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ABSTRACT: Swift-silver-ion irradiation was explored as
a means of forming chemically active sites on the surface of
biaxially oriented polypropylene films. The active species,
formed in air, was used to induce the graft copolymeriza-
tion of glycidyl methacrylate in an aqueous solution. The
surface structure, crystallinity, morphology, and hydrophi-
licity of the grafted samples were characterized with Fou-
rier transform infrared, UV, wide-angle X-ray diffraction,
scanning electron microscopy, and contact-angle measure-
ments. Glycidyl methacrylate could be grafted onto biax-
ially oriented polypropylene after swift-heavy-ion irradia-
tion without an additional initiator. The contact angle of the

modified films decreased with the grafting percentage of
glycidyl methacrylate on the polypropylene. The swift sil-
ver ions induced significant grafting only in small regions
(i.e., the latent tracks) of the polymer. Furthermore, as the
fluence of swift heavy ions increased beyond an optimum
value, the overlapping of the latent tracks reduced the graft-
ing yield. The observed findings could be very useful in
developing an initiator-free grafting system. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 105: 3578–3587, 2007
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INTRODUCTION

Polypropylene (PP) possesses the most important vol-
ume share of the plastics industry because of its low
cost, versatile properties, and growing commercial
applications. However, PP is limited in its applica-
tions in several technologically important fields be-
cause of its lack of chemical functionalities, high sen-
sitivity to photooxidation and/or thermal oxidation,
low paintability, low dyeability, low elastic modulus,
limited impact strength, poor adhesion to metal or
glass, and poor compatibility with other polymers,
including engineering plastics.1 One of the most com-
mon methods used for the improvement of these dis-
advantages is to graft polar monomers onto the sur-
face of PP.

Glycidyl methacrylate (GMA) is a bifunctional mo-
nomer containing an unsaturated group capable of
free-radical grafting onto polyolefins (e.g., polyethyl-
ene and PP), together with a highly electrophilic

epoxide moiety that can react with different nucleo-
philic functional groups such as carboxylic, hydrox-
ide, and amine groups. As an epoxide moiety of
GMA grafted onto a polyolefin is reacted with differ-
ent nucleophilic reagents, it can be modified to alco-
hols,2 amines,3 phosphonic acid,4 sulfonic acid,5 and
so on.

Grafting is a process by which chemical groups are
attached by covalent bonds to a polymer backbone,
usually via an aliphatic carbon atom. Grafting poly-
merization can be initiated by many methods, such as
UV light, g rays, plasma, and chemicals. However,
there are still some limitations in the conventional
grafting methods: plasma grafting is slow and expen-
sive and has found only limited applications, g rays
can damage polymer structures over long-time expo-
sures, UV light is harmful to human health, and the
use of chemical initiators has resulted in the produc-
tion of significant amounts of homopolymers. The
undesired homopolymers not only waste expensive
starting materials but also make processing more la-
borious.6

The grafting of GMA onto PP using conventional
methods is a well-established phenomenon and has
been extensively studied. Previously, Liu et al.7 re-
ported the grafting of GMA onto PP, using peroxide
initiators, and they used the grafted PP in the reactive
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compatibilization of PP blends with nitrile rubbers.7

Sun et al.8 studied the melt grafting of GMA onto PP
in the presence of a comonomer, styrene, which
improved the grafting yield and reduced the chain
degradation of PP. They also reported the melt graft-
ing of GMA onto PP in a twin-screw extruder.9 Peset-
skii and Makarenko10 studied the efficiency of graft-
ing of GMA to PP in an extruder and the degree of
degradation of macromolecules in relation to the
structure of the peroxide initiator. Pan et al.11 first
reported the modification of PP through the solid-
phase grafting of GMA. Compared with other techni-
ques, this method has many advantages, such as
lower solvent requirements, a low temperature, low
cost, and a low-pressure process, and the process also
leads to a higher percentage of grafting.12

Swift heavy ions (SHIs) are heavy ions with kinetic
energies of the order of 1 MeV per nucleon. They
have the ability to deposit extremely high energy per
unit of the ion path length. They are, therefore, char-
acterized by extremely high linear energy transfer
(LET) and are used for the nanometer-scale tailoring
of surfaces in materials research.13 When an SHI falls
on a polymer film, it produces a damage zone around
the incident path. The energy lost is spread, sur-
rounding the path of the incident ion by the second-
ary electrons creating a cylindrical region with a high
concentration of active sites. Therefore, a graft copoly-
mer may be achieved when an active site in a poly-
mer X initiates the polymerization of a monomer Y.
In this way, inhomogeneous damage zones can be
used to create special properties in the substrate poly-
mer. SHI grafting is unique in the respect that it can
generate surfaces with microdomains of modified
and unmodified polymers. If the ion incidence is nor-
mal to the surface, then circular islands correspond-
ing to the grafted domains are seen.14 Moreover, in
response to a stimulus, the grafted domains are trans-
formed from an expanded conformation to a compact
ball, leading to an increase or decrease in the pore
size, and thus can be used for the production of
permeability-adjustable membranes. These are also
called intelligent membranes. Their potential applica-
tions include the controlled release of drugs.15 Appa-
rently, SHI can be used to bring about new properties
not accessible with conventional chemical, radio-
chemical, or physical means.16

Efforts to synthesize graft copolymers using SHIs
have been in progress since 1995.17 The radiation
grafting of acrylic acid, methyl methacrylate, and sty-
rene onto PP foils irradiated with a 25-MeV proton
beam was reported by Mazzei et al.18 However, the
attained knowledge about SHI-induced graft copoly-
merization is still much too limited, especially from
an experimental point of view. This could be the first
time that the active sites created by swift silver ions
were used to initiate the graft copolymerization of

GMA in PP. In this article, the structural changes in
the grafted polymer are correlated with the changes
in the crystallite size of PP. The purpose of this work
is to study the SHI-induced grafting of GMA onto PP
for its potential application as a compatibilizer in PP/
Cloisite 30 B nanocomposites.

EXPERIMENTAL

Materials

Experiments were performed with commercially avail-
able biaxially oriented polypropylene (BOPP) films
(15 lm thick) kindly supplied by Flex Industries, Ltd.
(Noida, India). GMA, xylene, and acetone (analytical-
reagent grade) were purchased from Aldrich (Stein-
heim, Germany) and used as received.

Synthesis of the graft copolymer

The BOPP film samples were irradiated in a vacuum
at room temperature with a 15UD Pelletron accelera-
tor at the Inter-University Accelerator Center (New
Delhi, India). The 120-MeV Ag9+-ion beams in the flu-
ence range of 1010 to 3 3 1011 ions/cm2 were used for
irradiation. The ion-beam current was about 0.5–1
particle nA. The ion beam was scanned in an area of
10 mm 3 10 mm with an electromagnetic scanner.

Before the irradiated BOPP film samples were used
for grafting, they were stored at low temperatures (12
6 38C) in sealed plastic envelopes. The BOPP film
samples were grafted with GMA with the peroxide
method. In a typical grafting process, Ag9+-ion-irradi-
ated (120 MeV) BOPP was moistened with 0.04 mL of
liquid GMA at room temperature for 24 h so that the
GMA would be absorbed by the BOPP film. The
GMA-moistened BOPP film was placed in a glass
tube. To prevent the homopolymerization of GMA,
an aqueous solution of 1 wt % Mohr’s salt was also
added. The glass tube was subsequently purged with
nitrogen for 5 min and sealed. Afterwards, the glass
tube was placed in an oven at 708C for 50 h. The graft-
ing was initiated by the thermal decomposition (708C)
of the peroxides in the presence of the monomer
(GMA). After a given grafting period, the film was
taken out from the glass tube, and the unreacted
GMA monomer was extracted by the soaking and
washing of the film in acetone and the drying of the
film at room temperature in air to a constant mass.
The GMA homopolymer adsorbed onto the film was
washed off with a larger amount of acetone at 258C
for 24 h, and the film sample was dried at 708C in a
vacuum to a constant mass.

For the studies of the effects of the various parame-
ters on the grafting polymerization, the grafting per-
centage (Gp) was determined according to the follow-
ing equation:
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Gp ¼ ½ðWg �W0Þ=W0� � 100% (1)

where Wg and W0 denote the weights of the grafted
and ungrafted BOPP film samples, respectively.

Characterization

Fourier transform infrared (FTIR) spectrawere recorded
on a PerkinElmer FTIR RX1 (4000–500 cm�1) spectro-
photometer (Norwalk, CT)with a 4.0-cm�1 resolution.

The ultraviolet–visible (UV–vis) spectra were
recorded on a PerkinElmer EZ-201UV–vis spectrometer
(400–190 nm) (Waltham,MA)with a 4-nm resolution.

Scanning electron microscopy (SEM) was per-
formed by the observation of the surfaces of BOPP
and grafted BOPP (PP-g-GMA) film samples under
a scanning electron microscope (JSM-840, JEOL Co.,
Tokyo, Japan).

The contact angles of water droplets on the BOPP
and PP-g-GMA surfaces were measured with a Rame-
Hart model 100-00-230 goniometer (Netrong, NJ).

Wide-angle X-ray diffraction (WAXD) patterns
were obtained with a Philips analytical X-ray PW1710
diffractometer (Almelo, The Netherlands) with the
Cu Ka radiation at room temperature. The operating
condition of the X-ray source was set at a voltage of
40 kV and a current of 30 mA in a range of 2u ¼ 5–
358. The scanning speed was 2.48/min. The WAXD
measurements were performed with a data acquisi-
tion time of 25 s per scan.

The crystallite size of PP was calculated according
to the Scherrer equation:19

L ¼ Kl=b cos y (2)

where L is the crystallite size (Å), b is the full width at
half-maximum (fwhm; rad), k is the wavelength of
the X-ray beam (1.5425 Å), and K is a constant usually
equal to 1.

RESULTS AND DISCUSSION

Mechanism of grafting

The swift silver ions (SHIs) abstract hydrogen atoms
from PP during their passage through the BOPP film.
This results in the formation of mainly surface radi-
cals in polypropylene [PP*; eq. (3)]. When the PP radi-
cals are in contact with air, they react with oxygen
and lead to the formation of oxidized compounds
such as peroxides and hydroperoxides [eq. (4)]. The
peroxide and hydroperoxide groups on PP undergo a
redox reaction with the ferrous ion of Mohr’s salt [eq.
(5)] to form an oxyl polymer radical (PPO*) capable of
initiating graft copolymerization. Redox initiation
usually results in mainly grafting polymerization
with a minimum of homopolymerization because

only PPO* is formed:20

PPþ SHI ! PP� (3)

PP� þO2 ! PP��O��O��PPþ PP��O��O��H

(4)

PP��O��O��PPþ PP��O��OHþ Fe2þ

! 3PP��O� þOH� þ Fe3þ (5)

On the basis of the experimental results, the follow-
ing reaction mechanism is proposed.

The interaction of PPO* with the PP main chain is
led by the abstraction of a hydrogen atom to either a
tertiary radical [eq. (6)] or a secondary radical [eq.
(7)]. The former can undergo a b-scission reaction.
During the b-scission reaction, the main chain is bro-
ken into two parts, with a double bond on the one
chain end and a secondary radical on the other chain
end [eq. (8)]. The resulting degradation of the molecu-
lar weight is one limitation of the radical modification
of PP in the molten state. This is the main reason for
the development of radical reactions in the solid
state.21,22 Equations (6)–(18) in Scheme 1 describe
some of the main reactions taking place during the
grafting of GMA onto BOPP leading to the formation
of GMA-grafted PP, that is, PP-g-GMA. However,
some chain-transfer reactions in the propagation
steps, eqs. (15)–(18), can lead to the formation of dou-
ble bonds of dienes and trienes of PP chains. The
growing chain radicals are mainly rooted on the film
surface, and the grafting chains exist mostly in the
form of a radical coil. Therefore, the growing chain
radicals are not easily terminated by bimolecular
reactions. The mobility of hydrogen radicals is far
higher than that of growing chain radicals and oxyl
macroradicals, so hydrogen radicals may move into
the vicinity of a growing chain radical and terminate
it [eq. (19)]. Disproportionation reactions can also
lead to the termination of grafting polymerization [eq.
(20)].

FTIR spectroscopy analysis

The FTIR spectrum of an unirradiated BOPP film is
shown in Figure 1(a). It shows bands at 1328, 1304,
1256, 1168, 1103, 998, 940, 899, 841, and 809 cm�1.
These belong to the group of regularity bands, and
they are related to different helix lengths of isotactic
sequences.23 However, the peaks at 973, 1377, and
1454 cm�1 represent segments residing predomi-
nantly in the amorphous region.24 These bands and
peaks indicate that the BOPP film was made from iso-
tactic PP.

The variation of the electronic energy loss and nu-
clear energy loss of swift silver ions in PP with the
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thickness of the BOPP films is shown in Figure 2. This
stopping and range of ions in matter (SRIM) plot is
based on results calculated with SRIM software. The
120-MeV Ag9+-ion beam in PP has a 24.17-lm pro-
jected range. This is greater than the thickness of the
BOPP film (15 lm) used, so an almost uniform energy
deposition through the target is achieved. Moreover,
its electronic energy loss value is 7.34 keV/nm; as a
result, it has a high electronic LET. Thus, a consider-
able volume of BOPP around the ion projectile is
influenced by the interaction between the Ag ions
and the BOPP electrons. This results in the produc-
tion of active chemical species such as cations, anions,
electrons, and radicals along the ion path in the BOPP
film. The Columbic attraction and repulsion among
these active species cause violent bond stretching and
segmental motion in the polymer chains, which lead
to the distortion of PP’s crystal lattice as well as bond
breakage.25 As a result of these bond cleavages, free
hydrogen radicals and some other radicals are formed
in the latent track. Subsequently, gaseous molecular

species are formed by the combined mechanisms
of the direct recombination of radicals and the re-
combination of diffusing radicals.26 The bond
breakages also lead to the formation of tertiary PP
macroradicals, which, on spontaneous oxidation in
air, generate hydroperoxide groups on PP. This is
supported by the appearance of an OH band at 3400
cm�1 with a shoulder at 3555 cm�1 characteristic of
hydroperoxide (OOH) groups27 in the FTIR spectrum
[Fig. 1(b)].

Because of the large variety of oxidation products
in PP, the OOH band in the 3100–3800-cm�1 region
and the carbonyl (C¼¼O) bands in the 1500–1900-cm�1

region are less distinctly resolved. Moreover, the in-
tensity of the band centered around 2900 cm�1

decreases [Fig. 1(c)] when BOPP is irradiated with
Ag9+ (at F ¼ 3 3 1011 ions/cm2). This can be attrib-
uted to the reduction in the molecular mass. Further-
more, the development of a yellow color and the crea-
tion of a new peak at 1642 cm�1 [Fig. 1(c)] confirm the
formation of double bonds of dienes and trienes,

Scheme 1 Mechanism of grafting.
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respectively, in the PP chains. The chain scissions and
corresponding molecular weight reductions were
minimized by the preferable use of the swift silver
ions at fluencies not exceeding 3 3 1011 ions/cm2.
The same irradiation conditions also generated
PP macroradicals and hydroperoxides needed for
grafting on PP.28 The FTIR spectrum of pure GMA
is shown in Figure 1(d). It shows a C¼¼O stretch-
ing peak at 1723 cm�1 due to the presence of a car-
bonyl group in GMA. It also shows a C¼¼C stretching
peak at 1639 cm�1 due to the presence of a vinyl un-

saturation in GMA. Moreover, the absorptions at
908 and 844 cm�1 confirm the presence of the epoxide
ring. The FTIR spectrum of a purified PP-g-GMA
sample is shown in Figure 1(e). A comparison of
the FTIR spectra [Fig. 1(d,e)] shows clearly the ab-
sence of absorption at 1639 cm�1 (C¼¼C of GMA) in
the grafted polymer, together with a redshift in the
ester carbonyl absorption (a shift from 1723 to 1732
cm�1), which is ascribed to the formation of a satu-
rated ester. These results indicate that the grafting of
GMA onto the BOPP film is clearly achieved. Addi-

Scheme 1 (Continued from the previous page)
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tionally, the intensity of this characteristic band at
1732 cm�1 increased with an increase in the graft
level.

Morphological studies

The surfaces of the original BOPP, swift-silver-ion-irra-
diated BOPP, and GMA-grafted BOPP filmswere exam-
ined by SEM, and the results are shown in Figure 3.

The virgin BOPP film surface is flat along with
abundantly distributed amorphous regions, which
appear with a brighter intensity in the SEM photo-
graph [Fig. 3(a)].29

The swift-silver-ion-irradiated BOPP film is com-
posed of irradiated zones and unirradiated zones.
The properties of BOPP remain unchanged in the uni-
rradiated zones. However, the irradiated zones are
highly modified zones of reduced density and
reduced molecular weight, and they appear with a
brighter intensity in the SEM photograph [Fig. 3(b)].
As the BOPP exhibits a crystalline structure, the diffu-
sion of the GMA monomer is hindered in the unirra-
diated zones. However, the GMA monomer easily
diffuses through the irradiated zones to encounter a
reactive PP macroradical. The grafting is initiated as
the reaction occurs between them. Subsequently, the
grafted chains are able to grow by the polymerization
of the GMA monomers coming from the outside of
the film. A grafted macromolecule is generated in the
track that can interpenetrate the PP chains when pos-
sible. Initially, with an increase in the fluence, the
number of irradiated zones (and latent tracks and

number of reactive sites) also increases. An increasing
number of macroradicals propagate simultaneously;
Gp increases, and the grafted chains grow to shorter
lengths. As a result, only the spectrum of the graft is
observed [Fig. 3(d)].

The absence of peaks or bands in the 3100–3800-
and 1500–1900-cm�1 regions [Fig. 1(c)] of an irradi-
ated BOPP sample at fluencies exceeding 1011 ions/
cm2 indicates that overlapping of the latent nuclear
tracks occurs. This leads to an enhanced recombina-
tion of primary radicals before their reaction with the
atmospheric oxygen can occur. When the latent tracks
overlap, the number of initiating radicals decreases
by termination reactions. Combination reactions re-
sult in the formation of crosslinked zones affecting
the efficiency of grafting by hiding some radicals
and/or modifying the diffusion rate of monomers.17

Thus, a lower number of macroradicals are involved
in propagation grafting reactions, so the length of the
grafted chains gets bigger [Fig. 3(c)] and Gp decreases,
even if the initial GMA concentration is kept constant.
The obtained results are in agreement with the previ-
ously reported results.30

WAXD crystallographic studies

For isotactic PP, three crystalline forms, the mono-
clinic (a), hexagonal (b), and triclinic (g) forms, have
been reported on the basis of different X-ray diffrac-
tion patterns.31 Of these three crystal structures, the a
form is the most common and exists extensively in so-
lution-crystallized or normal melt-crystallized sam-
ples. Only under rather stringent conditions can b
and g forms occur. The WAXD spectrum represents
normalized diffraction intensities versus the diffrac-
tion angles (2u). The monoclinic a crystal can be iden-
tified from WAXD measurements according to the

Figure 1 FTIR spectra of (a) unirradiated BOPP, (b) Ag9+-
irradiated BOPP (F ¼ 3 3 1010), (c) Ag9+-irradiated BOPP
(F ¼ 3 3 1011), (d) GMA, and (e) PP-g-GMA.

Figure 2 Variation of the electronic energy loss (Se) and
nuclear energy loss (Sn) of swift silver ions in PP across
the thickness of the BOPP film: SRIM plot.
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presence of diffraction peaks at 2u values of 14.0
(110), 16.9 (040), 18.6 (130), 21.2 (111), and 21.98 (131),
and the hexagonal b crystal can be identified at 16.1
(300), and 21.28 (301). Furthermore, the diagnostic dif-
fraction peak of the g crystal is at 2u ¼ 20.18 for crys-
tal plane (117) because other diffraction peaks of the g
crystal overlap with the peaks of the a crystal.

Figure 4(a) presents a typical WAXD pattern of the
virgin BOPP. It shows that the virgin BOPP film sam-
ple mainly consists of the a modification. Qualitative
analysis shows that during the biaxial orientation of
PP, there is displacement of the (130), (111), and (131)
diffraction peaks. It can be attributed to a significant
reorganization of molecules and, consequently, of
crystalline regions in the process of biaxial solid-state
drawing at an elevated temperature during the BOPP
film production.32 The WAXD curves of modified PP
are shown in Figure 3(b–d). These WAXD patterns
show that the PP-g-GMA samples mainly consist of
the a modification. The obtained results are in agree-
ment with the results previously reported by Pan
et al.11

A strong peak appearing at 2u ¼ 168 indicates that
the b crystals only exist in PP-g-GMA with 7.7 wt %
grafting. The lack of a diffraction peak at 2h ¼ 20.18

implies that there is no c crystal in the samples. The
silver-ion-irradiation-induced GMA grafting causes
important qualitative changes in the diffraction spec-

Figure 4 WAXD plots of (a) virgin BOPP, (b) Ag9+-irradi-
ated (F ¼ 1010) and GMA-grafted BOPP (Gp ¼ 4.65%), (c)
Ag9+-irradiated (F ¼ 3 3 1010) and GMA-grafted BOPP
(Gp ¼ 7.69%), and (d) Ag9+-irradiated (F ¼ 3 3 1011) and
GMA-grafted BOPP (Gp ¼ 5.26%).

Figure 3 SEM photographs of (a) virgin BOPP, (b) Ag9+-irradiated BOPP (F ¼ 3 3 1010), (c) Ag9+-irradiated (F ¼ 3 3
1011) and GMA-grafted BOPP (Gp ¼ 5.26%), and (d) Ag9+-irradiated (F ¼ 3 3 1010) and GMA-grafted BOPP (Gp ¼ 7.69%).
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tra. An increase in the GMA grafting weight percent-
age either gives rise to new diffraction peaks or
causes the disappearance of old ones. This means that
silver-ion-induced GMA grafting on PP produces
macromolecular reorganizations that are able to cre-
ate new crystalline symmetries. Thus, the supermo-
lecular structure and crystalline morphology of PP
are affected by the grafting of GMA. We cannot
deconvolute the amorphous, mesomorphic, and crys-
tal phases with certainty because the WAXD profiles
have a low signal-to-noise ratio. However, the identi-
fication of the polymorphic transitions a to b of PP
can be clearly marked if we follow the occurrence of
the peak at 16.08 (the b-phase 300 reflection). This
polymorphic transition is unique and can be observed
during the study of SHI-induced GMA grafting on
BOPP.

The fwhm values and crystallite sizes of the virgin
and PP-g-GMA samples are shown in Table I. The
peaks for the PP-g-GMA1 and PP-g-GMA2 samples
were shifted to smaller angles than that of the original
BOPP. This clearly indicated that the interspacing of
PP layers was swollen to a larger distance by the
grafted GMA chains.33

Assuming K ¼ 1 in the Scherrer equation, the aver-
age crystallite sizes of the virgin BOPP and GMA-

grafted BOPP (PP-g-GMA) were calculated, and the
results are shown in Table II. Pan et al.11 reported
that at a low level of GMA grafting on PP with a con-
ventional solid-phase grafting method, large amounts
of short graft chains acting as the nucleus agent speed
up the crystallization process and therefore decrease
the size of the crystal. However, at a high level of
grafting, long graft chains hinder the crystallization,
resulting in a large crystal particle. However, in this
study, SHI-induced GMA grafting on BOPP indicated
that the average crystallite size was dependent both
on Gp and on the diene/triene content in the grafted
samples.

UV–vis spectroscopy analysis

The appearance of new bands close to 240 and 290
nm in the UV spectrum (Fig. 5) confirms the forma-
tion of double bonds of dienes and trienes, respec-
tively, in the PP chains.34 Furthermore, in comparison
with the PP-g-GMA1 sample, the PP-g-GMA2 sample
had 111.4% more dienes and 191.3% more trienes.
Apparently, some of these double bonds are in a cis
configuration, which causes bending and twisting in
the chains, so regular close packing becomes difficult.
The polymer thus cannot crystallize readily and has a

TABLE I
fwhm (b) and Crystallite Size (L) of Virgin and PP-g-GMA Samples

Virgin BOPP PP-g-GMA1 PP-g-GMA2 PP-g-GMA3

2u (8) b (8) L (Å) 2u (8) b (8) L (Å) 2u (8) b (8) L (Å) 2u (8) b (8) L (Å)

12.18 0.10 888.5 13.67 0.96 92.7 13.64 0.20 445.1 6.08 0.96 92.2
14.18 0.80 111.3 16.40 0.40 223.3 16.06 0.28 318.6 14.49 0.96 92.8
17.00 0.40 223.3 24.91 0.48 188.5 24.89 0.48 188.5 18.84 0.80 111.9
25.44 0.96 94.34 22.60 0.32 281.4

29.36 0.28 211.4

TABLE II
Structure–Property Correlation in the Grafted Polymers

No. Sample

Fluency of
120-MeV
Ag9+ ions
(ions/cm2) Gp (wt %) Structure

Properties

Crystallization behavior
Wetting
property:
contact
angle (8)

Crystalline
form

Average
crystallite
size (Å)

1 Unirradiated BOPP — 0.00 Isotactic, helical, nonpolar
backbone

Monoclinic
(a form)

329.4 53.0

2 PP-g-GMA1 1 3 1010 4.65 Isotactic, helical, nonpolar
backbone with small, polar
polyGMA graft chains

Monoclinic
(a form)

168.2 50.0

3 PP-g-GMA2 3 3 1010 7.69 Isotactic, helical, nonpolar
backbone with a large
number of small, polar
polyGMA graft chains

Hexagonal
(b form)

317.4 48.0

4 PP-g-GMA3 3 3 1011 5.26 Isotactic, helical, nonpolar
backbone with a lower
number of big, polar
polyGMA graft chains

Monoclinic
(a form)

157.9 48.5

INDUSTRIAL POLYPROPYLENE FILMS 3585

Journal of Applied Polymer Science DOI 10.1002/app



larger crystallite size. The average crystallite size was
found to be directly dependent on the diene/triene
content:

Diene/triene content : PP-g-GMA2 >

PP-g-GMA1 > PP-g-GMA3

Average crystallite size : PP-g-GMA2 >

PP-g-GMA1 > PP-g-GMA3

Studies of the wetting properties

The contact-angle results are shown in Table II. The
contact-angle values of water droplets decreased with
the grafting of GMA onto BOPP. This is because the
PP-g-GMA samples were more hydrophilic and this
property is dependent on the presence of GMA
groups in them. The greater the grafting yield was,
the less hydrophobic the PP-g-GMA samples were
and, consequently, the greater the reduction was in
the water contact angles.

CONCLUSIONS

This article concerns the development of a novel
method for obtaining a grafted product. Using a com-
mercial BOPP film, we grafted a GMA monomer,
using swift Ag9+ ions. FTIR, UV–vis, WAXD, and con-
tact-angle measurements show that there are signifi-

cant modifications in the chemical structure, average
crystallite sizes, and surface properties of PP upon
swift-Ag9+-ion-induced GMA grafting. It is concluded
from a comparison of the FTIR spectra of virgin, irra-
diated, and grafted samples that GMA grafting occurs
on PP. When the fluency increases, the evolution of
the grafting yield can be explained in terms of over-
lapping of the latent tracks. From an analysis of the
WAXD patterns, it has been observed that polymor-
phic transitions of a to b of PP occur at higher Gp val-
ues. Furthermore, the evolution of the average crys-
tallite size when the grafting yield increases can be
explained in terms of the effect of the length of graft
chains as well as double and triple bonds on the crys-
tallization process.
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