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ABSTRACT: In an attempt to provide polyolefins such as
low- and high-density polyethylene and polypropylene with
autohesive properties, hydrophilic monomers such as
methacrylic acid (MAA), acrylic acid (AA), and 2-(dimeth-
ylamino)ethyl methacrylate (DMAEMA) were photografted
onto their surfaces. The wettabilities of the grafted plates
stayed constant above full coverage of the substrate surfaces
with grafted polymer chains, except for the AA-grafted
plates. The amount of absorbed water for the grafted layers
formed increased with an increase in the number of grafted
polymer chains. The autohesive strength increased with an
increase in the wettability and water absorptivity of the
grafted plates as well as the temperature and load on heat
pressing. For all grafted plates substrate breaking at auto-

hesive strength measurements was observed for grafted
amounts 2–3 times as much as those at adhesive strength
measurements. The substrate breakings for the HDPE and
PP plates photografted with AA and DMAEMA at adhesive
strength measurements were observed at lower grafted
amounts compared with those photografted with MAA.
This study has made it clear that the photografting of
hydrophilic monomers onto polyolefin materials can
markedly enhance autohesivity without any adhesives as
well as the adhesivity for high grafted amounts. There-
fore, polyolefin materials with improved autohesivity and
adhesivity can be widely applied in adhesive fields, in-
cluding for novel uses. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 87: 2244 –2252, 2003

INTRODUCTION

Polyolefins such as polyethylene (PE) and polypro-
pylene (PP) are extensively used as polymer materials
because of their low density, excellent solvent resis-
tance, and availability at low cost. However, their
poor wettabilities give rise to problems for practical
applications. To overcome these problems, several sur-
face modification techniques have been exploited.1,2

Most of them have attempted to introduce polar func-
tional groups on the substrate surfaces to increase
their surface free energies, leading to an increase in the
wettabilities. Plasma treatment has been widely used
to make polymer surfaces hydrophilic, considerably
enhancing wettability and adhesivity with non-poly-
mer-forming gases such as O2, N2, He, and Ar.3–5

However, the surface properties of the modified sub-
strates gradually regressed as a function of time
elapsed. This occurred because the polar functional
groups that formed on the substrate surfaces tended to
readily overturn in the outer surface region and mi-
grate into the bulk of the polymer substrates mainly as
a result of local motion of segments of the polymer
chains.6–9 Thus, the applicability of polyolefins has

frequently been limited due to poor durability of the
modified surfaces.

We have investigated the surface modification of PE
and polytetrafluoroethylene (PTFE) plates using a
photografting technique.10–13 The wettability of low-
density PE (LDPE) plates was considerably improved
at low grafted amounts by the photografting of
methacrylic acid (MAA), acrylic acid (AA), and
methacrylamide (MAAm), and adhesive strengths
higher than the ultimate tensile strength of the LDPE
plate used were observed.10,11 Because hydrophilic
polymer chains with polar functional groups can co-
valently bond to substrate polymer chains in the sur-
face region, the hydrophilic properties of the substrate
surfaces modified by the photografting technique
should be better preserved than with other surface
modification techniques.

So far, only a few studies have been reported on the
autohesion of widely used polymer materials by sur-
face grafting,14–17 compared with the larger number of
studies on surface modification and improvement in
adhesivity10,11,18–24 Pioneering studies on autohesion,
or self-adhesion, were carried out using cotton fabrics
coated with polyisobutylene under various conditions
by Voyutskii and coworkers in 1950s.25–27 They con-
cluded that autohesion was caused by self-diffusion of
polymer segments from one layer into another of the
same polymer across the interface. The migrated poly-
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mer segments entangle with other ones, thus enhanc-
ing fracture resistance, and eventually randomize to
fuse the surface. We have reported that for photograft-
ing of hydrophilic monomers such as MAA, AA, and
MAAm onto LDPE and PTFE plates, the location of
photografting is restricted to the surface region of the
substrates, and the grafted layers formed on the sub-
strate surfaces possess high water absorptivities.11,13

The grafted polymer chains would have high mobility
in the water-swollen state. Therefore, grafted polymer
chains in the water-swollen grafted layers can be en-
tangled with each other via their self-diffusion when
the two grafted plates are brought into close contact
by heat pressing, leading to bond formation without
any adhesives. Also, for PTFE plates grafted with
MAA, AA, 2-(dimethylamino)ethyl methacrylate
(DMAEMA) by the combined use of plasma treatment
and photografting, autohesive strength can be in-
creased to a value equivalent to that of adhesive
strength.22,23

This article reports on a study of the improvement
in autohesivity and adhesivity of polyolefins such as
low- and high-density PE (LDPE and HDPE) and
polypropylene (PP) plates that were photografted
with MAA, AA, and DMAEMA. Further, the im-
proved surface properties, which was analyzed by
ESCA and by measurements of contact angle and wa-
ter absorption, will be discussed.

EXPERIMENTAL

Materials

The crystallinities of the substrates (thickness : 1 mm)
used, LDPE, HDPE, and PP, were estimated from their
densities determined by a flotation or buoyancy
method with acetone and glycerol at 25°C using the
known densities of the completely amorphous and
pure crystalline parts as shown in Table I.28,29 These
polymer plates, which were 6 cm in length and 3 cm in
width, were washed with methanol and acetone and
then dried under reduced pressure. MAA, AA, and
DMAEMA were purified by distillation under re-
duced pressure.

Photografting

The procedure for photografting was described in de-
tail in our previous articles.11,30,31 The polymer plates

were dipped for 1 min in 50 cm3 of an acetone solution
containing 0.25 g of benzophenone (BP) as a photo-
sensitizer to coat their surfaces. The BP-coated poly-
mer plates were immersed in the aqueous monomer
solutions of MAA, AA, and DMAEMA at a monomer
concentration of 1.0 mol/dm3. Before photografting
only the pH of the aqueous DMAEMA solution was
adjusted, to pH 8.0 using concentrated HCl, to en-
hance the solubility of PDMAEMA. Photografting was
done at 60°C by applying UV-rays emitted from a
400-W high-pressure mercury lamp to the aqueous
monomer solutions in which the BP-coated polymer
plates were immersed under a nitrogen atmosphere in
the Pyrex glass tubes. After grafting, the grafted poly-
mer plates were washed with water for 24 h to exclude
homopolymers and then were dried under reduced
pressure for 48 h at room temperature. The grafted
amounts (�mol/cm2) were calculated from the weight
increases of the plates after photografting.

Surface and bulk properties of grafted layers

The photoelectron spectra for the grafted plates were
recorded on a Shimadzu ESCA-750 type spectrometer
with the Mg K� (1253.6 eV) source operating at 8 kV
and 30 mA.10,11 Then the O1s/C1s and N1s/C1s values
were calculated from the individual peak areas and
ionized cross sections32–34 to determine the chemical
compositions of the surfaces of the grafted layers. The
contact angles of water on the grafted plates were
measured with a sessile drop method at 25°C under an
atmosphere of saturated water vapor with a Kyowa
Kagaku TYP-QI–type goniometer.10,11

The amount of absorbed water for the grafted plates
was measured to estimate the hydrophilicity of the
grafted layers. The grafted plates were immersed in
distilled water at 25°C for 24 h. Then the grafted plates
were taken out of the water, blotted with filter paper
to remove water attached to their surfaces, and
weighed as quickly as possible. The amount of ab-
sorbed water and the moles of water molecules as-
signed per monomer segment, nwater, were calculat-
ed.10,30

Adhesive and autohesive strength measurements

A commercial two-component-type epoxy adhesive
called Araldite was applied to the grafted surfaces of
two pieces of grafted plates with the same grafted
amount cut into pieces 30 mm in length and 10 mm in
width to provide an overlap of 10 � 10 mm. The
adhesives were cured for 24 h at 60°C while the load
of 0.5 kg/cm2 was kept on the bonded, grafted plates.

For autohesive strength measurements, the grafted
plates with the same grafted amount immersed in
distilled water at 25°C for 24 h were put together with
their grafted surfaces facing each other with a 10 � 10

TABLE I
Determination of Degree of Crystallinity and Ultimate

Strength of Polymer Substrates in This Study

Abbreviation
Density
(g/cm3)

Degree of
crystallinity

(%)

Ultimate
strength
(kg/cm2)

LDPE 0.926 50.8 14.1
HDPE 0.958 69.7 22.2
PP 0.905 66.2 25.0
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mm overlap. The overlapped samples were heat-
pressed by adding a load of 2.0 kg/cm2 for 24 h at
80°C, unless otherwise noted.

Both ends of the bonded samples were attached to
the load cell and base of a tensile testing instrument.
The tensile shear autohesive and adhesive strengths
were measured with a strain rate of 3 mm/s at 25°C.

RESULTS AND DISCUSSION

Photografting

The changes in the grafted amount with the UV irra-
diation time for the photografting of MAA onto the
LDPE, HDPE, and PP plates and of MAA, AA, and
DMAEMA onto the HDPE plates are shown in Figure
1(a,b), respectively. The amount of grafted MAA in-
creased with an increase in the irradiation time for all
polymer substrates used in this study. Because pho-
tografting proceeds primarily in the amorphous part
of the outer surface regions, MAA monomers can
more easily bond to the LDPE plate with low crystal-
linity than the HDPE and PP plates [Fig. 1(a)]. AA
monomers are considered to be more difficult to bond
to HDPE surfaces because of their higher hydrophilic-
ity, or lower affinity, for HDPE [Fig. 1(b)]. The ten-
dency for the grafted amounts to increase with the
irradiation time for the photografting of these three
kinds of hydrophilic monomers onto LDPE and PP
plates was similar to that for the photografting onto
the HDPE plate, as shown in Figure 1(a,b).

Surface analysis by ESCA and contact-angle
measurements

Surface analysis of the grafted plates by ESCA was
carried out to estimate the chemical composition of the

surfaces of the grafted layers. The O1s/C1s values for
the MAA-grafted and AA-grafted plates and the O1s/
C1s and N1s/C1s values for the DMAEMA-grafted
plates increased with the grafted amounts and then
leveled off. The increase in the intensity ratios corre-
sponded to that in the wettabilities of the substrate
surfaces from the photografting. The intensity ratios
being constant for the higher grafted amounts means
that the chemical composition of the outer surface
regions of the grafted layers stayed unchanged irre-
spective of the formation of thicker grafted layers. The
constant intensity ratios and the grafted amounts at
which the intensity ratios leveled off for the grafted
plates prepared above are summarized in Table II. The
constant values of O1s/C1s for the AA-grafted plates
were obtained at lower grafted amounts and became
higher than those for the MAA-grafted plates. These
results show that the location of photografting of AA
is restricted to the outer surface regions of the sub-
strates and that grafted PAA chains can cover the
substrate surfaces at lower grafted amounts than
grafted PMAA chains. The intensity ratios for the
DMAEMA-grafted plates stayed constant at the low-
est grafted amounts of these three grafted plates. The
surface analysis by ESCA of the 30-�m-thick LDPE
films photografted with MAA, AA, and DMAEMA
and the microscopic observation of their cross sections
were reported in detail in our previous article.30 The
intensity ratios for the DMAEMA-grafted PE film be-
came constant and the ungrafted layers disappeared at
the lowest grafted amount of these grafted films. This
indicates that because DMAEMA monomer is more
hydrophobic than MAA and AA monomers, the inter-
nal grafting, which occurs simultaneously with the
surface grafting, progresses for the photografting of
DMAEMA. Therefore, it is considered that for the

Figure 1 Changes in the grafted amount with UV irradiation time for (a) photografting of MAA onto (E) LDPE, (‚) HDPE,
and (�) PP plates; and (b) (E) MAA, (‚) AA, and (�) DMAEMA on to a HDPE plate
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photografting of DMAEMA onto the LDPE, HDPE,
and PP plates, the internal grafting progressed easily
compared with the photografting of MAA and AA,
and the intensity ratio reached a constant value at the
lowest grafted amount of all the grafted plates.

The contact angles of water on the grafted plates
were measured to estimate their surface wettabilities.
The constant cos � values for the grafted plates are also
summarized in Table II. The cos � value increased
with an increase in the grafted amount and then
stayed constant above the grafted amount at which the
intensity ratios became constant for the MAA-grafted
and DMAEMA-grafted plates. On the other hand, the
cos � values for the AA-grafted plates passed through
the maximum values. It was found that in the range of
the grafted amount in which the intensity ratio in-
creased, photografting would mainly initiate on sub-
strate surfaces. However, above the grafted amounts

at which the intensity ratios become constant, pho-
tografting onto grafted PAA chains would also occur.
Thus, it is possible for highly branched grafted PAA
chains with high molecular weight to form.35 On the
other hand, Lawler and Charlesby reported that high-
molecular-weight PAA chains were insoluble in wa-
ter.36 Therefore, the wettability of the surfaces of the
AA-grafted plates is considered to decrease with an
increase in the grafted amount after the maximum
value because of the aggregation of grafted PAA
chains caused by attractive intermolecular interaction
such as hydrogen bonding.

Water-absorptivity measurements

Figure 2 shows the changes in the amount of absorbed
water with the grafted amount for the grafted plates.
The amount of absorbed water increased with an in-

TABLE II
Surface Compositions and Wettabilities of Grafted Plates Prepared in This Study

Sample
Grafted amounta

(�mol/cm2)

Constant intensity ratio

cos �O1s/C1s N1s/C1s

LDPE-g-PMAA 25 0.32 0.5
LDPE-g-PAA 6 0.37 0.4 (max)
LDPE-g-PDMAEMA 5 0.26 0.12 0.15

HDPE-g-PMAA 10 0.31 0.45
HDPE-g-PAA 3 0.36 0.3 (max)
HDPE-g-PDMAEMA 1 0.24 0.09 0.12

PP-g-PMAA 12 0.33 0.5
PP-g-PAA 4 0.38 0.2 (max)
PP-g-PDMAEMA 2 0.23 0.12 0.1

PMAA 0.384
PAA 0.518
PDMAEMA 0.253 0.114

LDPE 0.027 �0.120
HDPE 0.021 �0.180
PP 0.024 �0.090

a The grafted amount at which the intensity ratios and cos � values become constant.

Figure 2 Changes in the amount of absorbed water with the grafted amount for (a) grafted LDPE, (b) grafted HDPE, and
(c) grafted PP plates. (grafted monomer—E: HDPE, ‚: AA, �: DMAEMA).
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crease in the grafted amount. Of these, the DMAEMA-
grafted layers in particular exhibited very high water
absorptivity. The grafted layers formed on the HDPE
and PP plates had slightly higher absorptivities than
those on the grafted LDPE plates because the grafted
layers enriched with grafted polymer chains were
mainly formed as a result of their high crystallinities.
The AA-grafted plates exhibited slightly higher water
absorptivity than did the MAA-grafted ones. This can
be explained as follows: Surface analysis by ESCA
(Table II) showed that the location of the photograft-
ing of AA was mainly restricted to the outer surface
region of the polymer substrates—that is, the substrate
surfaces were covered with grafted PAA chains at
lower grafted amounts than with grafted PMAA
chains. Therefore, grafted PAA chains can contact
more free water molecules than grafted PMAA chains
at the same grafted amount in addition to the more
hydrophilic structure of the AA monomer.

The DMAEMA-grafted plates absorbed much more
water in the range of high grafted amounts than the
other two grafted plates. It can also be considered
from the results shown in Figure 3 (discussed below)
that grafted PDMAEMA chains with rather hydropho-
bic properties can proceed into the bulk of the sub-
strates with the concomitant breaking of some crystal-
line regions of the substrates.

The water absorptivities of the grafted layers cannot
be satisfactorily explained only by the amount of ab-
sorbed water and the monomer structures. The nwater
values are useful for discussing the water absorptivi-
ties in more detail. Figure 3 shows the changes in the
nwater value with the grafted amount for the grafted
plates. The nwater values for the MAA-grafted LDPE
(LDPE-g-PMAA) plates increased with the grafted
amount and then leveled off at the grafted amount of
about 50 �mol/cm2, at which the water-absorption
curve bent, as shown in Figure 2(a). This means, tak-
ing into consideration surface analysis by ESCA, that

the thickness for the MAA-grafted layers continued to
increase without any change in their chemical compo-
sition in the range where the nwater values stayed
constant. The constant nwater values for the MAA-
grafted HDPE and PP (HDPE-g-PMAA and PP-g-
PMAA) plates were obtained at lower grafted
amounts than for the LDPE-g-PMAA plate. This oc-
curred because the photografting of MAA onto the
HDPE and PP plates was restricted to the outer sur-
face regions as a result of their high crystallinity, as
pointed out previously, and made it possible for ad-
ditional grafted polymer chains to come into contact
with water molecules.

The nwater values for the DMAEMA-grafted plates
sharply increased with the grafted amount, especially
for the DMAEMA-g-LDPE plates. It has been shown
from surface analysis by ESCA that grafted PDMAEMA
chains can cover the substrate surfaces at lower
grafted amounts than can the other two grafted poly-
mer chains monomers. When hydrophilic monomers
were photografted onto the surfaces of the polymer
substrates used, the internal grafting more or less
occurred simultaneously with the surface grafting.
The internal grafting was considered to preferentially
progress for the photografting of DMAEMA because a
relatively hydrophobic DMAEMA monomer has
closer affinity toward polymer chains of the substrates
than do MAA and AA monomers. Therefore, the thick
grafted layers from the photografting of DMAEMA
with the breaking of a part of the crystalline regions,
especially for the LDPE plate with low crystallinity,
can accommodate more water molecules, leading to
higher nwater values.

Autohesive strength measurements

The dependence of the tensile shear autohesive
strength on temperature and load during heat press-
ing was investigated for the PMAA-g-HDPE plates.

Figure 3 Changes in the nwater value with the grafted amount for (a) grafted LDPE, (b) grafted HDPE, and (c) grafted PP
plates (grafted monomer—E: MAA, ‚: AA, �: DMAEMA).
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Figure 4 shows the changes in autohesive strength
with the grafted amount at different heat-pressing
temperatures under a constant load of 2.0 kg/cm2. As
the heat-pressing temperature increased, autohesive
strength sharply increased at lower grafted amounts.
It is expected that the thermal motion of grafted
PMAA segments at increased temperatures becomes

more active in the water-swollen state, and so their
self-diffusion across the interfaces between the grafted
layers effectively occurs. If this is the case, then inter-
molecular interactions such as entanglements of
grafted PMAA chains will favorably cause an increase
in autohesive strength. Although the behavior of au-
tohesive strength against the heat-pressing tempera-
ture appeared similar in any condition, it was only at
the heat-pressing temperature of 80°C above 24 �mol/
cm2 that substrate breaking was observed. The auto-
hesive strength at which substrate breaking was ob-
served was almost in agreement with the ultimate
tensile strength of the ungrafted HDPE plate shown in
Table I. Substrate breaking was observed when auto-
hesive strength was beyond the ultimate tensile
strength of the substrate.

Taking the above results into consideration, the au-
tohesive strength of the PMAA-g-HDPE plates at a
heat-pressing temperature of 80°C was measured by
varying the load in the range of 0.5–4.0 kg/cm2. Fig-
ure 5 shows the changes in autohesive strength with
the grafted amount at different loads on heat pressing.
An increase in load led to substrate breaking at lower
grafted amounts at loads below 2.0 kg/cm2. An in-
creased load favors closer contact between water-
swollen grafted layers and the more effective self-
diffusion of grafted PMAA chains across the interfaces
of the swollen grafted layers. The substrates were
broken at the same grafted amount, even if the load
increased from 2.0 to 4.0 kg/cm2. Therefore, measure-
ments of the autohesive strength of the other grafted

Figure 4 Changes in tensile shear autohesive strength with
the grafted amount for HDPE-g-PMAA plates heat-pressed
at (E) 40°C, (‚) 60°C, and (�) 80°C under a load of 2.0
kg/cm2 (failure: open symbol—cohesive failure; shaded
symbol—substrate breaking).

Figure 5 Changes in tensile shear autohesive strength with the grafted amount for HDPE-g-PMAA plates heat-pressed at
80°C under a load of (a) E: 0.5 kg/cm2, ‚: 1.0 kg/cm2, �: 1.5 kg/cm2; (b) E: 2.0 kg/cm2, ‚: 4.0 kg/cm2 (failure: open
symbol—cohesive failure; shaded symbol—substrate breaking).
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plates were made at a load of 2.0 kg/cm2 and a heat-
pressing temperature of 80°C.

Figure 6 shows the changes in autohesive strength
with the grafted amount for the grafted LDPE,
HDPE, and PP plates. In addition, the grafted
amounts at which autohesive breaking occurred are
summarized in Table III. The substrate was broken
above the grafted amount of 60 �mol/cm2 for the
LDPE-g-PMAA plates. The values of autohesive
strength at substrate breaking were almost equiva-
lent to the ultimate tensile strength of 14.1 kgf/cm2

for an ungrafted LDPE plate shown in Table I. This
indicates that the LDPE plate can be surface-modi-
fied by photografting of MAA without affecting any
bulk properties. Substrate breaking was observed at
30 –35 �mol/cm2 for the HDPE-g-PMAA and PP-g-
PMAA plates. The lower values of the substrate
breaking for the LDPE-g-PMAA plate may be a
result of the location of photografting being more
restricted to the outer surface regions of the HDPE
and PP plates with higher crystallinities. It can also
be seen from Tables II and III that the grafted
amounts at substrate breaking were higher than
those at which the substrate surfaces were covered
with grafted PMAA chains. The AA-grafted plates
were broken at lower grafted amounts than the
MAA-grafted plates irrespective of the substrates
used because of the photografting of AA to the outer
surface region. Intermolecular interactions such as
hydrogen bonding between carboxyl groups and the
entanglements of grafted polymer chains can be
considered as working more effectively for the AA-
grafted plates than for the MAA-grafted plates.

Higher autohesive strength for the DMAEMA-
grafted plates and substrate breaking were observed
at much lower grafted amounts. Because the grafted
layers for the DMAEMA-grafted plates possessed
high water absorptivity, as shown in Figure 2, the
grafted PDMAEMA chains would have consider-
able mobility in the water-swollen state. In addition,
because PDMAEMA behaves as a thermosensitive
polymer with a lower critical solution temperature
(LCST), solubility in water would be remarkably
reduced at higher temperatures.32 Therefore, an in-
crease in autohesive strength would be caused by
the entanglements and cohesion of grafted PD-
MAEMA chains because of their contraction, as-
cribed to hydrophobic interaction on heat pressing.

The above results suggest that autohesive strength
from heat pressing of grafted LDPE, HDPE, and PP
plates with water-swollen grafted layers can effec-
tively be enhanced through hydrogen bonding and
hydrophobic interaction among functional groups af-
fixed to grafted polymer chains as well as through
self-diffusion of grafted polymer segments.

Figure 6 Changes in tensile shear autohesive strength with
the grafted amount for (a) grafted LDPE, (b) grafted HDPE,
and (c) grafted PP plates heat-pressed at 80°C under a load
of 2.0 kg/cm2 (grafted monomer—E: MAA, ‚: AA, �:
DMAEMA; failure: open symbol—cohesive failure, shaded
symbol—substrate breaking).
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Adhesive strength measurements

Figure 7 shows the adhesive strengths for three types
of substrates, LDPE, HDPE, and PP, photografted
with MAA and for HDPE plates photografted with
three kinds of monomers, MAA, AA, and DMAEMA,
using a commercial two-component-type epoxy adhe-
sive called Araldite. The grafted amounts at substrate
breaking are summarized in Table III.

It can be seen from Figure 7 and Table II that the
grafted amounts at which substrate breakings in au-
tohesive strength occur are 2–3 times as high as those
in adhesive strength, as expected. The increase in ad-
hesive strength is considered to be attributable to the
increase in wettability of the modified substrate sur-
faces and to the permeability of the adhesives into the
grafted layers formed. This is in marked contrast with
autohesive strength, which was mainly a result of the
intermolecular interactions between the grafted poly-
mer chains themselves.

It is of great interest that the autohesive strength of
the LDPE, HDPE, and PP plates can be markedly
improved by swelling the grafted layers formed on the
grafted plates in water and then heat-pressing them
together without any adhesives.

CONCLUSION

This article has detailed the autohesive and adhesive
properties of LDPE, HDPE, and PP plates pho-
tografted with hydrophilic monomers such as MAA,
AA, and DMAEMA on the basis of the surface and
bulk properties of the grafted layers formed.

Autohesive strength increased with an increase in
the wettability of the grafted layers, with the chemical
composition with the grafted amount being followed
up through ESCA. Water absorptivity of the grafted
layers was investigated as a function of the grafted
amount and was found to be closely related to an
enhancement in autohesivity. On the other hand, the
adhesivity of three kinds of grafted plates using Araldite (described above) mainly depended on the

wettability of the grafted layers.
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