branching. FTIR spectroscopy analysis indicates that
during the reaction, anhydride groups in PPg are consumed and new ester groups are
formed. The presence of branches was verified using multiple-detection size-ex-
clusion chromatography and rheology. The degree of long-chain branching induced
in PPg augments with increasing concentration of ER. Furthermore, the materials
modified with higher content of ER display gel-like behavior. The long-chain
branched polymers also display thermo-rheological complexity. Thermal charac-
terization studies show that LCBs have a nucleating effect during crystallization and
cause the augment of the crystallization activation energy of PPg.

Keywords Polypropylene - Crosslinking - Structure—property relations - Rheology -
Calorimetry

Introduction

The industrial synthesis of polypropylene (PP) produces highly linear stereospecific
polymers with many excellent properties, such as low density, high melting
temperature, and good mechanical and chemical resistance. These features make PP
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useful for many applications in the automotive industry, food packaging, structural
support and a broad range of products from day to day life. However, its
performance is not suitable for processes that require good melt strength and strain
hardening such as thermoforming, foaming, blow molding, film molding and fiber
spinning [1, 2]. To be able to use PP in those processes, melt strength and strain
hardening must be enhanced. This can be done by blending the PP with polymers
with good extensional properties, such as like low-density polyethylene [3], by
including a fraction of high molecular weight PP, or by introducing long-chain
branches (LCB) in the linear backbone of the PP molecules. This last method is the
most efficient mechanism to improve the melt strength and strain hardening [4-22].
The presence of LCBs increases the terminal relaxation time enhancing the melt
strength and improving the strain hardening behavior of the material in extensional
flows [5, 7, 9-11, 14, 15, 17, 20, 22, 23].

Nowadays, important advances in the procedures for synthesizing PP with LCB
have been done. These strategies can be grouped into two groups. The first one
seeks to generate the LCB during the polymerization reaction [12, 13, 17, 24]. In the
other group, the modification is carried out during a post-polymerization stage that
takes place after the main polymerization of a conventional linear PP. This later
approach has gained large attention for its versatility. There are several forms to
accomplish the post-polymerization modification, such as irradiation,
[5, 9, 10, 15, 25, 26] solid-state grafting, [7] and reactive extrusion. In this last
case, PP is processed in the molten state in the presence of organic peroxide and a
multi-functional monomer. The peroxide attacks the PP molecule producing
macroradicals that react with the monomer generating LCB in PP
[4-6, 8, 11, 14, 16, 19-22, 27]. This process can be also applied to a functionalized
PP such as maleic anhydride grafted PP (PPg). In this case, no peroxides are needed
and the branching reaction is achieved using different multi-functional monomers
that react with the anhydride groups [18, 22, 28, 29].

Following a previous study in which glycerol was used as a chain-branching
agent [22], in the present work, long-chain branched PP (PPr) is obtained by melt
processing a commercial PPg in the presence of diglycidyl ether of bisphenol A
(DGEBA). Tang and coworkers [28] used DGEBA, as well as two other epoxi
resins, to introduce LCB in 50:50 PP/PPg mixtures using reactive extrusion at
190 °C. The PPg they use is obtained in an early stage by grafting maleic anhydride
into the PP. They observe that the melt flow rate decreases and the sagging
resistance of the polymer greatly improves with the presence of the LCBs.

In this paper, infrared spectroscopy (FTIR) is used to verify the extent of the
branching reaction and high-temperature size-exclusion chromatography (SEC) to
evaluate the changes in molecular weight distribution and to estimate the amount of
long-chain branching induced on the polymer chains. The branched polypropylenes
are also characterized using small-amplitude oscillatory shear flow and differential
scanning calorimetry (DSC).

@ Springer



Polym. Bull.

Experimental
Materials

A PPg from Uniroyal Chemical Co. (Polybond 3200, M,, = 120 kg/mol and M,/
M, = 2.6) is used in this work. Since this polymer was provided partially
hydrolyzed, it was kept at 130 °C under vacuum for 8 h before used. The amount of
anhydride groups (AG) in the treated PPg was determined by FTIR as 0.74 wt%
following the methodology described in the Results and Discussions Section. The
crosslinking agent is an epoxy resin (ER), the diglycidyl ether of bisphenol A
(D.E.R 332 from Dow Chemical). It was used as purchased.

Modification of PPg

The reaction between PPg and the ER was carried out in a Brabender Plastograph®
mixer at 190 °C for 15 min using cam-blades rotating at 40 rpm. The unreacted ER
was removed from the modified polymer by dissolving the materials in xylene at
120 °C under constant stirring in a nitrogen atmosphere. The polymer was then
precipitated using methyl ethyl ketone at ~5 °C, and dried at 80 °C for 48 h under
vacuum. The modified PPgs are identified as PPgE# where # is representative of the
weight percentage of ER used in the modification. This percentage ranges from 0.65
to 3.15 wt% (see Table 1).

Characterization

The changes in the molecular structure of PPg were determined by analyzing the FTIR
spectra recorded using a Nexus spectrophotometer from Nicolet. The spectra were
obtained on ~ 100-pm-thick films in the range 400-4000 cm ™" using a resolution of
4 cm™". Each spectrum corresponds to the accumulation of 100 scans. The molecular
parameters such as weight molecular weight (M,,), number average molecular weight
(M,) and degree of branching (N cp) of the polymers were estimated by SEC at 135 °C
using a Viscotek 350 system from Malvern provided with three detectors: light
scattering (LS), refraction index and online viscometer. The chromatograph was
equipped with a set of PLgel 10-um Mixed-B LS columns (Polymer Labs) and 1,2,4-
trichlorobenzene containing 0.1 wt% of butyl hydroxyl toluene was used as solvent. The
system was calibrated with polystyrene standards (Viscotek).

Table 1 Molecular parameters of PPg and the modified polymers

Weight % of ER added Mass recovery (%) M, (kg mol™!) M, (kg mol™h) M /M,

PPg 0 100 48.6 132 2.7
PPgE07  0.65 100 58.0 175 3.0
PPgEl 1.01 100 80.0 514 6.4
PPgE2 1.89 98.4 733 315 -
PPgE3 3.15 86.8 62.4 389 -
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The elastic and viscous moduli of the polymers were determined using small-
amplitude oscillatory shear flow in an AR-G2 rheometer from TA Instruments
equipped with 25-mm-diameter parallel plates. The samples used in the rheological
tests were prepared by compression molding at 180 °C. The linear viscoelastic
behavior of the different polymers was studied at 180 °C, at frequencies between
0.01 and 100 s, applying a constant shear stress of 10 Pa. Stress sweeps were
applied to all materials to select the conditions to apply in the frequency sweeps so
that the rheological measurements were well in the linear viscoelastic range of each
polymer. The thermo-rheological behavior of the PPrs was also analyzed by
measuring the dynamic moduli at temperatures between 173 and 201 °C.

A Pyris I calorimeter from Perkin Elmer Co was used to study the thermal behavior
using 20 mL/min of nitrogen flow. To erase the thermal history of the polymeric
samples, they were heated up to 180 °C and held at this temperature for 3 min before
cooling to 30 °C at different cooling rates (2.5-20 °C/min). Finally, they were heated
again up to 180 °C at a rate of 10 °C/min. The crystallinity of PPg and modified
polymers was determined from the heat of fusion measured in this last scan.

Results and discussion
Molecular characterization

During the melt processing of PPg in the presence of the ER, some of the AGs of the
PPg react with the monomer generating esters links between the resin and the
polymer [30]. An LCB is produced when an ER molecule reacts with at least two
AGs belonging to different macromolecules. In this way, as the concentration of ER
increases, the amount of remaining AGs should decrease while the concentration of
ester groups increases. Figure 1 shows two regions of the FTIR spectra of PPg and

Fig. 1 FTIR spectra of PPg and
the materials modified with
different concentration of ER
(shown next to each curve)

Absorbance
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Wavenumber (cm')
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the modified polymers that allow the evaluation of the extent of the esterification
reaction. The spectra were normalized using the absorbance of the signal at
2720 cm™', which corresponds to the methyne groups of PP. All the spectra display
absorption bands at 1792 and 1860 cm™' corresponding to the symmetrical and
asymmetrical C=0 stretching of anhydride. The PPgEs also present bands at 1715
and 1735 cm ™' that can be assigned to the stretching of carbonyls of acid and ester
groups, respectively. In addition, absorbance bands located at about 1510 and
1610 cm ™" appear in the PPgE spectra which can be associated with the presence of
aromatic rings from the ER [31]. The progressive decay of the peak corresponding
to the AG and the growth of the bands associated with the reaction between the PPg
and ER, both confirm that the resin is incorporated into the macromolecular
structure.

The ratio of the absorbances at 1792 and 2720 cm ™' (A792/A2720) can be used to
estimate the remaining concentration of AGs in the modified polymers, through the
calibration curve

Ay792

— 130 x wt% AG (1)
A0

This equation was obtained measuring the absorbances of physical mixtures of
succinic anhydride with PP in concentrations ranging from 0.2 to 3 wt% [22]. The
weight percentage of remaining AGs in each polymer, estimated with Eq. (1) using
the A1792/A>750 ratios, is shown in Fig. 2 as a function of concentration of ER. This
figure also includes the ratio between the absorbance at 1735 and that at 2720 cm™ ",
which is proportional to the amount of ester groups incorporated in PPr.

According to the data in Fig. 2, at low concentrations of ER, the amount of AGs
rapidly decreases while the PPrs obtained with more than about 0.7 wt% of ER
display similar amount of unreacted AGs. On the contrary, according to the ratio

A1735/A2720, the ester groups rapidly augment at low concentrations of ER followed
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by a slower increase at higher concentrations. The constant value of unreacted AGs
of about 0.43 wt% indicates that only ~40% of the original amount of AGs in PPg
is consumed, regardless of the amount of ER used. Then, an average of 1.5 AG per
molecule reacts irrespective of the amount of ER employed in the modification
reaction, considering that an average of 3.6 AG is expected per original PPg
macromolecule according to the amount of 0.74 wt% of AGs in PPg. Two reasons
may explain this behavior, the inaccessibility of the remaining AGs when one or
more of these groups in a PPg molecule have already reacted, and/or a possible
phase separation of PPg and DGEBA. In this last case, the addition of ER above a
given concentration may not be available to react with the Ags of PPg. Furthermore,
the fact that the ratio A;735/A2750 keeps increasing while the concentration of AG
remains constant (after ~1 wt% of ER) may be due to formation of new ester
groups through the reaction of ER with the acid groups already formed from the
reacted AG. This is also suggested by the relative values of the absorbances at 1715,
1735 and 1610 cm ™" in the spectra of Fig. 1, which correspond to carbonyls of acid,
ester and aromatic ring, respectively.

SEC coupled with triple detectors was used to determine the molecular weight
distribution and corresponding average molecular weights, as well as to verify the
presence of non-linear molecular structures in the polymers. A value of dn/
dc = 0.098 ml/g was estimated for complete mass recovery of PPg, and later used
to analyze the chromatograms of all PPrs. It must be mentioned that a noticeable
amount of polymer was retained by the filtration system of the SEC equipment when
characterizing the PPgEs obtained with 1.9 and 3.2 wt% of ER. The percentage of
mass recovery estimated for each polymer is reported in Table 1. This result
suggests that existence of very high molecular weight or gel-like material in an
amount that increases with ER concentration.

Figure 3 shows all the normalized chromatograms of the light scattering detector
at 90°. The detector at 7° gave equivalent signals, not reported here. The modified
materials exhibit two clearly differentiated molecular populations while PPg has a
typical chromatogram of a polymer with a Gaussian distribution of molecular

Fig. 3 Light scattering signal T T T I
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weights. One of the peaks displayed by the PPgEs is located about the same
retention volume as the one corresponding to PPg, which it is surely constituted by
PPg molecules. The other peak, which appears at smaller retention volumes, is
formed by new macromolecular species of larger molecular weight. Polymers
PPgEO7 y PPgEl show a gradual decrease of the PPg population with ER
concentration and a corresponding gradual increase of high molecular weight
material. The two materials modified with larger concentrations of ER (PPgE2 and
PPgE3) display a different behavior. The peak at high retention volumes is higher
than that of PPgE1 while the one at low retention volumes is lower. This pattern is
due to the retention of highly crosslinked material that, as it was commented above,
is filtered by the SEC system. Consequently, the chromatograms of PPgE2 and
PPgE3 represent only the molecular weight distribution of the soluble portion and
not the total mass of the modified polymer.

The molecular weight distributions of PPg and the PPgEs calculated from the
information from all three SEC detectors are displayed in Fig. 4. The obtained
distributions are consistent with the chromatograms of Fig. 3 already discussed. It
can be observed that all PPgEs present a fraction at molecular weights larger than
10° g/mol, which is not present in PPg. This fraction increases with the amount of
ER used in the modification process, PPgEl being the material that shows the
largest relative fraction. The high molecular weight material filtered in the case of
PPgE2 and PPgE3 largely affects the displayed distributions. The shape of the
distribution in the vicinity of 10" g/mol suggests that even a fraction of PPgE1 may
be filtered by the SEC system. It has to be taking into account that the distribution
curves are influenced by the value of dn/dc used to perform the calculations. The
modification in molecular structure due to the crosslinking process may affect this
value. Table 1 displays the number and weight average molecular weights
calculated from the data in Fig. 4. The maximum values in molecular weight and
polydispersity are obtained for the PPgEl. The high molecular weight material
retained in the case of PPgE2 and PPgE3 results in lower values of molecular weight
and polydispersity measured in these cases.

Fig. 4 MOleCular Weight 0.7 LR LR | LR | T T

distribution of all materials o PPg

+ PPgE07 =
2 PPgEI
x PPgE2 _
o PPgE3

0.6 —

0.5+

Normalized Weight Fraction

10" 10° 10° 10’
Molecular Weight (g/mol)

@ Springer



Polym. Bull.

Figure 5 shows the intrinsic viscosity data, [#], as a function of molecular weight
obtained with the corresponding SEC detector. These results can be used to evaluate
changes in the molecular structure of PPg. Only the data corresponding to PPg,
PPgEOQ7 and PPgEl are displayed since these are the only three materials in which
the signal represents the total mass. The figure also includes a straight line
corresponding to the prediction of the Mark-Houwink relation, [1] = KM“, where
M is the molecular weight, and K and a are the Mark—Houwink constants. This
relation applies to linear polymers. The fitting of the PPg data to this model results
in a=0.69 and K = l.74><10_4, in agreement with the linear structure of this
material. The calculated values are very close to those reported in the literature for
linear PP [17, 32]. The intrinsic viscosity data of the modified PPgEs, however, do
not follow the Mark—-Houwink relation. The data deviate from this relation at high
molecular weights (above 200,000 g/mol) and get further apart as the molecular
weight increases. This behavior indicates that, for a given molecular weight, the
molecules of PPgE07 and PPgE1 are smaller (have smaller radius of gyration) than
those of PPg. This can be associated with complex branched structures that have
smaller hydrodynamic volume than a corresponding linear one for the same
molecular mass [17, 20]. Moreover, the progressive departure of the Mark—
Houwink relationship at higher molecular weights indicates that the complexity of
the generated structures increases with molecular weight, and it is enhanced with
increasing concentration of ER.

In the case of PPgEIl, a negative deviation is observed in the whole range of
molecular weights of Fig. 5, but a linear trend exists below 200,000 g/mol. This
lack of agreement at low molecular weights may be associated with the fact that the
value of dn/dc might be changing with the modification of PPg. In fact, small
increases, of about 7 and 23%, in the value of dn/dc produces sufficient change in
the value of the molecular weight of PPgE07 and PPgE]l, respectively, as to obtain
superposition of the data with those of PPg in the linear region.

The size of linear and branched polymer molecules in solution is accounted by
the classical theory of Zimm and Stockmayer [33, 34]. According to the model of
Zimm and Stockmayer, combined with the methodology of Lecachaux [35] the ratio
between the mean square radius of gyration of branched molecules and that of the
linear material, g = <S§ >,/ <S> >, is related with the ratio of the intrinsic
viscosity of these two types of polymers. This relationship is of the form

Frorooog T T T T T T T TTTTH

[n] = 1.74x10+ Moss o

Fig. 5 Intrinsic viscosity of
PPg, PPgEO7 and PPgEI as a
function of molecular weight

[n] (dVg)
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+ PPgE07
a PPgEl
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" = [n],/[n;» where the parameter ¢ depends on the type of branched structure and
the solvent—polymer interaction. It has been suggested that € has a value of 0.5 for
star polymers, 1.5 for combs with large backbones and short branches, and 0.7 for
multiarm stars [36-38]. A value of 0.75, which is frequently used for trifunctional
random branching [6, 39, 40], was chosen to calculate the average number of
branches per macromolecule, m, with:

1 /24 m 0‘51 (2 + m)® +m°3 { )
—|— nl———| —1].
2\ m (2 4 m)*> —mO3

This equation is used to compare the molecular structure of the modified
polymers even though it is not strictly applicable. The number of branches per 1000

monomer units, Vi cg, can be estimated from the average number of branches per
macromolecule:

6

m

Nics = 1000 x My x % (3)

where M), is the molar mass of the monomer and M is the molar mass of the
branched polymer.

The estimated values of Njcg corresponding to the data in Fig. 5 are shown in
Fig. 6. They were calculated using Eq. (3) and parameters ¢ = 0.75 and
My, = 42 g/mol. The branching index increases with the molecular weight in both
PPgEO07 and PPgE1. The decrease in the value of Ny cg of PPgE1 that is observed at
large molecular weights may be caused by the retention of the largest molecules by
the filtration system. The data in Fig. 6 indicate that PPgE1 presents three times the
amount of long branches of PPgE07. The values of Nycg displayed in the
figure suggest that PPgEO7 and PPgEL1, respectively, present approximately 1 and 3
branches every 10* carbons, which is the average number of carbons expected in an
average PPg molecule. In the analysis of these data, it has to be considered that the
position of the AG along the backbone of the PPg molecules is not known and,
consequently, the shape of the branched molecules cannot be inferred. Other authors
have estimated similar values for synthesized branched PPs using different methods
[5, 6,11, 13, 16, 17, 22].

Fig. 6 Estimated number of 0sl L T UL '_
branches per 1000 monomer ' + PPoE07
units as a function of molecular 06L PP&EI i
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Linear viscoelastic characterization

Rheological data obtained in the linear viscoelastic regime are particularly helpful
to confirm the presence of long-chain branching on polymers. Figures 7 and 8
display, respectively, the elastic modulus, G'(w), and dynamic viscosity,
' (w) = G"(w)lw, of PPg and the polymers modified with ER. PPg exhibits the
rheological behavior distinctive of a linear material with low polydispersity and
relatively low molecular weight. At high frequencies, where the viscoelastic
response is mainly due to the dynamics of short segments of the macromolecules,
the dynamic moduli of all materials converge to similar values. On the contrary, at
low frequencies, both G’ and #’ present large changes with respect to the original
PPg, being the elastic modulus the one that displays the largest variation with
increasing concentration of ER. In particular, the elastic modulus of PPgE3 reaches
a value that is approximately four orders of magnitude higher than that of PPg at the
lowest frequencies. This behavior, which corresponds to the existence of long
relaxation times in the PPgEs, agrees with the increasing complexity of the modified
molecules as the concentration of crosslinking agent increases. Moreover, PPgE2
and PPgE3 even display gel-like behavior at low frequencies, with values of G”/G’
equal or less to one, respectively.

Figure 8 shows the dynamic viscosity of all the polymers. PPgEO7 and PPg
display two typical regions: the Newtonian plateau at low frequencies, where the
value of viscosity can be considered constant (' — 1), and the shear-thinning
region at high frequencies, where the value of the viscosity decreases with
increasing frequency. The materials modified with concentrations of ER greater
than 0.7 wt% have higher viscosities with the Newtonian region outside the
experimental frequency range. This behavior is typical of topological structures that
become gradually more complex as the concentration of the ER is increased. It is
interesting to notice that an inflexion point appears in the viscosity curves of the
modified polymers at intermediate frequencies. This inflexion point, that is fairly
discernible in PPgEO7, becomes increasingly noticeable with higher doses of ER.

Fig, 7 E]astic mOduluS Of all 104 L T T ||||||I T T ||||||| T T ||||||I T T llllllé -
s as i i E &7 3
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F o g kX : a® + e 3
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Fig. 8 Dynamic viscosity of all AL L
polymers as a function o.f . i o PPg i
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n - 0.8 0.7 0.65 0.65
nu/nL - 3.8 0.53 0.10 0.079
Mt - 86 304 2100 1450
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This behavior, which has been observed in other PPrs and branched systems
[14, 22, 25, 41], may be associated with materials that are composed of two
distinctive populations of molecules with very different relaxation modes.
Considering this observation, the data were then fitted to the two-mode Cross
model: [2, 22].

M M

1 ) = T )™ T TH (o)™ @
where subscripts H and L stand for high and low frequencies, respectively, and #;, 4;
and n; are the corresponding zero-shear viscosity, characteristic relaxation time and
shear-thinning index of each of those modes. The predictions of the two-mode Cross
model are shown in Fig. 8 with solid lines. These curves were obtained using the
adjusted coefficients reported in Table 2. The listed coefficients were obtained by
minimum square fitting of the viscosity data. In the case of PPgE2 and PPgE3, the
longest relaxation time (Ap) falls in the limit or even outside the experimental
frequency range. To have accurate values of these relaxation times, long creep
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experiments should be performed. However, the calculated values are sufficient to
analyze the presence of molecular structures having large molecular weight.

As it can be observed, two relaxation modes were needed to obtain a good fitting
of the viscosity data of all PPgEs while a single relaxation mode was sufficient in
the case of PPg. In the case of the PPgEs, the lowest relaxation time corresponds to
the fastest relaxation process (fitting of the high-frequency data) and vice versa. The
fastest relaxation process can be related to the relaxation of segments of simple
molecular structures, while the slowest one to the relaxation time required by the
branched structures and/or higher molecular weight molecules generated by the
modification procedure. The parameters reported in Table 2 show that the relaxation
time corresponding to high frequencies, 4y, slightly increase with the concentration
of ER, while the one corresponding to low frequencies, 4; , augments appreciably. In
fact, /1 of PPgEOQ7 is already ~ 300 times larger than the relaxation time of PPg and
the one of PPgE2 is more than four orders of magnitude larger. A similar behavior
was observed in a previous study where glycerol was employed as crosslinking
agent [22]. In the present work, the synthesized materials present larger ratios of
relaxation time, which may be associated with larger levels of long branches.
Moreover, as the concentration of ER increases, the first mode gradually loses
importance when compared to the new one (/1. decreases).

From the rheological point of view, it is interesting to perform also a thermo-
rheological analysis, since it offers an additional approach to assess the presence of
complex molecular structures. Linear polymers have, in general, thermo-rheological
simple behavior and obey the time—temperature superposition principle. Figure 9
displays the elastic modulus and the phase angle, 6 = tan™'G"/G', of PPg, PPgE07
and PPgEl measured at different temperatures. Only these two PPrs were
considered since the rheological behavior of the other PPgEs is surely affected by
the gel material. As it may be observed, the distance along the frequency axis
between the curves of maximum and minimum temperature of PPgE0O7 and PPgE1
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Fig. 9 Elastic modulus (left) and phase angle (right) of PPg, PPgE07 and PPgE1 measured at different
temperatures as a function of frequency
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changes with frequency, which does not allow for a unique value of a time-—
temperature shift factor (a7) to be applied. Long-branched polymers do not normally
obey the time—temperature principle because of the constraints imposed by
branching points on chain relaxation. Moreover, branched molecules usually exhibit
higher activation energies in the range of frequencies associated with long
relaxation times than their equivalent linear counterparts [2, 5, 7, 13, 17, 22, 41-44].

Figure 10 shows the master curves of G, G” and & of PPg at the reference
temperature of 180 °C (7). These master curves were obtained by shifting the
curves along the frequency axis, determining the values of ay for each temperature,
and along the y-axis according to factors by = T/T. As it is observed, PPg displays
a thermo-rheological simple behavior, typical of a polymer with linear structure, in
concordance with SEC measurements. The fitting of the calculated time—temper-
ature shift factors ar to the Arrhenius model gives an activation energy (E,) of
39.5 kJ/mol, which is within the range of values reported in the literature for lineal
PP [1, 7, 12, 17].

As commented above, PPgEO7 and PPgE1 display thermo-rheological complex
behavior, given by the failure of the time—temperature superposition principle. Even
so, the superposition of data can be attained affecting each data point by a different
factor, that is, using an ar(5) [13, 41-44]. Figure 11 shows the master curves of G/,
G” and & of PPgE07 at T, = 180 °C. The master curve of & was obtained shifting
each data along the frequency axis up to superposition with those at 180 °C, while
those of G’ and G” were generated using those same at and applying factors by to
shift the data along the y-axis. As it may be observed, an excellent superposition of
the dynamic moduli is achieved using the at factors calculated from the phase angle
data. Furthermore, this way of presenting the data emphasizes the existence of two
populations of structures with different relaxation times.

The values of a{(d) corresponding to PPgEQ7 were then plotted as a function of
1/T to determine the flow activation energy, E,(d), using the Arrhenius model.
Figure 12 displays the calculated values. As it can be observed, the activation
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energy tends to match that of PPg in the high-frequency region (low J) and is larger
at low frequencies (0 — 90°), as expected for branched materials. E, of PPgE07 is
almost 50% larger than that of PPg in this range. The complexity of the rheological
behavior of PPgEl, which presents a severe S-shaped form in the phase angle
curves, allows for the superposition of the data just at the extremes. The values of
activation energies of PPgE1 estimated from these data are included in Fig. 12.
Although these values most likely are not the exact ones, they indicate that the value
of E, approaches that of PPg at high frequencies and is much larger at low
frequencies. Moreover, they also indicate that the difference between the values of
activation energies at low and high frequencies increases as the molecular structure
becomes more complex.
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Thermal analysis

The melting and crystallization behavior of the synthesized materials was analyzed
by DSC. The thermograms of PPg and three of the modified polymers, obtained at
10 °C/min, are displayed in Fig. 13. PPgE3 is not included in the figure given the
relatively large amount of gel material. Table 3 lists the values of the melting (7,,)
and crystallization (7.) temperatures obtained from the maximum of those
thermograms, as well as the onset crystallization temperature (7. onse), the enthalpy
of melting (AH,,) and crystallization (AH.). These two parameters were calculated
from the area of the corresponding peaks. T¢ onset Was computed as the temperature
at which 1 wt% of the material has crystallized.

The fusion of all polymers occurs at about the same temperature range while the
crystallization shifts progressively to higher temperature values. All polymers have
similar values of T,, and AH,, suggesting that, within the degree of modification
covered by this work, all the polymers experiment similar melting processes. This is
in agreement with other works in the literature that studied the effect of long-chain
branching on the thermal properties of polypropylene [14, 15, 19, 21, 22, 25, 26].
Conversely, in the crystallization process, the presence of branching has a more
significant effect. The two materials with no evidence of gel, PPgE07 and PPgE1,
show one exotherm with a maximum crystallization temperature that shifts from
120 to 127 °C. PPgE2 presents a double exotherm where the first one occurs at a
temperature similar to that of PPgE1 and the second exotherm takes place at a lower
temperature (see Table 3). Moreover, T. onse¢ gradually increases with the concen-
tration of crosslinking agent, while AH, is practically constant.

Most works in the literature that analyze the thermal behavior of long-chain
branches in PPs have found that 7, increases with respect to lineal PP and gradually
augments with the degree of LCBs [8, 14, 19, 21, 28, 45]. This behavior is
associated with the nucleating effect of the LCBs. The increase in crystallization

TTTTTTTTTTTTTTITTITTITTTITTI FrTTTTTTTTTTTTTTTTTT
PPgE2
\ PPgE2
a‘PPgEl ?[)
-~ ~
= = |PPgEl
N N
2 [PPgE07 2
= 2
[ R~ |PPgE07
w IS
o | PPg Q
T T
PPg
(a) (b)
Lttt ettt rrrgl I T I e e v |
100 110 120 130 140 150 100 120 140 160 180
T (°C) T (°C)

Fig. 13 Thermograms of PPg and modified PPgEs obtained at 10 °C/min during crystallization (a) and
melting (b)
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Table 3 Thermal properties of

PPg and modified polymers PPg PPgE07 PPgEl PPgE2
panedon et o 1w e e
10 °C/min AH,, (J/g) 105 102 105 102
T. (°C) 120 121 127 123/128"
AH. (J/g) 101 99 100 99
Te.onset (°C) 125 127 132 132
* Maximum temperatures of the f1,2 (min) 0.50 0.56 0.57 0.75

double exotherm

temperature observed in the PPgEs of this work seems to be smaller than in most of
the referenced works of the literature. The use of PPg, instead of PP, may be the
reason for this difference since the presence of the AGs also has a nucleating effect
(T, of maleic grafted PPs is approximately 7—10 °C larger than that of PP) [46].

To evaluate the effect of changes in molecular structure on the kinetics of the
crystallization process, the crystallization enthalpy ratio, y, was calculated by the
accumulative integration of crystallization curves divided by the total crystallization
enthalpy, AH. [47]. Figure 14 displays the curves of y of the four materials
corresponding to the thermograms obtained at four cooling rates (® = 2.5, 5, 10 and
20 °C/min) as a function of time. This time was calculated as:

Tc.onset =T

t=——0 > (5)
where T is the temperature and @ is the cooling rate. The crystallization thermo-
grams obtained at each cooling rate (not shown here) have similar shape and
behavior than the ones presented in Fig. 13 at 10 °C/min. Table 4 resumes the
corresponding crystallization parameters demonstrating this similarity. It can also
be observed that, as expected, increasing the cooling rate in each material produces
a shift of T, and T et towards lower values. A drop of ~10 °C can be appreciated
between the values of T, measured at 2.5 and 20 °C/min for the four compared
materials, while a slight reduction is observed in the values of AH..

The curves of y(t) in Fig. 14 have all the typical S-shape that corresponds to a
nucleation stage followed by crystal growth. As expected, as the cooling rate
increases, the crystallization process occurs more rapidly. Figure 14 also shows that
the rate of crystallization decreases as the concentration of ER augments. From the
curves in Fig. 14, the crystallization half-time, 7/, defined as the time when the
material reaches 50% of its crystallization, can be calculated. The values of ¢, are
listed in Table 4. At each cooling rate, PPgE07 and PPgE1 display values of #,,, that
are slightly larger than the one of PPg, while PPgE2 presents a #,,, that is 50%
larger. Moreover, the t1,, of each modified polymer decreases a factor of seven when
increasing the cooling rate from 2.5 to 20 °C/min. This phenomenon is typically
found in polymer crystallization and occurs because, when increasing the cooling
rate, the material requires lower temperatures to crystallize (super-cooling). The
increase of the crystallization rate results in a more hindered process, reducing the
amount and quality of crystals.
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Fig. 14 Crystallization enthalpy ratio of all polymers as a function of time obtained using different
cooling rates

Following the approach suggested by Vyazovkin [48], the activation energy of
crystallization, AE,, can be estimated from the y(t) curves obtained at different
cooling rates using:

dy AE,
Lo( ) = Cre — S22 6
“(dr)x “7RT, ©)

where (dy/df), and T, are the rate of crystallization and the temperature at a given
level of crystallization y, respectively. The values of AE, of the four polymers are
displayed in Fig. 15. The crystallization activation energy of PPg increases linearly
at low values of crystallization enthalpy ratio changing its trend at high y. In
PPgE07 and PPgE1, —AE, decreases linearly in the whole range of y. It can also be
observed that PPg displays the lower crystallization activation energy, which
increases with ER concentration up to 1 wt%. PPgE2 also displays a practically
linear behavior of AE, with y. However, in this case, the data display a larger
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Table 4 Thermal properties calculated from the crystallization thermograms obtained at different
cooling rates

Material @ (°C/min) T. (°C) T onset (°C) t1/2 (min) AH, (J/g)
PPg 25 127 132 2.0 103
5 123 128 0.8 99.6
10 120 125 0.5 101
20 117 122 0.2 95.1
PPgEOQ7 2.5 127 132 2.1 99.9
5 124 130 1.2 99.6
10 121 127 0.6 98.7
20 117 123 0.3 97.4
PPgE1 2.5 134 139 2.1 105
5 130 136 1.1 102
10 127 132 0.6 100
20 123 128 0.3 96.6
PPgE2 2.5 130 138 2.9 102.9
5 127 136 1.6 100.4
10 123 132 0.8 98.5
20 119 126 0.4 97.6
Fig. 15 Crystallization -120 T T T T T T T T
activation energy of as a 140 |
function of the crystallization o PPg
enthalpy ratio, for PPg, PPgE07, -160 |- x PPgE07 —
PPgE1 and PPgE2 4 PPgEl
-180 }— + PPgE2 A & T
= 200 . _
=} R +
\E =220 - A + —
= x
= 240 A * x —
= A + % x
% -260 - x —
* o ° o
280 x 0 * & o © -
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dependency with y than in the other polymers. In fact, at low y, AE, is even larger
than in PPg.

The observed behavior of the activation energy of crystallization means that
nucleation is the controlling mechanism in all polymers except in the case of PPg at
high conversion, where diffusion begins to affect the crystallization process
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[22, 47, 49]. The value of the activation energy of crystallization of PPg, PPgEQ7
and PPgEl suggests that the increasing level of chain branching produces a
constraint in the diffusion process. The same behavior was already found when
modifying the PPg with different concentrations of glycerol [22]. Moreover, Tian
and coworkers [45] calculated a value of AE, ~ —240 kJ/mol for long-chain
branched PPs at y = 0.2. In the case of PPgE2, nucleation is also the controlling
mechanism. However, in this case, the presence of gel seems to affect the nucleation
process, which is more sensitive than in the other polymers to changes in cooling
rate at low crystallization enthalpy ratios.

Conclusions

Long-chain branches were generated in a polypropylene grafted with maleic
anhydride (PPg) using different concentrations of diglycidyl ether of bisphenol A.
The modification process was carried out by reactive mixing in the molten state.
According to FTIR analysis, the maleic anhydride groups (AG) in PPg are
consumed by the reaction process with the epoxy resin (ER). The amount of AGs
rapidly decreases at low concentrations of crosslinking agent (from 0.73 to
~0.43 wt%), while the PPrs obtained with more than about 0.7 wt% of ER display
similar amount of unreacted AGs. The inaccessibility of unreacted AGs when one or
more of these groups in a PPg molecule have already reacted, and/or a possible
phase separation of PPg and ER, may be the cause of the observed behavior.
Moreover, the acid groups generated during the modification reaction may
participate consuming ER molecules and increasing the crosslinked level.

The generation of more complex molecular structures after the modification
process was verified by SEC with triple detectors. The chromatograms of the
modified polymers display a bimodal distribution. One population of molecules
appears at the same retention volumes than PPg while another, located at lower
retention volumes, becomes larger as the concentration of crosslinking agent
augments. This population corresponds to new species of molecular weight larger
than ~400,000 g/mol. Moreover, the use of the Zimm—Stockmayer model allows
estimating that PPgEO7 and PPgEl have about 1 and 3 ramifications per 10°
carbons, respectively. PPgEs prepared with larger concentrations of ER display
traces of gel-like material.

The generated high molecular weight branched molecules strongly affect the
viscoelastic properties. The modified materials possess high elasticity and long
relaxation modes, with relaxation times and zero-shear rate viscosities that increase
with the concentration of crosslinking agent. Moreover, the thermo-rheological
behavior of PPgEs is complex. The flow activation energy changes with phase angle
and has values much larger than the linear PPg, mainly associated with the large
relaxation processes.

The presence of branches in the molecular structure of PPg also affects the
crystallization process of the polymer, mainly the activation energy of crystalliza-
tion which increases with the degree of modification of PPg. Nucleation is the
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controlling mechanism in the case of the PPgEs in the whole range of crystallization
enthalpy ratio.
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