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ABSTRACT: Using reactive extrusion, polypropylene is functionalized with maleic an-
hydride and compared on an equimolar basis to polypropylene that is functionalized
with an asymmetric, carboxylic acid containing peroxide. The grafting efficiency for the
asymmetric peroxide is double that obtained for the maleic anhydride system. More-
over, the asymmetric peroxide yields a functionalized material with minimal molecular
weight degradation and desirable mechanical properties, relative to maleic anhydride-
grafted polypropylene. In compatibilized blends of polypropylene and nylon 6,6, the
polypropylene that was functionalized with the asymmetric peroxide is found to be an
improved compatibilizer compared to that of maleic anhydride-grafted polypropylene.
The differences in mechanical properties of the two different functionalized polypro-
pylene materials and their respective blends are rationalized on the basis of the
grafting efficiency, molecular weight degradation during reactive extrusion, and effect
of free functional species on the ability to form graft copolymers in compatibilized
blends. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 2398–2407, 2001

Key words: functionalized polypropylene; MAH-grafted polypropylene; reactive ex-
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INTRODUCTION

Functionalization of polyolefins is commonly
achieved by grafting a polar monomer such as
maleic anhydride (MAH) onto the polymer back-
bone using reactive peroxides.1–12 This reaction
can be performed in solution1 or in the melt11,12

and may be an economic way to make these in-
herently nonpolar polymers more compatible with
a variety of other polar polymers. For example,
enhanced minor-phase dispersion and interfacial

adhesion has been observed with blends of MAH-
functionalized polypropylene (MAH–PP) with ny-
lon 6 (ref. 13) and when MAH–PP was used as a
compatibilizing agent in blends of PP with nylon
6,6.12,14,15

During a typical melt graft reaction of MAH
onto PP, the reactive radicals (i.e., the decompo-
sition products from the peroxide initiators) ab-
stract hydrogens from the PP backbone to form
tertiary radicals along the chains. These poly-
meric radicals then add to the reactive double
bond of MAH to form randomly distributed
grafts.1,8 While the initial product of this free-
radical addition reaction is another radical, re-
cent 13C-NMR studies of MAH-grafted PP showed
that the graft sites of the final product contain
predominately single succinic anhydride rings.2,8
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The possibility for continued MAH homopolymer-
ization into block side chains has been suggested
to be unlikely based on frequent intramolecular
chain-transfer reactions8 (i.e., the grafted suc-
cinic anhydride radical is capable of abstracting a
hydrogen from a neighboring propylene unit) and
ceiling temperature considerations2,16 [i.e., poly-
(succinic anhydride) is relatively unstable17 at
typical melt temperatures of ca. 180oC]. Further-
more, only a minimal fraction of the grafted MAH
groups is likely form crosslinks between PP
chains.8,18

In addition to the desirable grafting reactions,
PP has also been shown to degrade during perox-
ide-initiated functionalization by a tertiary radi-
cal b-scission (i.e., chain scission at the site of the
polymeric radicals).4,8,19,20 If the peroxide-initi-
ated polymeric radical does not encounter a graft-
able molecule (e.g., MAH) within a relatively
short period of time, the polymeric radical will
rearrange and cleave the PP chain. This b-scis-
sion process results in a lowering of the average
molecular weight of the PP and yields short PP
chains with radical and olefinic end groups.1,7,21

At low MAH concentrations, the secondary anhy-
dride radicals often contribute to the formation of
tertiary polymeric radicals via intramolecular
chain transfer, and this rearrangement has, con-
sequently, been found to promote PP degrada-
tion.8

Elf Atochem N.A. developed a series of asymmet-
ric, functional peroxides (peroxyesters) bearing car-
boxylic groups that may be used to graft acidic func-
tionality directly onto polyolefin chains.22 While this
new functionalization procedure is similar to the
more conventional MAH grafting procedure, func-
tionalization with asymmetric functional peroxides
differs in that the initiating component and the
polar grafting moiety are both contained on the
same peroxide molecule. The original hypothesis in
the use of these new peroxides in reactive process-
ing was that highly reactive alkyl radicals from the
thermal decomposition of the asymmetric peroxides
abstract hydrogens from PP. Subsequently, the less
reactive radicals (containing the acid functionality)
couple with the polymeric radicals to form the
grafts. Since these grafts are created during a rad-
ical termination step rather than in a chain mech-
anism, undesirable b-scission may be minimized.22

Moreover, in contrast to the MAH grafting proce-
dure, which relies on the diffusion of MAH to the
polymeric radical, the abstraction and grafting pro-
cesses with the asymmetric peroxides are likely to
occur within the same “melt cage.”12 This favorable

proximity of the initiating and grafting species has
been suggested to lead to an enhanced grafting ef-
ficiency with a somewhat diminished molecular
weight reduction (i.e., the grafting reaction can oc-
cur before b-scission).22

In our previous studies,12,22,23 the grafting ef-
ficiency of asymmetric functional peroxides was
optimized by slight variations in their chemical
structures. The highest grafting efficiency was
obtained with Luperox PMAt, which contains a
t-butyl initiating component and a reactive dou-
ble bond in the grafting moiety. It is also impor-
tant to note that these reactive double bonds on
the grafted units have been shown to offer a prob-
able crosslinking mechanism that partially off-
sets the undesirable molecular weight reduction
typically observed with the free-radical-induced
MAH grafting processes. Moreover, the alkenyl
radical (containing the acid functionality) pro-
duced from the thermal decomposition of Luperox
PMAt is highly reactive and capable of an addi-
tional mechanism involving, first, H-abstraction
followed by addition to the polymeric radical.22

This new abstraction–coupling mechanism fur-
ther enhances the grafting efficiency with Lu-
perox PMAt.

In this study, we compared the grafting effi-
ciency of a carboxylic acid containing peroxide
to that of the conventional MAH/peroxide sys-
tem in a reactive extrusion process with PP. In
addition, the compatibilizing efficiency of this
carboxylated PP (f-PP) is compared to that of
MAH–PP in blends of PP with nylon 6,6 (PA-
6,6). To properly compare the compatibilizing
efficiency of the two functionalized materials,
f-PP and MAH–PP must be generated in the
presence of equimolar amounts of initiating and
grafting components. Our recent study sug-
gested that f-PP is a slightly better compatibi-
lizer than is MAH–PP;12 however, the two func-
tionalized materials were prepared using sig-
nificantly different feed concentrations of the
reactive components. Therefore, to directly
evaluate the consequence of different grafting
efficiencies and concentration of free, ungrafted
species in the functionalized PP, this study in-
vestigated the compatibilizing efficiencies of f-
PP and MAH–PP materials that have been gen-
erated on an equimolar basis. The compatibiliz-
ing efficiencies of the functional materials were
evaluated based on the observed physical prop-
erties of the PP/PA-6,6 blends.
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EXPERIMENTAL

Materials

PP with an Mn of 44,400 g/mol was obtained from
Montell USA, Inc. (Wilmington, DE). Polyamide
6,6 (Vydine 21) with an Mn of 18,000 g/mol and an
amine end-group concentration of 45 meq/g was
obtained from Solutia, Inc. (Pensacola, FL). The
peroxide initiators, Lupersol 101t and Luperox
PMAt (i.e., the asymmetric, functional peroxide)
were supplied by Elf Atochem, N.A. (King of Prus-
sia, PA). MAH was obtained from Aldrich Chem-
ical Co. (Milwaukee, WI) and used without fur-
ther purification.

Preparation of Functionalized PP by
Reactive Extrusion

Carboxylic acid-grafted PP (f-PP) was prepared
by reactive extrusion using an asymmetric, func-
tional peroxide, shown in Scheme 1. The f-PP was
processed by premixing 0.5 wt % Luperox PMAt
with PP; this feed composition yields a total of
26.6 meq/g of the carboxylic acid functionality that
is available for grafting. This mixture was ex-
truded in a Haake Rheocord 90 counterrotating
twin-screw extruder with three mixing zones and
a rheological slit die. The resonance time in the
extruder was about 7 min at a screw speed of 15
rpm. The temperature for each zone was set at T1
5 150°C, T2 5 T3 5 180°C, and T4 (die) 5 170°C,
and the extrusion was conducted under a N2 at-
mosphere.

MAH–PP was prepared by premixing 0.26 wt
% MAH, 0.39 wt % Lupersol 101t, and PP. The
compositions of MAH and Lupersol 101t were
chosen to yield the same feed concentrations of
grafting and initiating species as in the carboxylic
acid grafting procedure (i.e., 26.6 meq/g), de-
scribed above. Lupersol 101 P20t was used dur-
ing this experiment, which consists of 20% Luper-
sol 101t on a PP carrier. The mixture was then
extruded in the twin-screw extruder at a screw
speed of 15 rpm. Due to the higher thermal sta-
bility of Lupersol 101t, relative to that of Luperox
PMAt, the temperatures in each zone was main-

tained at T1 5 T2 5 T3 5 T4 5 200°C to ensure a
comparable decomposition half-time of the perox-
ide. This extrusion was also conducted under a N2
atmosphere.

A nonaqueous, titrimetric procedure described in
our previous study22 was used to determine the
grafting efficiency for each functionalization proce-
dure. To eliminate the potential contribution of un-
reacted functional groups (i.e., free carboxylic acid
groups or anhydride species), the “as-extruded”
functionalized PP was first purified by precipita-
tion, using the following procedure: The extrudate
was first dissolved in xylene at 130oC to a concen-
tration of 5% (w/v) and then precipitated into meth-
anol. After filtration, the precipitate was washed
with pure methanol and dried at 60oC in vacuo.
Note that this sample purification procedure was
only employed for this titrimetric procedure, and
the purified material was not used in the subse-
quent blend formulations.

Using the above purification procedure, small
quantities of highly functionalized, low molecular
weight PP have been found to remain in solution
during the precipitation step. This material was
reclaimed from the xylene/methanol filtrate by
evaporating off the solvent. The recovered low
molecular weight functionalized PP was then
washed in deionized water to remove any un-
grafted functional groups and dried in vacuo at
60oC. Prior to titration, the MAH–PP was heated
under a vacuum for 96 h at 115°C to convert all of
the grafted species to the anhydride form. The
titrimetric assays for the purified functionalized
PP and the recovered low molecular weight func-
tionalized PP were combined to give an overall
grafting efficiency for each functionalization pro-
cedure.

The molecular weights of the PP samples were
measured with high-temperature size-exclusion
chromatography (SEC) using a differential refrac-
tive index detector. The samples were dissolved in
filtered 1,2,4-trichlorobenzene (TCB) at 145oC. A
0.1 wt % antioxidant (butylate hydroxytoluene)
was used to stabilize the samples. The SEC col-
umn set was heated to 145oC and calibrated using
25 polystyrene standard samples with molecular
weights ranging from 950 to 15 3 106 g/mol. The
polystyrene calibration curve was converted to
one for PP using Mark–Houwink coefficients for
polystyrene and PP in TCB.

Reactive Compatibilization of PP/PA-6,6 Blends

Blends of pure PP, the functionalized PP, and
nylon 6,6 were premixed to obtain an overall com-Scheme 1 Luperox PMAt.
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position of 80/20 (PP/functionalized PP)/PA-6,6.
The functionalized PP (i.e., MAH–PP and f-PP)
was used without purification (i.e., the raw func-
tionalized PP was used as extruded and thus con-
tained both grafted and free, ungrafted species)
and added to the blends to yield overall composi-
tions of the functionalized PP ranging from 5 to
60 wt %; the balance of the final 80 wt % PP
component was pure PP. The blends were then
extruded under a N2 atmosphere at 15 rpm, with
a temperature profile of T1 5 200°C, T2 5 T3 5 T4
5 270°C. Samples for physical testing (i.e.,
notched Izod bars and tensile specimens) were
then prepared by injection molding the blend re-
grinds under a N2 atmosphere on a Boy 15S in-
jection molder.

Notched Izod impact tests were performed with
a Custom Scientific Instrument CSI 137-053, as
per ASTM D-256. Impact strengths were taken as
an average of about 15 samples; the average ex-
perimental error was about 610% for these mea-
surements. Tensile tests were performed on
molded dog-bone samples with a Material Test
System MTS 810 coupled with a microconsole
MTS 458-20. All tensile properties were taken as
an average of about 15 dog-bone specimens. Rep-
resentative stress–strain plots were chosen from
the average tensile properties (i.e., elongation to
break, modulus, yield stress, etc.) and reported to
reflect the average properties of the respective
samples.

RESULTS AND DISCUSSION

The titrimetric analyses of the purified, function-
alized PP samples yielded grafted functional
group concentrations of about 11 and 4.5 meq/g,
for the f-PP and MAH–PP samples, respectively.
Based on the total feed concentration of 26.6
meq/g of graftable functionality, these titration
results indicate overall grafting efficiencies of
about 40% for the f-PP system and 17% for the
MAH–PP system. As suggested in our previous
studies,12,22 the enhanced grafting efficiency ob-
served when using Luperox PMAt may be attrib-
uted to the advantage of having both the initiat-
ing and grafting species on the same molecule.
During the melt phase, the functionalization pro-
cedure, the formation of a polymeric radical fol-
lowed by the grafting of the carboxylate function-
ality is likely to occur within a single “melt cage.”
Furthermore, the thermal decomposition of the
asymmetric, functional peroxide yields a grafting

radical that bears an active double bond and is
capable of reacting with the polymeric radical by
either a coupling or addition mechanism. In con-
trast, the MAH species must diffuse through the
viscous melt to find the polymeric radicals before
grafting can occur.

Since functionalized PP is typically applied as a
reactive component in polymer blends,3,12–15,23–25 it
is important to recognize the consequence of simply
altering the grafting efficiency from 17 to 40%.
Based on the titration results, Figure 1 is used as a
guide to demonstrate graphically the calculated in-
fluence of these distinctly different grafting efficien-
cies on the relative concentrations of free and
grafted functional groups with respect to blend com-
position. When the functionalized PP is merely di-
luted by a second component (i.e., pure PP), it is
obvious that the concentration of free MAH species
in the blend dominates the concentration of the
grafted species. It is important to note here that this
high concentration of free MAH in typical MAH–PP
products7 has raised serious concerns with respect
to potential environmental hazards of free MAH in
the commercial applications of MAH–PP. With the
f-PP system, however, the levels of the free species
are appreciably lower than are those observed with
MAH–PP, and the concentrations of grafted species
are significantly enhanced. When simply consider-
ing the statistical probability of a reaction with a
grafted functional group (e.g., in a reactive compati-
bilization scheme), it is apparent that the f-PP sys-
tem would be more likely to yield a desired product.
This aspect will be explored in specific detail (see
below) for compatibilized blends of PP and PA-6,6.

Figure 1 Relative concentrations of (solid symbols)
free and (open symbols) grafted functional groups with
respect to the composition of functionalized PP in a
blend system: (�) MAH–PP; (F) f-PP.
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Mechanical Properties of Functionalized
PP/PP Blends

In typical reactive compatibilization schemes us-
ing functionalized PP, the PP component of the
blend contains a mixture of the reactive compati-
bilizer and pure PP. If the product of the peroxide-
initiated, reactive extrusion procedure (i.e., the
reactive compatibilizer) suffers from significant
molecular weight degradation through b-scission,
then the overall mechanical integrity of the PP
component in the blend may be compromised.
This undesirable consequence of reactive extru-
sion is often observed with MAH-grafted PP and
may severely limit the range of useful compatibi-
lizer concentrations in blend formulations. For
example, the data in Table I compares the molec-
ular weights of the pure PP samples to those of
the polymer extruded in the presence of 0.5 wt %
of Luperox PMAt and Lupersol 101. Clearly, a
much greater reduction in molecular weight is
observed for the sample reacted with Lupersol
101, relative to the sample reacted with Luperox
PMAt.

Figures 2 and 3 show a comparison of the me-
chanical properties of f-PP and MAH–PP in
blends with pure PP. For strains up to 25% (Fig.
2), the f-PP samples at 80 and 100% compositions
show tensile properties that are quite similar to
that of the pure PP sample. In contrast, the 80
and 100% MAH–PP samples show brittle failure
at less than 5% strain. This behavior may be
attributed to significant differences in the relative
molecular weights of the functionalized PP with
respect to the pure PP sample. We previously
suggested that the double bond on the grafting
portion of Luperox PMAt is capable of forming
crosslinks,22 which act to counter the undesirable
molecular weight reduction (through b-scission)
during reactive extrusion. As the molecular

weight of the f-PP is maintained, the toughness of
the sample is enhanced. Furthermore, the ob-
served increase in yield stress for the f-PP sam-
ples may also be attributed to the presence of
crosslinks. Without this potential for forming a
significant quantity of crosslinks, reactive func-
tionalization with MAH yields a low molecular
weight product with poor tensile properties.

The impact data for the f-PP and MAH–PP
blends with PP (shown in Fig. 3) further dem-
onstrate the effect of the different grafting/
crosslinking mechanisms on the mechanical
properties of the two functionalized PP systems.
Over the entire composition range, the impact

Table I Molecular Weights of PP Extruded
in the Presence of Luperox PMAt
and Lupersol 101t

Sample
Mn

(g/mol)
Mw

(g/mol)
Mz

(g/mol)

Pure PP 44,400 257,500 686,000
PP 1 0.5 wt %

Luperox PMAt 40,900 196,000 470,000

Pure PP 38,157 167,417 414,797
PP 1 0.5 wt %

Lupersol 101t 23,516 55,898 95,083

Figure 2 Representative stress–strain plots for
blends of functionalized PP with pure PP: (z z z z z) pure
PP; (- - - -) 100 wt % f-PP; (—) 80 wt % f-PP; (— z z —)
100 wt % MAH–PP; (- z - z -) 80 wt % MAH–PP.

Figure 3 Effect of functionailized PP composition on
the impact properties of blends containing (E) f-PP and
(F) MAH–PP with pure PP.
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properties of the f-PP system remain relatively
constant with only a minimal depression in im-
pact strength, relative to the pure PP sample.
On the other hand, the consequential deteriora-
tion in molecular weight for the MAH–PP sam-
ple yields much lower impact strengths, which
tend to decrease with increase in the composi-
tion of MAH–PP. In blends with other polymers
(e.g., compatibilized PP/PA blends), these poor
mechanical properties of the PP phase are
likely to adversely affect the overall mechanical
properties of the compatibilized blend (particu-
larly for blends in which the MAH–PP/PP com-
ponent constitutes the major phase15).

Compatibilization of PP/PA-6,6 Blends with
Functionalized PP

The tensile data for 80:20 blends of PP with PA-
6,6 containing variable quantities of functional-
ized PP are shown in Table II. The moduli and
tensile strengths for all of the blends containing
functionalized PP are comparable to those ob-
served for the base blend (i.e., without function-
alized PP). In addition, for the blends containing
up to 10 wt % functionalized PP, the elongations
at break are quite similar to that of the base
blend. For higher compositions of functionalized
PP, however, there are significant differences in
the elongation behavior between the samples con-
taining f-PP and MAH–PP. With f-PP, the elon-
gation at break increases significantly (above that
of the base blend) at a composition of 30 wt %
f-PP, followed by a distinct change to brittle fail-
ure for compositions greater than 40 wt % f-PP. In
contrast, the blends containing MAH–PP never

show an enhanced elongation above that of the
base blend. Instead, the blends containing greater
than 10 wt % MAH–PP fail at elongations well
below that of the base blend and show a continued
decrease in elongation with increasing MAH–PP
contents.

The contrasting behavior in tensile properties for
the two compatibilizers is further illustrated in the
representative stress–strain plots of Figure 4. With
30 wt % f-PP, the tensile specimens extend to 25%
elongation without failure. However, the blend con-
taining 30 wt % MAH–PP fails at only about 5%
elongation, well below that of the base blend. Fur-
thermore, as evidence of a synergistic enhancement
in properties, the f-PP compatibilized blend pro-

Table II Tensile Data for the 80:20 Blends of PP and PA-6,6 Containing Variable Quantities of
Functionalized PP

Tensile Data

Wt % Functionalized PP in the Blenda

0 5 10 20 30 40 50 60

f-PP
Modulus (MPa) 1090 1162 1087 1135 1126 1107 1118 1170
Tensile strength (MPa) 25 26 27 27 25 24 23 22
% Elongation at break 12.1 11.8 11.9 15.0 .25 4.0 5.6 4.6

MAH-PP
Modulus (MPa) 1090 993 963 1018 1084 1074 1065 1173
Tensile strength (MPa)b 25 28 28 28 27 27 24 24
% Elongation at break 12.1 13.2 13.3 8.4 5.5 5.8 4.4 3.6

a Total blend composition of 80:20 (PP 1 functionalized PP)/PA-6,6.
b Maximum stress at yield.

Figure 4 Representative stress–strain plots for PP/
PA-6,6 blends containing (— z z —) 30 wt % of f-PP and
(- - -) MAH–PP. Stress–strain plots of the pure PP, pure
PA-6,6, and the base blend (z z z z z) without a compati-
bilizer are shown for comparison.
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duces a stress–strain profile that is intermediate to
those of the pure PP and PA-6,6 samples, and un-
like the pure materials, the compatibilized system
resists necking up to 25% elongation.

The notable differences in tensile behavior of
these blends may be explained by considering the
effects of free (ungrafted) functional species on
the desired formation of in situ block copolymers
between the functionalized PP and PA-6,6. For
each of the 80:20 PP/PA-6,6 blends studied here,
the amine end-group concentration in the blend is
constant at about 9 meq/g. As shown in Figure 1
(at 30 wt % functionalized PP), the blend contain-
ing MAH–PP contains very few grafted MAH
units relative to the concentration of free species.
In comparison, the blend containing f-PP has over
twice the number of grafted species and a lower
number of free species, relative to the MAH–PP
system. During the reactive compatibilization
process, the reaction of the free species with the
amine end groups is expected to create “end caps”
and, consequently, yield a decrease in the concen-
tration of amine end groups available for reaction
with the grafted species in the desired formation
of graft copolymers.7 Since enhanced tensile prop-
erties of these compatibilized blends are attrib-
uted to the presence of in situ formed copoly-
mers,12,13,15 the improved grafting efficiency of
the f-PP system (relative to that of the MAH–PP
system) allows for the creation of a greater con-
centration of interfacially active graft copolymers.
For the MAH–PP system, the high concentration
of free MAH effectively limits the formation of the
graft copolymer7 and thus yields incompatible
blends with poor mechanical properties.

While the f-PP system demonstrates superior
compatibilization behavior at compositions up to
30 wt %, it is important to note that the tensile
properties for both the f-PP and MAH–PP sys-
tems are poor at compositions greater than 30 wt
%. This observation suggests that once the 1:1
stoichiometry of functional species to amine end
groups is exceeded, the excess free functional spe-
cies in both systems begin to compete predomi-
nantly for the available PA end groups;12 this
competing reaction limits the relative concentra-
tion of graft copolymers at the interface and
consequently decreases the interfacial adhe-
sion.15,26,27 Furthermore, while the data in Figure
2 indicate that the f-PP material is tougher than
both the pure PP and the MAH–PP, it is surpris-
ing that all the blends containing greater than 30
wt % compatibilizer (either f-PP or MAH–PP) dis-
play tensile properties far worse than those of the

base blend. This behavior may be attributed to
the presence of low molecular weight functional-
ized PP (i.e., as a result of free radical initiated
b-scission during the initial functionalization pro-
cess) that tends to build up at the interface. Note
that the potential crosslinking reaction proposed
to occur during the formation of f-PP is not ex-
pected to completely eliminate the formation of
low molecular weight polymer.22 Since these rel-
atively short chains of functionalized PP are very
mobile (i.e., rapid diffusion in the melt) and the
reactive chain ends are expected to partition to
the interface,28 it is likely that the areal density of
PP-g-PA copolymers bearing low molecular
weight PP blocks (at the PP/PA-6,6 interface) will
increase with the weight fraction of functional-
ized PP in the blend.26 With a high interfacial
concentration of low molecular weight grafted PP
brushes extending into the PP phase, the areal
density of chain entanglements across the inter-
phase will be low, resulting in poor interfacial
adhesion.29 Consequently, in the heterogeneous
blend systems containing high compositions of
the compatibilizer, the diminished concentration
of the graft copolymer and the presence of low
molecular weight species at the interface cause
the blends to fail at low elongations, regardless of
the compatibilizer type.

In agreement with the data in Table II and
Figure 3, the impact properties of the PP/PA-6,6

Figure 5 Effect of the total concentration of func-
tional species on the impact properties of 80:20 PP/PA-
6,6 blends containing variable compositions of (●) f-PP
and (l) MAH–PP. The dashed vertical line represents
the constant amine end-group concentration in the
blends, and the impact strengths of (f) pure PA-6,6 and
(�) pure PP are shown for comparison.
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blends (Fig. 5) show profound differences between
the f-PP and MAH–PP compatibilized systems.
The impact strength data in Figure 5 are plotted
with respect to the total microequivalents of func-
tional species in the blends and correspond to
f-PP and MAH–PP compositions ranging from 0
to 60 wt % (at increments of 10 wt % in the
blends). For the f-PP compatibilized system, the
impact strengths of the blends increase up to a
value near that of pure PA-6,6 at a functional
group concentration of about 8 meq/g (i.e., corre-
sponding to a f-PP composition of 30 wt %). At
higher f-PP compositions, the functional group
concentration exceeds that of the amine end-
group concentration, and the impact strengths
subsequently decrease to a value near that of the
base blend at about 16 meq/g (i.e., at a function-
alized PP composition of 60 wt %). In contrast, the
impact properties of the MAH–PP compatibilized
blends show a steady decrease (below that of the
base blends) over all MAH–PP compositions.
From our previous studies,12 the enhanced im-
pact properties of these blends were found to cor-
relate with a significant reduction in the dimen-
sions of the minor phase (i.e., PA-6,6) and attrib-
uted to the interfacial activity of the in situ
formed graft copolymers.

For these compatibilized blends, the highest
impact strength should be obtained with a func-
tional group concentration that produces a near
1:1 stoichiometry between the total functional
group concentration (grafted and ungrafted) and
the amine end groups.12,13 At higher compatibi-
lizer contents, a stoichiometric imbalance exists
with an excess of free functional species. Under
this situation, the grafted functional groups must
compete with the relatively mobile free species for
reaction with the amine end groups. As the quan-
tity of free functional species is increased, the
number of amine end groups available for graft
copolymer formation is reduced (i.e., by end-cap-
ping reactions), rendering fewer copolymers at
the interphase. With a low concentration of graft
copolymers, the PP/PA-6,6 interface is destabi-
lized with poor interfacial adhesion, and thus the
blend develops undesirable mechanical proper-
ties.

For the MAH–PP compatibilized system, it is
interesting to note that the impact properties of
the blends in Figure 5 never exceed that of the
base blend. This behavior suggests, in agreement
with the data in Figure 3, that the mechanical
properties of the continuous PP phase dominate
the properties of the PP/PA-6,6 blends. With an

increasing composition of MAH–PP in the blends,
the inherent molecular weight degradation (by
b-scission) compromises the mechanical integrity
of the major phase. Consequently, the poor im-
pact properties for the MAH–PP system observed
in Figure 3 are reflected in the mechanical prop-
erties of the PP/PA-6,6 blends shown in Figure 5.
While it is still likely that graft copolymers be-
tween MAH–PP and PA-6,6 are being formed, the
drop in impact strength below that of the base
blend suggests that the low molecular weight of
the MAH–PP segments yields graft copolymers
that are incapable of promoting strong interfacial
adhesion through the required chain entangle-
ments with the PP phase.29 In contrast, the f-PP
system has been shown (Table I) to maintain a
relatively high molecular weight22 and thus
yields blends that demonstrate impact properties
that are principally dependent on the stoichiom-
etry of reactive functionalities.

CONCLUSIONS

PP has been functionalized, via reactive extru-
sion, with MAH and with an asymmetric func-
tional peroxide. For a direct comparison of the
grafting efficiencies resulting from the two dif-
ferent functionalization procedures, the reactive
components were processed on an equivalent ba-
sis by the use of equimolar amounts of initiating
and grafting species. Based on a total feed con-
centration of 26.6 meq/g of graftable functionality,
titration results indicated overall grafting effi-
ciencies of about 40% for the f-PP system and 17%
for the MAH–PP system.

In comparison to the MAH–PP system, the en-
hanced grafting efficiency for the f-PP system was
attributed to the advantage of having both the
initiating and grafting species on the same mole-
cule and to the presence of a reactive double bond
on the grafting radical formed by the thermal
decomposition of Luperox PMAt. With respect to
the low grafting efficiency of the MAH–PP sys-
tem, the undesirable effects of molecular weight
degradation by b-scission was found to dominate
the mechanical properties of MAH–PP/PP blends.
For increasing compositions of MAH–PP, the ten-
sile and impact properties were severely compro-
mised. In contrast, blends of f-PP with PP showed
relatively stable tensile and impact properties
over all blend compositions. This behavior was
attributed to the ability of the reactive double
bond on the grafting portion of Luperox PMAt to
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form crosslinks, which counteract the undesirable
molecular weight degradation of f-PP by b-scis-
sion during reactive extrusion.

MAH–PP and f-PP were also compared as reac-
tive compatibilizers for blends of PP and nylon 6,6.
For the MAH–PP system, the consequences of mo-
lecular weight degradation and a low grafting effi-
ciency were found to adversely affect the resulting
mechanical properties of the PP/PA-6,6 blends. At
low MAH–PP compositions, little enhancement in
tensile properties was observed. For MAH–PP com-
positions of 20 wt % and greater, tensile data for the
blend samples showed brittle failure at elongations
well below that of the uncompatibilized blends. In
contrast, blends compatibilized with f-PP showed a
remarkable enhancement in toughness at a compo-
sition of 30 wt %. This observation was attributed to
the relatively high grafting efficiency for the f-PP
system, which allowed for the creation of a greater
concentration of interfacially active graft copoly-
mers. For higher compositions of f-PP, however, the
tensile behavior shifted to brittle failure similar to
that observed with the MAH–PP system. The drop
in tensile properties for both compatibilized blend
systems at compositions above 30 wt % was attrib-
uted to (1) the presence of excess free functional
species that are capable of forming end caps on the
PA-6,6 chains and thus inhibiting the desired for-
mation of graft copolymers and (2) to a buildup of
low molecular weight functionalized PP at the in-
terface. These changes in the chemical composition
of the interphase combine to yield poor interfacial
adhesion.

For the f-PP compatibilized samples, the impact
properties of blends containing only 20 wt % PA-6,6
were found to increase to near that of pure PA-6,6 at
a compatibilizer composition of 30 wt %. For higher
compositions of f-PP, however, a decrease in impact
properties (to values near those of the base blend)
was observed. This behavior was attributed to a
stoichiometric imbalance between the total func-
tional group concentration and the amine end
groups. In contrast to the behavior of the f-PP com-
patibilized systems, blends containing MAH–PP
were found to yield impact properties that de-
creased (below that of the base blend) over all
MAH–PP compositions. This behavior was attrib-
uted to a low concentration of graft copolymers (i.e.,
due to the low grafting efficiency and high free
MAH concentrations) and to a low interfacial adhe-
sion resulting from the relatively low molecular
weight of the MAH–PP (i.e., poor chain entangle-
ment at the interface).

Therefore, the overall results of this compara-
tive study indicate that reactive extrusion with
Luperox PMAt yields a functionalized PP with an
enhanced grafting efficiency that may be used as
a highly effective reactive compatibilizer in PP/
PA-6,6 blends. Moreover, in comparison to the use
of MAH–PP, the production of f-PP yields a func-
tional material that does not suffer from signifi-
cant molecular weight degradation and offers an
alternative that may minimize the potential en-
vironmental hazards often encountered in sys-
tems containing high concentrations of free MAH.
While this study suggests that, on an equivalent
basis, f-PP is a somewhat better compatibilizer, it
is recognized that MAH–PP can be prepared us-
ing higher feed concentrations and optimized ex-
trusion parameters to produce a compatibilizer
that is as effective as is the f-PP system. Under
these conditions, however, it is important to de-
velop processes that can improve grafting effi-
ciency (above the typical 20%) and minimize the
polymer degradation. We are currently investi-
gating the application of reactive additives and
delayed initiation toward achieving an improved
process for the preparation of MAH–PP.

Support for this work was provided by Elf Atochem
North America, Inc., and the Mississippi NSF EPSCOR
Program. The polypropylene was provided by Montell
USA Inc., and polyamide 6,6 (Vydine 21) was obtained
from Solutia, Inc. The authors gratefully thank Profes-
sor A. Rudin and Dr. Wallace Yao for the high-temper-
ature GPC results.

REFERENCES

1. Minoura, Y.; Ueda, M.; Mizunuma, S.; Oba, M.
J Appl Polym Sci 1969, 13, 1625.

2. Ranganathan, S.; Baker, W. E.; Russell, K. E.;
Whitney, R. A. J Polm Sci Polym Chem Ed 1999,
37, 3817–3825.

3. Duvall, J.; Sellitti, C.; Myers, C.; Hiltner, A.; Baer, E.
J Appl Polym Sci 1994, 52, 207–216.

4. Gaylord, N. G.; Mishra, M. K. J Polym Sci Polym
Lett Ed 1983, 21, 23.

5. Gaylord, N. G.; Mehta, R. J Polym Sci Polym Chem
Ed 1987, 26, 1189.

6. Ho, M.; Su, A. C.; Wu, C. H. Polym Prepr Am Chem
Soc Div Polym Chem 1992, 33, 941.

7. Sclavons, M.; Carlier, V.; De Roover, B.; Franqui-
net, P.; Devaux, J.; Legras, R. J Appl Polym Sci
1996, 62, 1205–1210.

8. Heinen, W.; Rosenmoller, C. H.; Wenzel, C. B.; de
Groot, H. J. M.; Lugtenberg, J.; van Duin, M. Mac-
romolecules 1996, 29, 1151.

2406 BOHN, MANNING, AND MOORE



9. Liu, N. C.; Baker, W. E.; Russell, K. E. J Appl
Polym Sci 1990, 41, 2285.

10. Greco, R.; Maglio, G.; Musto, P.; Scarinzi, G. J Appl
Polym Sci 1989, 37, 777.

11. Simmons, A.; Baker, W. E. Polym Eng Sci 1989, 29,
1117.

12. Manning, S. C.; Moore, R. B. Polym Eng Sci 1999,
39, 1921–1929.

13. Ide, F.; Hasegawa, A. J Appl Polym Sci 1974, 18, 963.
14. Lin, J. S.; Sheu, E. Y.; Jois, J. H. R. J Appl Polym

Sci 1995, 55, 655.
15. Duvall, J.; Sellitti, C.; Myers C.; Hiltner, A.; Baer, E.

J Appl Polym Sci 1994, 52, 195–206.
16. Russell, K. E.; Kelusky, E. C. J Polym Sci Polym

Chem Ed 1988, 26, 2273.
17. Kellou, M. S.; Jenner, G. Eur Polym J 1976, 12,

883.
18. Rengarajan, R.; Parameswaran, V. R.; Lee, S.;

Vicic, M.; Renaldi, P. L. Polymer 1990, 31, 1703.
19. Suwanda, D.; Lew, R.; Balke, S. T. J Appl Polym

Sci 1988, 35, 1019–1032.

20. Suwanda, D.; Lew, R.; Balke, S. T. J Appl Polym
Sci 1988, 35, 1033–1048.

21. Lu, B.; Chung, T. C. Macromolecules 1998, 31,
5943–5946.

22. Assoun, L.; Manning, S. C.; Moore, R. B. Polymer
1998, 39, 2571–2577.

23. Manning, S. C.; Moore, R. B. J Vinyl Add Tech
1997, 3, 184–189.

24. Zhang, X.-M.; Yin, J.-H. Polym Eng Sci 1997, 37,
197–204.

25. Li, H.; Chiba, T.; Higashida N.; Yang, Y.; Inoue, T.
Polymer 1997, 38, 3921–3925.

26. Cho, K.; Li F. Macromolecules 1998, 31, 7495–7505.
27. Boucher, E.; Folkers, J. P.; Hervet, H.; Leger, L.;

Creton, C. Macromolecules 1996, 29, 744–782.
28. Guegan, P.; Macosko, C. W.; Ishizone, T.; Hirao, A.;

Nakahama, S. Macromolecules 1994, 27, 4993–4997.
29. Norton, L. J.; Smigolova, V.; Pralle, M. U.;

Hubenko, A.; Dai, K. H.; Kramer, E. J.; Hahn, S.;
Berglund, C.; DeKoven, B. Macromolecules 1995,
28, 1999–2008.

POLYPROPYLENES AS REACTIVE COMPATIBILIZERS 2407


