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ABSTRACT: In this work, we provide more insight into the rheological properties of functionalized polypropylene copolymers with

modified architectures, which originate long-chain branching. The evaluation of the average distance between branches and the frac-

tion of long-chain branch points has been carried out quantitatively, by numerical fitting of experimental data according to a litera-

ture model, and the viscoelastic response of the samples has been analyzed in terms of a Carreau-Yasuda-like model and Cole—Cole

plots. These analyses allowed us to discriminate the viscoelastic behavior of the samples on the basis of their feed composition. More-

over, we were able to highlight direct correlations between viscosity, long-chain branching level, distance between branching points
and functionalization degrees of PP polymers. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polypropylene (PP) is widely used in industrial applications
because of its desirable and advantageous physical properties
(high stiffness, resistance to corrosive chemicals, and low rela-
tive density). Therefore, it is apparent that modulation of the
rheological properties of the melt is a main task'™'® not only to
obtain desired mechanical properties of the final products but
also to optimize the processing conditions of PP. Indeed, melt
processing and shaping of PP resins is usually obtained via
extrusion and/or molding techniques, where flow conditions
play important roles.

A possible way to vary the mechanical response of the mate-
rial'’ is obtained by modifications of PP with radical mediated
reactions aimed to graft functionalities and/or to change molar
mass and molar-mass distribution. However, the functionaliza-
tion process generally incurs drawbacks'>™"> such as the decreas-
ing of molar mass; therefore, several studies have been pub-
lished in recent years dealing with reagents suitable to hinder
the degradation reaction through the formation of macro-radi-
cals less liable to fragmentation.'®™°

In previous works,”” > we described a procedure that allowed

the functionalization of PP by peroxide initiation in the pres-
ence of macroradical stabilizers.”®* Careful analyses®®* showed
improved stability and high functionalization degrees of these
polymers. Also, the presence of long-chain branching (LCB) was

© 2012 Wiley Periodicals, Inc.
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evidenced by a qualitative analysis of the rheological measure-
ments® carried out to characterize the shear response of the
samples. Indeed, according to literature studies, the changes of
molar mass and its distribution®® and the LCB formation®"**
can be suitably and quantitatively detected by studying viscous

and mechanical properties of the melts.

In this article, we provide more insight into the rheological
investigation of the PP samples reported in Ref. 29, and quanti-
tatively discuss the correlations between molar mass distribu-
tion, feed conditions, functionalization degree (FD), and LCB,
their effects on the linear viscoelastic response of PP polymers
functionalized by 3-(2-furyl)propenoate (BFA) and/or maleic
anhydride (MAH),” which are able to prevent degradation
reactions.”® We were able to demonstrate a direct correlation
between zero-shear viscosity and FD, and to evaluate the quan-
titative amount of LCB by applying literature models to these
PP samples. Moreover, further analyses, such as the ones based
on a Carreau-Yasuda-like viscoelastic model, allowed us to dis-
criminate the effects of different functionalizers in determining
the rheological response of the investigated copolymers.

EXPERIMENTAL

Materials

Grafted PP copolymers with MAH and/or BFA (employed as
functionalizing monomer alone or as mixtures) were prepared
by commercial PP (propylene—ethylene copolymer, PPC5660)
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Table I. Feed Composition of Functionalization Runs, FD Data, Average Molar Masses M,, and M,,, Polydispersity, and Viscosity Values Measured at

200°C of Functionalized PP Samples

Sample ROOR? (mol %)  MAH (mol %)  BFA (mol %)  FDP M, (kg/mol) M, (kg/mol)  M,/M,  no (Pas)

PP - - - - 58 260 45 6.25 x 107
PPMAH2 0.014 1.71 - 0.24 47 130 2.8 1.35 x 10?
PPBFA2 0.036 - 0.20 0.09 59 223 3.8 6.90 x 102
PPBFA3 0.036 - 0.86 0.10 50 244 49 1.25 x 10°
PPBFAG6 0.200 = 0.40 0.25 51 396 7.7 2.00 x 10*
PPMAHBFAS 0.100 0.20 0.20 0.20 55 168 3.0 1.70 x 10°
PPMAHBFA6  0.200 0.40 0.40 0.44 47 257 5.4 3.30 x 108
PPMAHBFA7 0.300 0.60 0.60 0.59 53 298 5.6 1.50 x 10°
PPMAHBFAS  0.400 0.80 0.80 0.81 ND° ND® ND® -

3ROOR = peroxide, °Number of grafted groups (FD = FDMAH + FDBFA)
per 100 monomeric units (maximum standard deviation = 0.06), *Sample

supplied by TOTAL Petrochemicals. This copolymer has an
amounts of ethylene units of 23% mol,”® a melting temperature
of 167.4°C and a melt flow rate of 0.6-0.7 g/min (2.16 kg at
230°C). Feed conditions, functionalization degree, average molar
masses, and polydispersity of the each studied sample are given
in Table I; melting and crystallization temperatures are reported
in Ref. 29.

Functionalization reactions were carried out in a Brabender
Plastograph Mixer (mixer chamber 50 cm’). All samples were
prepared with the same procedure by melt-mixing the compo-
nents at 200°C and 50 rpm. After complete fusion of the pris-
tine copolymer, functionalizing molecule(s) and the peroxide
were added to the molten bulk. The reactions were carried out
for 20 min and then stopped. The recovered polymer was
extracted with boiling acetone and the residue was dried until
constant weight. Further details about preparation of functio-
nalizers and functionalized PP samples were described in previ-

28,34
ous papers.”>’

Characterization

FDs were determined by using Fourier transform infrared spec-
troscopy following the procedure reported in Ref. 28. The FD
values in Table I take into account both the grafted functional-
ities and refer to the total amount of grafted monomers.

The molar-mass distributions and number- and weight-average
molar masses, M, and M,, respectively, were determined by gel
permeation  chromatography® using a Waters Alliance
GPCV2000 apparatus equipped with three Waters Styragel
HT6E columns and one Waters Styragel HT3 column, with an
average particle size of 0.010 mm. The calibration was made
with narrow-distributed polystyrene standards (M, from 5 x
10 to 1 x 107 g/mol). A differential refractive index and a dif-
ferential viscometer were used as detectors. Polymer solutions
were prepared with amounts of 2.5-3.0 mg of polymer in 4 mL
of 1,2,4-trichlorobenzene containing a small amount of antioxi-
dant (butylhydroxytoluene) to prevent any degradation and
then eluted at 145°C, at a flow rate of 1 mL/min.

Thermogravimetry analyses (Mettler Toledo Star System)
showed a sample weight reduction of about 20% in 1 h for
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PPMAHBFAS8 was not totally soluble in the GPC solvent at 145°C and
showed a gel content of 38 wt %.

pristine neat PP copolymer at 215°C under air flow of 60 mL/
min. The same study, performed under nitrogen flow, showed
the substantial invariance of the mass of the samples instead.
For this reason, all the rheological measurements (frequency
sweeps and creep-recovery experiments) were carried out at
200°C, under hyper-pure nitrogen atmosphere. As a further
check, devoted to exclude the occurrence of slight molecular
changes within the materials and to validate the reliability of
the rheological results, the measure of viscosity was repeated for
each sample before removing it from the rheometer sensors,
then it was compared with its previous measurement.

Rheological measurements were performed by using a Haake
Rheostress RS150H torsional rheometer, equipped with a Haake
TC501 temperature control unit and with parallel plate geome-
try (20 mm diameter). The gap between the plates was set in
the range 0.9-2.0 mm. As a caution to the influence of past
stress-history, the material in the sensor system was replaced
with an untreated one after each measurement set.

Frequency sweep experiments were performed in the range
0.0065—44.2 Hz. In order to work within linear viscoelastic con-
ditions, the value of the stress has been varied to keep the value
of the strain at 0.1%, as validated by amplitude sweep experi-
ments. The loss angle 6 and the magnitude of the complex
shear-modulus |G*| were measured.”> From these, material func-
tions such as dynamic moduli G and G” or the complex viscos-
ity #* can be obtained.”

Creep and creep-recovery experiments have been also carried
out in order to evaluate zero-shear viscosity. In simple shear
creep measurements, a constant stress t is applied to the sample
and the shear strain y is registered as a function of time, so that
the creep compliance J(#) is evaluated as J(1) = p()/1.%° In the
steady state of deformation, at sufficiently long creep times, the
elastic part of the creep compliance becomes negligible com-
pared to the viscous one #/1]y. Therefore, the zero-shear viscosity
in simple creep experiments can be determined according to
lim,_o #J(f) = 1o.”> By sudden removal of the shear stress, re-
covery experiments are performed, to measure the recoverable
portion of shear deformation and to provide the recoverable

compliance R(f). Combined wuse of creep and recovery
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Figure 1. Creep experiment for PP (a) and creep-recovery for PPMAHBFA7 (b). Experimental shear compliance is shown (filled symbols) as a

function of time.

experiments in the linear viscoelastic limit allows the evaluation
of the viscosity of the materials, since J(#) = R(f) + /i, at all
times £°° In Figure 1, examples of creep and creep-recovery
experiments are shown for two of the investigated samples. The
figure also reports the calculation of R(f) and J(f). In Figure
1(a), J(t) of PP shows the asymptotic pure viscous behavior #/n
at quite short times in the creep experiment. In Figure 1(b), the
recovery of elastic component of the PPMAHBFA7 sample has
to be subtracted to the creep shear compliance in order to
obtain the line representing the compliance of the pure viscous
component of the material J(f) = l‘/l’].36

In these experiments, the occurrence of linear viscoelastic re-
gime was tested by verifying that the compliance J(), obtained
by a series of creep experiments for each sample, was independ-
ent of the applied stresses. Viscosity values 1, evaluated by
creep-recovery analysis are given in Table L.

It is worth noting that pristine copolymer PPC5600 (from now
on labeled as PP in this work) could exhibit a linear block char-
acter if polyethylene short blocks were randomly alternated with
longer PP blocks.?® In this case, the block nature of such a poly-
mer should become apparent for those modes of the normal
coordinate®” approach to polymer dynamics which exhibit typi-
cal lengths comparable or smaller than block length. With
regard to low-index modes (dominant in the viscous regime),
they extend over a length scale such as the dynamic units of the
mode turn out to be homogeneous in case of either random or
block copolymers. In this study PPC5600 was characterized at
200°C, well inside the viscous regime, where the dynamic
response of the polymer can be ascribed to homogeneous
dynamic units. This is confirmed by the validity of time-tem-
perature superposition principle (TTS),”>*° that we have veri-
fied in the temperature range between 185-230°C. Indeed, fail-
ure of TTS is expected in the presence of inhomogeneous
dynamic units, as found even for low-index modes in literature
studies of diblock copolymers.”®*** Therefore, the rheological
response of PPC5600 behaves as that of a homopolymer above
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the melt temperature. On this basis, one can expect that a 3.4
power-law dependence on molar mass 1, oc M,>*, obeyed by
linear homopolymers,”” also holds for PPC5600. Such a power
law was also confirmed for random copolymers,**™** and was
found in ethylene/o-olefin block copolymers,43 whose 1y(M,,)
were shown not to be influenced by comonomers up to hexaco-
sene and 29 wt % of comonomer.

RESULTS AND DISCUSSION

Figure 2 shows the frequency sweeps of the complex viscosity
n* of the investigated samples. The magnitude I*] is given as a
function of the angular frequency in Figure 2(a), while the loss
angle ¢ is plotted in Figure 2(b). The loss tangent tané = G’/G
carries information about the viscous nature of a sample: in
fact, a ¢ angle of about 90° is found for samples with a mainly
viscous behavior. In Figure 2(a), continuous lines represent best
fits of the experimental curves according to a Carreau-Yasuda-
like rheological model, as discussed later. On the basis of the
complex-viscosity curves shown in Figure 2, the samples are
grouped in three sets.”’

An almost constant complex viscosity #*, with the highest &
angle values in the investigated angular frequency range, charac-
terizes the first group of curves in Figure 2. Samples in this
group show a viscous behavior due to an easy alignment and
disentanglement of the chains.”® In the whole investigated angu-
lar frequency range, these samples showed values of the magni-
tude of the complex viscosity I7*l lower than those of pristine
PP copolymer.

PP, and functionalized samples PPBFA2 and PPBFA3, form a
second group, which shows a Newtonian plateau at low angular
frequencies, and, at high angular frequencies (greater than about
6.28 rad/s), a region with decreasing complex-viscosity, hereafter
referred to as shear thinning, following the nomenclature of
flow-curve studies.”’ Even if the pristine PP copolymer has the
highest M,, in this set, it shows the lowest viscosity value. This
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Figure 2. Frequency sweeps of the magnitude of complex viscosity 17*| (a) and loss angle ¢ (b) of functionalized PPs measured at 200°C. Same symbols

refer to same samples in (a) and (b). Fits of experimental complex viscosity data according to the Carreau-Yasuda-like model of eq. (5) are also shown

(a). The pertinent fitting parameters are given in Table III.

is a first indication of the presence of LCB in BFA functional-
ized samples: the zero-shear viscosity value is higher than that
of the corresponding linear polymer of similar (or even higher)
molar mass.*®

It is widely reported in the literature’®~> that even low amount

of LCB strongly affects the viscoelastic response of polymer
melts, resulting in higher Newtonian plateau, larger shear thin-
ning, and broadened transition zone between the zero-shear vis-
cosity and the power-law zone. PPMAHBFA6 discriminates the
second and the third set, the latter exhibiting these effects, as a
signature of a larger content of LCB and/or cross-linked struc-
tures."*** Indeed for PPMAHBFA7 and PPMAHBFAS the
increasing 6 confirms the presence of such structures in the
samples.

To get further insight and better discriminate the role of
increasing LCB in determining zero-shear viscosity, molar mass
has to be taken into account accurately. As previously discussed,
it is expected that the viscosity of a linear narrow-distributed
PP polymer should follow a 3.4 power-law dependence on
molar mass,”" according to a well-established result for high-
molar-mass linear polymers and random copolymers.®”#0~424¢
As a consequence, linear polymers with the same #o/M,,>* value
would have about the same viscosity if they had the same M,,.
In Figure 3, 1o/M,>* data are plotted as a function of FD, in
order to allow a straightforward comparison among the
samples.

It is apparent that the functionalized samples used in this work
show viscosities higher than the correspondent linear pristine
PP copolymer with same M,. Moreover, it can be noted that,
for samples with the same set of functionalizers, the higher is
the FD, the higher is the deviation from the pristine PP copoly-
mer reference value. A power-law dependence can be detected
for the set containing PP and the BFA functionalized samples
without MAH. Also a general increasing trend is detectable, if
one considers that the low M,, and #, values for PPMAHBFA5
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strongly support the idea of degradation effects for this sample:
the low reagent amount did not allow the BFA to significantly
prevent the beta-scission of PPMAHBFA5 polymer chains.”®
Degradation effects are also present in PPMAH2, where BFA
was missing.

Figure 3 evidences that different viscosity values cannot be
explained only in terms of the different molar-mass content.
Because of the sensitivity of the rheology to chain architecture,
low amounts of LCB can make viscosity values higher than

10 g_ —— mass independent nO/MW3'4 ratio for linear PP
r ® PP
- A PPBFA2
T X PPBFA3
0t ™ PPBFA6
F ¥V PPMAH2 N
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Figure 3. Data of the rescaled viscosity 1o/M,,’* plotted as a function of
FD. The continuous line represents the expected mass-independent 1,/
M,>* ratio of linear narrow-distributed pristine PP copolymers. The 1o/
M, ratio is given in homogeneous arbitrary units.
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those of the corresponding linear polymers with similar M,
causing the deviations from the pristine PP copolymer reference
value in Figure 3.

An evaluation of the amount of LCB and of the distance
between branches could be obtained quantitatively, by following
a model proposed by Janzen and Colby" in its turn based on
the generalized phenomenological description by Lusignan and
coworkers,"®*” which has been widely and profitably applied to
polyethylenes.’®*” Accordingly, when entanglement spacing®”*®
is shorter than the distance between branching-points, the de-
pendence on M,, of the zero-shear viscosity of branched poly-
mers, is expressed by the equation:

1 M\ /MNP 1

o) JG) o
In eq. (1), M, is an average molar mass between a branch point
and the nearest vertex (either chain ends or other branch
points) and M, is the critical molar mass for entanglement of
random branches (about the doubled value of entanglement
mass of the linear homologue polymer).””*¢ In eq. (1), the fac-

tor A is the only parameter which depends on temperature. The
dependence on M, of the exponent f§ according to*’

3 9 M,
- 1.2 4 2 Bln[—b 2
b max{ p gl <9OMKuhn> } @

accounts for the general behavior observed in branched poly-
mers, namely viscosities are either greater or smaller than those
of their linear counterparts with same M,,.

Mo(My) = AM,

Since 7y and M,, are measured quantities, if the constants A, B,
M, and My, were known, it would be possible to solve eq.
(1) for M when M. < M, < M,, Once M, is determined, it
would also be possible to evaluate the fraction o of long-chain
branch points by means of’>*

ML L) 5
2 \M, M,

where M, is the molar mass of the repeating unit: 35 g/mol in
the case of pristine copolymer, which was obtained as weighted
average of 42 g/mol for PP homopolymer repeating units and
14 g/mol for PE repeating units.

The parameters A, B, M,, and My, are available in the litera-
ture for polyethylenes,”®*” but in this study similar calculation
is carried out for the first time on PPs, to our knowledge. The
molar masses M, and Mgy, for PPs can be inferred from the
literature®’; as well as data can be retrieved regarding A.*' How-
ever, information about B of PPs is not found in the literature.

Since literature does not provide the values of all the parame-
ters, we decided to adopt the following procedure: to solve
numerically eq. (1) for M, starting from different sets of
assumed values for the other parameters A, B, and Myunn-
Then, we repeated the procedure for all the samples and consid-
ered as correct the set of parameters that was able to provide a
value of M, from eq. (1) for all the studied samples. A confir-
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mation of the goodness of the set selected in this way was also
obtained by an a posteriori comparison with evaluations
obtained by using literature data available on A and Mgy, for
PP homopolymers.

To be more specific, the parameters A, B, and My, were finely
varied in the ranges: A = 10°°~107* Pa s g/mol, B = 1.0—20.0;
Myuhn = 40-1000 g/mol in order to determine of best set for A,
B, M,, and Myyp,, as described. Furthermore, the critical mass
M. was fixed in order to avoid correlation between A and M.
parameters, when M, is much greater than M,, as drawn from
eq. (1). This is because in this case the first term on the right-
hand side of eq. (1) becomes negligible with respect to (M,/
M,)**; consequently, the absolute value of viscosity would be
determined by the factor A/M2*, instead of A. Likewise, M,
becomes ineffective in determining variations of 1, with M.
The value of 9000 g/mol was estimated for M, as the weighted
mean of the critical molar masses®™*"™® of the two species
which constitute the pristine copolymer.

For each combination of the A, B, and My, parameters, a nu-
merical routine calculated the viscosity no(c“lc) for all the M,
sample masses, varying M, in a range between M, and 1000 kg/
mol. As soon as 7, fitted the range of the experimental
viscosity value 7y, * 5%, the corresponding M, value was
stored in a matrix, associated with the set of parameters,
together with M,, 17,™> and « from eq. (3). The sets of
parameters that did not fulfill this requirement for all the
samples were discarded.

The further condition was imposed on the procedure: that
PPMAHBFA7 should have been the sample with the highest o
(PPMAHBFAS is excluded from this analysis). The distributions
of the parameters fitting the above conditions turned out to
have the average values: A = (6.5 = 0.3) x 1077 Pa s mol/g, B
=34 * 0.3, Mgunn = 160 £ 20 g/mol. Interestingly enough, A
assumes an intermediate value with the one of linear PPs and
of PEs’"* obtained by literature results. In fact, for well-
entangled nonbranched linear polymers one expects for 17, the
dependence 1y = A M, */M>* according to Jansen and Colby,
and a law 57, = 3.98 x 107'°M,,** was found for linear PPs in
Ref. 31. From the two previous laws, one obtains A = 3.98 X
10 ' M, and then A ~ 2 x 10 ®Pas mol/g. Similarly, from
data reported in Ref. 32, one can retrieve at 200°C the value A
~ 3 x 1077 Pa s mol/g for linear PE homopolymers. Regarding
the B parameter, it has a value also found in polyethylenes.*”
Furthermore the value of My, nicely agrees with literature
results for PP and PE homopolymers. In fact, for PE homopoly-
mers Mygupn = 151 g/mol,47 while Fetters et al.”° reports 0.67 A?
mol/g as the value of the ratio of the variance (R*) of the poly-
mer end-to-end vector’” R to the molar mass M of the chains
for PPs. Recalling that*”>°

(R%) Mg

Myunn = Zg M

(4)

where [y is the skeletal length (about 2.6 A for PPs) and M, is
the molar mass of the repeating unit, My, can be evaluated as
about 170 g/mol for PPs.
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Sample M, (kg/mol) M, (kg/mol)? Mp/My o M0 (Pa s) No (Pa's)

PPMAH2 130 110 = 3 0.85 (2.4 £ 0.5) x 10°° 1.34 x 10? 1.35 x 10?
PPBFA2 223 203 2 0.91 (0.8+0.1)x10°° 7.10 x 107 6.90 x 107
PPBFA3 244 215 + 5 0.88 (1.0+02) x10°° 1.24 x 108 1.25 x 108
PPBFAG 396 305+ 9 0.77 (1.3+02)x10° 2.02 x 10* 2.00 x 104
PPMAHBFA5 168 162 + 2 0.96 (0.4 +02) x10°° 1.68 x 10 1.70 x 102
PPMAHBFAG 257 200 + 5 0.78 (19+03)x10°° 3.39 x 10° 3.30 x 10°
PPMAHBFA7 298 110+ 9 0.37 (1.0+02) x10°* 1.45 x 10° 1.50 x 10°

@Average M, and its uncertainty were evaluated considering the difference between the first and last M, values satisfying the condition |io

< 5%.

Table II gives the M, and o values calculated with the best set
of parameters from the procedure described before; it also com-
pares the calculated 1,/ and the experimental 7, viscosities
(Table I). One can note the low, almost undetectable, LCB level
o for PPMAHBFAS, which, indeed, shows 7, very close to val-
ues expected for neat PP of the same M, (Figure 3). Moreover,
when the nature of the functionalizers is fixed, the ratio M,/M,,
monotonically decreases. On the other hand, o monotonically
increases. This behavior is magnified in Figure 4(a, b), where
My/M,, and o are shown as a function of FD, respectively.
Moreover, in order to correlate displacement from reference
pristine PP level of Figure 3 and LCB level, M;/M,, and « are
plotted as a function of the mass-independent 1o/M,** ratio in
a semilogarithmic scale in Figure 5. Direct correlation is appa-
rent, indicating that the less is the distance between branches
with regard to main-chain length, the more is the deviation of
the functionalized polymer from the correspondent linear PP.
An exponential law can be found describing the dependence of
Ho/M,;* on M,/M,, This is an important finding, as it clearly

P L

: t
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PPBFA6

PPMAH2

PPMAHBFAS [
PPMAHBFA6
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| | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

(a) functionalization degree, FD

(calc)_

’Io|/110

shows that effects of deviations from pristine PP mass-inde-
pendent #o/M,,>* ratio in Figure 3 can be described quantita-
tively, for all the functionalized PP samples, only in terms of
M,/M,,, independently of the nature of the functionalizers.

Let us now examine in further detail the viscoelastic response of
pristine PP copolymer and its functionalized copolymers. In the
literature, Cole—Cole plots are used in order to underline vis-
cous, viscoelastic, or elastic response of materials.’® The Cole—
Cole plots of Figure 6, show the imaginary part #” of complex
viscosity as a function of the real part i’ for all the copolymers
of this work. Samples of the second group show a classic behav-
ior described by an arch: the rising ramp has to be attributed to
a mainly elastic response of the material, while the descending
ramp is due to the viscous behavior at lower frequencies.
Indeed, as degradation of the samples occurs, the PPMAH2 and
PPMAHBFA5 only exhibit the descending part of the Cole—Cole
arch characteristic of a viscous behavior. For data of the third
group, only PPMAHBFAG6 has been compared with copolymers

of the previous groups; PPBFA6, PPMAHBFA7, and
-6
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g
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Figure 4 . M,/M,, ratio (a) and LCB level o (b) plotted as a function of FD.
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Figure 5. Values of M;/M,, (filled symbols) and o (open symbols) plotted
as a function of the mass-independent 1,/ M,,** ratio.

PPMAHBFA8 have been reported in the inset of Figure 6 for
comparison. The three samples PPMAHBFAs from 6 to 8 only
show an ascending ramp, evidencing an ever-increasing elastic
behavior up to the occurrence of a rubber-like plateau in stor-
age modulus of PPMAHBFAS8 (Figure 7) typical of LCB/cross-
linked materials. From Figure 7, one can also note that the stor-
age modulus G for PPMAHBFA7 and PPMAHBFAS always
maintains higher values than their loss modulus G’ in the
investigated frequency range as expected for materials character-
ized by a mainly elastic response.”® In Figure 7(a), dynamic
modulus of the pristine PP copolymer is also shown for
comparison.

For pristine PP copolymer and the other samples of the second
group, it is possible to evaluate a crossing point between G and
G”. Correlation of this crossover modulus with the polydisper-
sity index (M,/M,) gives interesting information about the
effects of functionalization on both molar-mass distribution and
mechanical properties of the materials.”’ In Figure 8, crossing
moduli for PPBFAs, pristine PP copolymer, and PPMAH2 are
given as a function of M, /M,,. The correlation between crossing
modulus and polydispersity is confirmed. Increasing the perox-
ide amount leads to an increased dynamic modulus and to a
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Figure 6 . Cole—Cole plots of complex viscosity. In the inset: Cole—Cole
plots of PPBFA6, PPMAHBFA7, and PPMAHBFAS.

narrower molar-mass distribution for the materials. Similar lin-

ear correlations were also reported in the literature.

52,53

In the literature, rheological models have been developed in
order to relate viscosity curves to empiric parameters that can
be associated with the architecture of the material. Such models
also allow the prediction of the rheological behavior of samples
of known composition, once homologous samples have been
characterized. Furthermore, by means of rheological models, it
is possible to extrapolate the viscoelastic response of materials
in solicitation conditions outside the instrumental range. With
the aim of accomplishing further comprehension of how func-
tionalizing runs influence the viscoelastic response of our func-
tionalized PPs, we have fitted experimental data of I*(w)! with

a Carreau-Yasuda-like mode

1°2 (continuous lines in Figure 2)

n-1

(@) = o[t + (Ze)] = (5)

for the samples with a low-frequency Newtonian plateau (Ta-
ble III). This Carreau-Yasuda-like curve shows a plateau at low
C g 5 &
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Figure 7. Storage G and loss G’ moduli of pristine PP copolymer, and functionalized PPMAHBFA6, PPMAHBFA7, and PPMAHBFAS (a); G and G’
moduli of PPMAH2, PPMAHBFAS5, and PPBFAs (b) as a function of the angular frequency.
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work, this crossover modulus was not detectable in the investigated fre-
quency range. It is worth noting a linear decreasing behavior for the
PPBFA series.

frequencies and a power law proportional to w™' at high fre-
quencies. In eq. (5), 17 represents the asymptotic value at zero
frequency of the real part of complex viscosity (and hence of
I*(w)! for mainly viscous materials), 4 is a time carrying infor-
mation about the transition from the #’y plateau to the o™
power-law portion, while a and n are parameters describing the
shape of the transition region and the slope of the rapidly
decreasing portion of the curve, respectively. In the literature,
expressions of eq. (5) with a yield term can also be found.”* In
this study this term is unnecessary to obtain good quality fits.
Moreover, the authors that introduced the yield term showed’
how this term becomes negligible for PP copolymers of molar
mass higher than 20 x 10°> g/mol (as it is the case for our
samples).

Fitting parameters of eq. (5) for the curves superimposed to ex-
perimental data of Figure 2(a) are given in Table IIL. It is worth
noting that 17’y values are in agreement with zero-shear viscosity
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values 7o found from experimental creep measurements (Table
I). Moreover, we verified the validity of Cox-Merz rule,”® that
was assumed in other works,>>>® for those samples whose
steady-state viscosity curves were acquired quickly enough to
avoid degradation effects (Figure 9). In fact, steady-state viscos-
ity experiments are carried out measuring the viscosity at any
selected shear-rate value until a constant value is obtained.
Some of our samples degraded before reaching this condition.

Note that in Table III the fitting parameters of our samples
have similar values to the ones found in literature for similar
PP copolymers.”” In particular, the n parameter is always lower
than 1, thus indicating a shear thinning behavior. It is worth
recalling that, when n tends to 1, the pure Newtonian behavior
is recovered. If the nature of the functionalizers is fixed, both
the parameters a and n are lowered when the molar mass is
increased. This means a separation at an ever-increasing level
Newtonian behavior with an increasing

from the shear

thinning.

Comparing the n parameter of the samples of PPBFA and
PPMAHBFA series, one can note that almost the same values
can be found for the samples, while PPMAH2 and pristine PP
copolymer show similar # values. Therefore, BFA seems to
influence the slope of the power-law of viscosity curves at high
frequencies. On the other hand, both MAH and BFA functional-
izers could play a role in changing the a parameter with respect
to the value of pristine PP copolymer. In particular, the pres-
ence of MAH causes an a value appreciably lower, leading to a
larger transition region.

From Cole—Cole plots one can deduce a characteristic relaxation
time (tcc) of the polymers, equal to the inverse of the angular
frequency corresponding to the maximum of the arches. Values
for the samples of Figure 6 are given in Table III. These values
can be profitably compared with the 4 times provided by Car-
reau-Yasuda-like fitting (Table III): these values are substantially
coincident within the experimental error. As one can note, the
relaxation times increases with M,,, proportionally with viscosity
when the functionalized PP series are singly considered. More-
over, the higher is the FD of the sample, the higher is the relax-
ation time.

CONCLUSIONS

In this article, we discussed the rheological properties of
functionalized PP copolymers, exhibiting different polymer
structures, depending on the functionalization conditions.

Table III. Fitting Parameters of the Carreau-Yasuda-like Model of eq. (5) for Complex Viscosity and Relaxation Times Provided by Cole—Cole Plots of

Mo (Pas)

X (s)

ce (s)

Figure 6

Sample n a

PP 0.48 = 0.08 0.51 = 0.05
PPMAH2 0.49 = 0.08 0.38 = 0.04
PPBFA2 0.59 = 0.09 0.63 = 0.08
PPBFA3 0.57 = 0.05 0.62 = 0.09
PPMAHBFAS 0.59 = 0.08 0.37 = 0.07
PPMAHBFAB 0.56 = 0.04 0.32 = 0.04

(6.2 + 0.5) x 102
(1.4 +0.1) x 102
(7.1 + 0.4) x 102
(1.2 +01) x 10°
(1.7 £ 0.2) x 102
(3.3 +0.5) x 10°

(43 +03) x 1072
(45 +08)x 1072
(1.6 +02) x 107t
(32+08)x 107t
(7.4 £0.7) x 1073
(7.8 + 1.5) x 10°

(3.8 +0.5) x 1072
6.3 +1.5) x10°°
(1.0+0.7) x 107t
(2.0 +0.4) x 107t
(1.5+0.8) x 1072
ND
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Figure 9. Verification of Cox-Merz rule for samples of the first and the
second group. Open symbols represent #(}) from stationary flow curves,
1" (w)! oscillatory data are given as filled markers.

Rheological analyses highlighted these differences quantitatively.
Analogies and differences among the series of samples of this
work were discussed also in terms of a Carreau-Yasuda-like
viscoelastic model.

Moreover, by properly taking into account molar mass contri-
bution, we managed to discriminate the contribution of LCB in
determining the viscosity of the studied functionalized PPs,
observing a correlation between FD and LCB. The average dis-
tance between branches and the fraction of long-chain branch
points were also quantitatively evaluated by numerical fitting of
experimental data according to a literature model by Janzen and
Colby.*” This procedure, carried out for the first time in PPs,
allowed us also to verify the consistence of the results presented
here with literature data.’>*° Importantly enough, this analysis
strongly supports the idea of a general law, independent of the
type of functionalization of the samples, describing the devia-
tions of viscosity from that of PP nonbranched polymers only
in terms of M, and M,,
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