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Poor adhesion continues to be a problem for manufacturers of laminated packaging. (erefore, the aim of this research was to
study the effect of flame treatment, the type of coating, and starch application on the adhesion force of polyethylene/paperboard.
(e force of adhesion was determined using the peel test method; the paper surface energy was assessed by contact angle analysis;
and paperboard roughness was determined by profilometer. (e flame treatment did not affect the surface roughness but
significantly increased the paperboard surface energy.(e paperboard coated with polar latex showedmuch higher surface energy
than the paperboard coated with nonpolar latex. (e adhesion force of polyethylene presented a linear correlation to the surface
energy of the paperboard. (erefore, the surface energy of paperboard is an excellent indication of its adhesion force to
polyethylene, and this represents a very reliable and practical method in terms of quality control in the paper industry for
producing laminated packages.

1. Introduction

In the area of laminated packaging, good adhesion between
the components is one of the most important aspects.
However, poor adhesion continues to be a serious problem
for manufacturers of this kind of product [1, 2]. In a recent
paper, Oliveira et al. [3] proposed a method to measure the
adhesion force between plastic and aluminum layers. (is
test consisted of thermosealing a plastic film on the metallic
surface of the packaging using specific conditions of time,
temperature, and pressure. (e aforementioned authors
measured the adhesion force by delaminating the thermo-
sealed plastic in a universal testing machine and applying
a specific angle and speed; they concluded that this method
was stable, precise, and replicable.

In long-life packaging, there is also adhesion between
plastic and aluminum layers. However, the critical problem
in this kind of packaging is poor adhesion between the
polyethylene and the paperboard. (e use of polymers
laminated onto paper is very common in order to improve
its properties and to increase the value of several products.
However, Zhao and Kwon [4] point out there are few studies
in the literature about this important technological phe-
nomenon although a considerable number of studies can be
found regarding polymer adhesion and paper technology.
Most of the latter studies focus on the perspective of paper
physics.

(erefore, in this paper, the adhesion force of a low-
density polyethylene affixed onto paperboard was studied
using specific delamination equipment. (e influence of
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flame treatment and two different coatings applied on the
top side of the paperboard was evaluated by measuring the
surface energy of the paper. (e effect of starch application
onto the bottom side of the paperboard was also studied.(e
correlation between adhesion force/surface energy of the
paperboard was assessed for each experimental condition.

2. Literature Review

(e phenomenon of adhesion between polymer and cellu-
lose is very important in terms of composites and nano-
composites [5–8]. Alamri and Low [9] investigated the
effect of water absorption on the mechanical properties of
n-SiC filled, recycled cellulose fiber-reinforced epoxy eco-
nanocomposites. (e SEM results showed a clean pull out of
the cellulose fibers as a result of degradation in the fiber
matrix interfacial bonding, which was due to water absorption.
(e addition of n-SiC was found to enhance the interfacial
adhesion between the fiber and thematrix. However, the focus
of the present paper is the adhesion between polymer/cellulose
(paper) in laminated packaging.

Tuominen et al. [10] evaluated how corona, flame, and
atmospheric plasma treatments modified the surface of
extrusion-coated LDPE and PP and also the influence of
these surface modifications on the print quality, that is, toner
adhesion and the visual quality of the extrusion coatings.
(ey concluded that flame treatment contributed benefi-
cially to the print quality, on LDPE surfaces in particular,
and it produced the best toner adhesion and visual quality on
LDPE surfaces.

Paperboard, which is used in long-life packaging, is
formed by intertwined cellulose fibers that are usually ob-
tained from wood [11]: long fibers from pinus and short
fibers from eucalyptus are commonly employed.(e bottom
(brown side) and the top of the paperboard are composed of
unbleached and bleached fibers, respectively. A coating is
also applied to the top for printing purposes. A cellulosic
pulp, which is obtained by a chemical mechanical process, is
used as the intermediate layer of the paperboard [11].

Good adhesion depends on an intimate contact between
the surfaces. Consequently, the wetting of a liquid onto
a substrate is essential, and this is characterized by the
contact angle (θ) between the liquid and the solid. Low θ
angles are desirable, and they signify that the liquid spreads
onto the solid surface. A system is stable if δS > δL + δSL,
where δS is the solid surface tension, δL is the liquid surface
tension, and δSL is the solid-liquid surface tension [12, 13].

(e adhesion force to a solid increases as its surface
energy increases [12, 14].(erefore, the surface energy of the
paper is an important parameter to improve its adhesion
force to the polyethylene in long-life laminated packaging
[12, 14]. Due to its nonpolar characteristic, polyethylene has
a surface energy as low as 20mJ/m2. (erefore, in order to
improve the adhesion force to substrates, it is common to
use oxidative treatments that create polar groups on its
surface [12, 15].

(e thermodynamic work of adhesion between paper
and polyethylene can be described by (1). It is defined as the
energy change per unit area due to the elimination of two

surfaces to create the interface between the adhering sub-
strates [4]:

W � cP + cA− cPA, (1)

where cP is the surface energy of the paper, cA is the surface
energy of polyethylene, and cPA is the interface energy
between paper/polyethylene.

Paper surface components, such as hydrophobic sizes,
wood extractives, and fillers (CaCO3, clay, and talc), decrease
the surface energy [4]. (is negative effect can be com-
pensated by flame or plasma treatments that introduce polar
groups onto the paper surface. For coated papers, the type of
binder in the coating influences the adhesion of polymers.
Welander and Rigdahl [16] observed that polyethylene
displayed a stronger adhesion to paper coated with styrene-
butadiene and calcium carbonate pigment than to a coating
based on poly(vinyl acetate) binder and clay pigment.

Chen et al. [17] concluded that the addition of inorganic
fillers to paper had a positive effect on the adhesion of
pressure-sensitive adhesives (PSA). However, fillers can also
reduce the internal strength of paper, and the benefit of
adding filler is limited if the PSA is peeled from the paper in
a manner that results in failure due to paper delamination.

According to Zhao and Pelton [18], peel adhesion testing
is often employed to assess the bonding strength of lami-
nated materials when at least one of the layers is flexible.
(ey report that the use of peel measurements to charac-
terize the interactions between pressure-sensitive adhesives
(PSAs) and paper is a challenging system because failure can
occur within the paper structure, as well as in the adhesive or
at the adhesive/substrate interface.

(e surface energy of papers ranges from 25 to 60mJ/m2,
and poor adhesion onto polyethylene was observed when the
critical surface tension of the paper was lower than that of this
polymer (δc � 31mN/m). Gervason et al. demonstrated that the
delamination force of polyethylene-paper laminates increased
with paper surface energy for different sized papers [19].

(e Young–Dupre equation correlates the thermody-
namic adhesion to the surface and interface energies [20]:

W � cl(1 + cos θ), (2)

where cl is the surface energy of the liquid and θ is the
equilibrium contact angle of the liquid on the solid surface.

(e physical and chemical characteristics of the paper
surface, such as roughness and surface energy, affect its adhesion
to polyethylene. (e polarity of this polymer and its surface
energy also influence adhesion onto the paper. (erefore, in-
dustrial procedures for producing laminated packaging usually
apply treatments such as corona, flame, and ozone to improve
the adhesion between the substrates [12]. However, the scientific
understanding of these treatments and the effect of different size
applications are still limited.

3. Experimental

3.1. Materials. (e following types of paperboard, which
were kindly supplied by Klabin S.A., were used in this study:
(a) top of the paperboard (white side) coated by a polar latex;
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(b) top of the paperboard coated by a nonpolar latex; and
(c) bottom of the paperboard (brown side) both with and
without starch application. For the sake of industrial con-
�dentiality, the polar and nonpolar latexes will not be fully
described in this paper and they are denominated as latex A
and latex B, respectively.

A low-density polyethylene (LDPE), which was kindly
donated by Braskem S.A. (with a density of 0.918 g/cm3 and
melt �ow index of 8 g/10min), was used in this study.

3.2. Methods. Samples of laminated paperboard/polyethylene
were prepared in an extruder (Technocoat Company, Curitiba,
Brazil). �e extrusion was carried out at 150m/min with and
without �ame treatment on the paperboard. A polyethylene
melt temperature of 320°C and a grammage of 12 g/m2 were
used to reproduce typical industrial conditions in the pro-
duction of laminated long-life packaging.

3.2.1. Delamination Test: “PEEL TEST”. �e adhesion force
between the polyethylene/paperboard was measured with
the peel Test method using “Multi Test” equipment on
samples that were 1.5 cm wide tested in 180° and
100mm/min. Ten specimens were tested for each experi-
mental condition. An adhesive tape was applied to the
polyethylene to prevent it from stretching during the
delamination tests, which were carried out from a manu-
ally preseparated edge. �e delamination tests for the
polyethylene/paperboard top were performed using dry
samples, while wet samples had to be used in the peeling test
for the paperboard bottom (brown side). Otherwise, cellu-
lose �bers were pulled out and a cohesive failure rather than
adhesion was observed.

3.2.2. Roughness Measurements. A pro�lometer Talysurf
CLI 2001-Taylor Hobson was used to evaluate the e�ect of
�ame treatment on the surface roughness of the paperboard.
It was used also to measure the in�uence of the starch
application on the roughness of the bottom surface.

3.2.3. Surface Energy Measurements (Contact Angle). �e
surface energy of the paperboard was calculated using
contact angle measurements with diode methane and water
[13, 15] according to the Tappi Standard (T558-om-06). �e
tests were kindly carried out at Henkel’s laboratories in São
Paulo, Brazil. Using contact angle measurements, the surface
energy of the paperboard was determined by the Owens–
Wendt method [19, 21].

4. Results and Discussion

4.1. Paperboard Surface Energy. Figure 1 shows the surface
energy of the top of the paperboard (white side) with and
without �ame treatment for both the polar and nonpolar
latexes (A and B).

It is clear that the surface energy of the paperboard that
was coated with the polar latex (A) was higher than the
paperboard coated with nonpolar latex (B). Figure 1 also
shows that �ame treatment increased the surface energy of
the paperboard coated with both kinds of latexes. It can be
seen that the surface energy of paperboard coated with polar
latex without �ame treatment was similar to the surface
energy of the paperboard coated with �ame-treated non-
polar latex. Flame treatment introduces polar groups to the
surface of paperboard, increasing its surface energy, pro-
moting spreading of polyethylene and increasing adhesion
[4]. As previously mentioned, a system is stable if
δS > δL + δSL, where δS is the solid surface tension, δL is the
liquid surface tension, and δSL is the solid-liquid surface
tension [12, 13].

It was not possible to calculate the surface energy of the
bottom (brown side) of the paperboard because the diio-
domethane (nonpolar liquid) was rapidly absorbed. Con-
sequently, the contact angle on this substrate could only be
measured for water (polar liquid), as shown in Figure 2. �is
�gure shows that the starch decreased the contact angle of
the water on this substrate due to its hydrophilic character.
Figure 2 shows also that �ame treatment improved the
a¤nity of the substrate with water, decreasing its contact
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Figure 1: Surface energy of the top of the paperboard (white side),
with and without �ame treatment (FT), for both polar and non-
polar latexes (A and B), respectively. ∗Letters indicates similarities
between samples, according to t-test at 95% con�dence.
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Figure 2: E�ect of starch application and �ame treatment on contact
angle of water on the bottom surface of the paperboard (brown side):
A: with starch/with �ame treatment; B: with starch/without �ame
treatment; C: without starch/with �ame treatment; D: without
starch/without �ame treatment.
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angle on the bottom of paperboard, both with and without
starch.

4.2. Roughness Measurements. �e e�ects of the �ame
treatment on the roughness of both surfaces of the paper-
board were evaluated because mechanical interlocking is
a possible mechanism that contributes to adhesion. Table 1
shows the roughness parameter Ra (µm), which was mea-
sured for the top surface coated with polar latex and the
bottom of the paperboard with and without starch appli-
cation. It can be seen that �ame treatment did not a�ect the
roughness for both surfaces (top and bottom sides).
�erefore, the in�uence of the �ame treatment on adhesion
can be mainly attributed to surface energy modi�cation.

Zhao et al. [22] investigated the interaction between
paper and pressure-sensitive adhesive by peel adhesion
testing. �ey observed that the paper properties that
in�uenced the peel force in the interfacial failure domain
were found to be primarily the paper surface chemistry,
which was characterized by the oxygen/carbon ratio (de-
termined by XPS), and secondly, the paper surface rough-
ness. �e peel force increased with the oxygen/carbon ratio
and with the surface roughness.

4.3. Delamination Test: “PEEL TEST”. Figure 3 shows the
in�uence of the A and B latexes and �ame treatment on the
adhesion force of the polyethylene on the top of the pa-
perboard. It can be seen that the �ame treatment signi�-
cantly improved the adhesion force for both latexes. Another

important aspect is that the polar latex A promoted an
expressive increase in the adhesion force of the polyethylene
on the top of the paperboard; its e�ect was comparable to the
application of �ame treatment on the top surface, which was
coated with nonpolar latex B. �is result was in accordance
with the surface energy values that are presented in Figure 1.

Figure 4 shows the in�uence of starch application on the
adhesion force between the polyethylene and the �ame-treated
bottom surface of the paperboard. It can be seen that the starch
signi�cantly decreased the adhesion force between these
components. As previously mentioned, it was not possible to
measure the surface energy for the bottom of the paperboard
due to the absorption of diiodomethane. However, Figure 3
shows that the starch decreased the contact angle of the water
on this substrate. �is e�ect indicated that its surface energy
increased and consequently the adhesion force should have
increased. �erefore, a possible reason for the lower adhesion
force can be the slight decrease in the surface roughness due to
the application of starch, as shown in Table 1. It should be
pointed out that the use of starch is very important in order to
avoid �ber release. �erefore, it is necessary to control the
amount of starch applied to the bottom surface in order to
balance these two opposing e�ects. Flame treatment is also of
fundamental importance in this case because otherwise the
adhesion force between the polyethylene and the bottom
surface is negligible.

Figure 5 shows the adhesion force of the polyethylene as
a function of the surface energy of the top of the paperboard
coated with polar and nonpolar latexes, both with and
without �ame treatment. It can be seen that there was an
excellent linear �t (R � 0.9966) between these two param-
eters. �erefore, the surface energy of the paperboard was

Table 1: In�uence of �ame treatment on roughness parameter Ra (µm) for the top (coated with polar latex A) and the bottom surface
of the paperboard.

Ra (µm) top (white side) coated with
polar latex A Ra (µm) bottom (brown side)

Without �ame
treatment

With �ame
treatment

With starch/without �ame
treatment

With starch/with �ame
treatment

Without starch/with �ame
treatment

Mean (µm) 0.52 0.50 3.21 3.23 3.50
Standard
deviation 0.02 0.09 0.13 0.13 0.16
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Figure 3: In�uence of latex A (polar), latex B (nonpolar), and �ame
treatment on the adhesion force of polyethylene on the top surface
of the paperboard. ∗Letters indicates similarities between samples,
according to t-test at 95% con�dence.
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Figure 4: In�uence of starch application on the adhesion force
between the polyethylene and the �ame-treated bottom surface of
the paperboard.
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a direct indication of its adhesion to the polyethylene. �is
correlation explains why the adhesion force of the top of the
paperboard coated with latex A and without �ame treatment
was similar to the adhesion force of the surface coated with
�ame-treated nonpolar latex B: their surface energies were
almost the same. Figure 5 also demonstrates that the ad-
hesion force of the top of the paperboard coated with polar
latex (A) with �ame treatment was much higher than the
other three experimental conditions because its surface
energy was far superior to the others.

�ese results were in accordance with those observed by
Burnett and et al. [23]. In this study, various thermoplastic
polyole�ns (TPO) were submitted to di�erent surface treat-
ments in order to enhance their adhesion properties. �e
surface energies were measured using inverse gas chroma-
tography (IGC), and the values were correlated to the me-
chanical adhesion testing of the painted polyole�ns. Higher
surface energies measured by IGC led to increased adhesion
with the paint. �erefore, the aforementioned authors con-
cluded that IGC could be used as a predictive tool for TPO-
paint adhesion and mechanical substrate performance.

�ese results are also in accordance with those observed
by Gervason et al. [19]. In their study, the surface energy of
di�erent papers treated with various sizing agents was de-
termined by measuring contact angles.�e peeling energy of
polyethylene/paper was shown to follow a linear relationship
versus the reversible work of adhesion. �ey explained this
result by the fact that rupture takes place at the interface and
that the size of the defect at the interface depends on the
spreading coe¤cient.

Gervason et al. [19] mentioned that they could use the
classical expression of reversible work of adhesion (1) be-
cause they were dealing with a given adhesive (polyethylene)
on a series of adherents (papers). �ey considered also that
cPA could be neglected in (1) since the materials used in
their study were mostly nonpolar and had similar values for
their surface energy. Based on these considerations, they
demonstrated that fracture energy is linearly dependent on
adhesion work. However, they did not show results of ad-
hesion force versus surface energy.

According to Aravas et al. [24], when the �lm deforms
elastically during peeling, the peel force is a direct measure of
the adhesive fracture energy. In this case, the peeling energy
(δ) is given by the following equation:

δ � P(1− cos Φ), (3)

where P � F/L is the peel force per unit width of the �lm and
Φ is the peel angle. �erefore, as mentioned by Wei and
Hutchinson [25], in steady-state peeling, δ is the work done
by the peel force per unit advance of the interface crack (per
unit width of �lm). �is assumes that the contribution of
overall stretch energy of the �lm (including residual elastic
energy in the bonded �lm) to the work balance can be
neglected [25]. As mentioned before, we have applied an
adhesive tape to the polyethylene to prevent it from stretching
during the delamination tests.

Figure 6 presents the peeling energy (δ) of the poly-
ethylene as a function of the surface energy of the top of the
paperboard. For comparison purposes, this �gure also
presents the corresponding data of Gervason et al. [19]. It
may be noted that the peeling energy values obtained in the
present work are very similar to those of Gervason et al. [19].
However, in our work, these peeling energies obtained for
paper surface energies were higher than those reported by
Gervason et al. [19]. �e explanation for this di�erence is
due to the greater thickness of polyethylene (20 g/m2) used
by Gervason to plot the peeling energy as a function of the
surface energy of the paper. According to Gervason et al.
[19], the increase in peeling strength with polyethylene
thickness, at constant paper surface energy, can be explained
by the accompanying increase of the contact area between
the polymer and the adherent.

�e peel test method in 180°, which was used in the
present study to evaluate the adhesion force, provided results
that were much more reliable than manual delamination,

0
20
40
60
80

100
120
140
160
180
200
220

45 50 55 60 65

Ad
he

sio
n 

fo
rc

e (
N

/m
)

Surface energy (mJ/m2)

A

B
C

D

Figure 5: Adhesion force of the polyethylene as a function of the
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which heavily relies on the perception of the analyst. However,
our results showed that the surface energy measurements were
much more practical for quality control in the paper industry
because this method can predict the adhesion force to poly-
ethylene without preparing the laminated packages.

5. Conclusions

Flame treatment did not affect the surface roughness but it
significantly increased the paper surface energy. (e pa-
perboard coated with a polar latex showed much higher
surface energy than the paperboard coated with nonpolar
latex. (e application of starch on the bottom of the pa-
perboard decreased its adhesion force to the polyethylene,
which was probably due to lower surface roughness.(e peel
test method in 180°, which was used in this study to evaluate
the adhesion force, providedmuchmore reliable results than
manual delamination, which relies heavily on the perception
of the analyst. (e adhesion force between the polyethylene
and the paperboard presented a linear correlation to the
surface energy of the paper for the different experimental
conditions (polar and nonpolar latex, with and without
flame treatment). (erefore, this study demonstrated that
the surface energy of paperboard is an excellent indicator of
its adhesion force to polyethylene and that it is a very reliable
and practical method for quality control in the paper in-
dustry regarding the production of laminated packages.
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Poĺımeros, vol. 21, no. 3, pp. 233–239, 2011.

[4] B. Zhao and H. Kwon, “Adhesion of polymers in paper
products from the macroscopic to molecular level—an

overview,” Journal of Adhesion Science and Technology,
vol. 25, no. 6-7, pp. 557–579, 2011.

[5] A. L. Catto, B. V. Stefani, V. F. Ribeiro, and R. M. C. Santana,
“Influence of coupling agent in compatibility of post-consumer
HDPE in thermoplastic composites reinforced with eucalyptus
fiber,” Materials Research, vol. 17, no. 1, pp. 203–209, 2014.

[6] S.M. L. Rosa, E. F. Santos, C. A. Ferreira, and S.M. B. Nachtigall,
“Studies on the properties of rice-husk-filled-PP composites:
effect of maleated PP,” Materials Research, vol. 12, no. 3,
pp. 333–338, 2009.

[7] J. A. Simão, V. B. Carmona, J. M. Marconcini, L. H. C. Mattoso,
S. T. Barsberg, and A. R. Sanadi, “Effect of fiber treatment
condition and coupling agent on the mechanical and thermal
properties in highly filled composites of sugarcane bagasse fiber/
PP,” Materials Research, vol. 19, no. 4, pp. 746–751, 2016.

[8] J. L. Reis, J. L. Cardoso, and P. F. Castro, “Mechanical
properties of recycled Kraft paper residue polyester com-
posites,”Materials Research, vol. 17, no. 4, pp. 888–892, 2014.

[9] H. Alamri and I. M. Low, “Effect of water absorption on the
mechanical properties of n-SiC filled recycled cellulose fibre
reinforced epoxy eco-nanocomposites,” Polymer Testing,
vol. 31, no. 6, pp. 810–818, 2012.

[10] M. Tuominen, J. Lahti, J. Lavonen, T. Penttinen, J. Rasanen, and
J. Kuusipalo, “(e influence of flame, corona and atmospheric
plasma treatments on surface properties and digital print quality
of extrusion coated paper,” Journal of Adhesion Science and
Technology, vol. 24, no. 3, pp. 471–492, 2010.

[11] O. Vieira, Construção de modelos Empı́ricos e Projeto da
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