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a b s t r a c t

The incorporation of oxidized PP wax OPPW additive into polypropylene resulted to the improved surface

adhesion. Atomic force microscopy (AFM) was employed to show either the surface topography or the

changes in adhesion force measurements between the probe tip and sample surface. The results of surface

characterization tests revealed lower surface roughness and higher adhesion force for higher OPPW

content in the blends. The lower surface roughness may be attributed to higher melt flow ability of OPPW

and hence better mold filling during sample fabrication. The improvement of surface adhesion was in

favor for wetting behavior of solid surface using three test liquids of distilled water, diiodomethane

and formamide. The thermodynamic work of adhesion Wa was calculated from surface free energy

components using geometric mean model of Owens–Wendt–Rabel and Kaelble (OWRK approach) and also

from the theory of van Oss–Good–Chaudhary (VOGC approach). The adhesion force measurements in AFM

were also employed to derive the Wa using Johnson–Kendal–Roberts (JKR approximation). The results

indicate that the increase in Wa was mainly due to polar part in OWRK approach and the acid–base part in

VOGC approach. However, the results of work of adhesion in JKR approximation does not in general scale

linearly with the respective OPPW content for the sample series, may be due to varying in near-surface

modulus. The adhesion promoting effect of OPPW in the blends seems to work mainly via increasing surface

acid–base interactions, better surface wettability and to some extent by plastic deformation mechanisms

during debonding.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Due to chemical inertness and absence of polar groups at the
near-surface region, polypropylene (PP) suffers the lack of good
surface adhesion. Several surface modification methods for poly-
olefins have been introduced in applications such as bonding,
coating and biocompatibility to solve the problem of low surface
adhesion [1–3]. The incorporation of polar additives into polymer
matrix may be considered as an effective approach in improving
surface adhesion [3,4]. However, some drawbacks such as chemical
incompatibility between ingredients maybe involved in polymer
structure in which affects the mechanical properties of the blends,
adversely [3–5].

The thermodynamic work of adhesion Wa may be considered
as supporting factor for adhesion enhancement mechanisms. The
practical adhesion measurements mainly reflect the mechanical
response of the interface in combination with the theoretical Wa

[6,7]. Among different approaches for calculation of thermody-
namic Wa, the use of surface tension components and also such

components for solid surfaces showed reliable results in adsorp-
tion theory of adhesion [7–9]. Based on the geometric mean
model proposed by Owens–Wendt–Rabel and Kaelble (OWRK
approach), the dispersive and polar components of solid surface
free energy and also those of liquid phase combine together to
measure the interfacial thermodynamic Wa between two phases
[1,7–9]. The interfacial thermodynamic Wa can be also obtained in
acid–base theory as proposed by van Oss, Good and Chaudhary
(VOGC approach). It was suggested that the acidity (electron
acceptor) and basicity (electron donor) properties of the surface
could be related more closely to the chemical nature of the phases
[9,10]. Several papers have tried to demonstrate the correlation
between the measured adhesion strength and the surface free
energy to the interfacial Wa [7,11,12]. It was shown that the
interfacial Wa mainly correlates well to the surface forces acting
between various substrates. However, some wood/coating sys-
tems show the lack of good correlation between the interfacial Wa

and the measured strength of adhesion [7].
Recently, some newer surface characterization techniques of

atomic force microscopy (AFM) were developed for measuring the
sample surface force in nanometer-scale. Numerous techniques
and surface force apparatus have been introduced as variations of
the original contact mode design such as using organic liquids for
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studying the chemical interactions at the interface [13–16]. The
polymer-coated tip or particle of ink was also used to measure
the adhesion force between two solid phases [17]. The torsional
harmonic AFM technique was successfully used in mapping the
adhesion force of pigment latex coated paper sample yielding a
good correlation between Wa and surface energy values [18]. The
data of surface force may be then used in different theories of
contact mechanics to give a measure of Wa [19,20]. Based on the
well-defined approach proposed by Johnson–Kendal–Roberts (JKR
approximation), the pull-off force is related directly to the Wa for
most polymer systems [13,15,16,19,20]. The requirements of a soft
contact mechanics was provided by the results of nano-indentation
test in the previous work [21]. However, the limitation of this
testing method including the sample compliance and transparency
to detect the contact area has to be considered [13,19].

In this study, the adhesion force at solid surface of modified PP
is to be evaluated using distance dependent measurement DDM
technique in contact mode AFM. The contact angle measurements
provide the surface wettability data and an indirect measure of
thermodynamic Wa using two well-defined approaches in adsorp-
tion theory of adhesion. The comparison between the thermo-
dynamic Wa and direct adhesion measurements in AFM help us to
get better insights into the adhesion enhancement mechanisms
of OPPW.

2. Experimental

2.1. Materials

The oxidized PP wax OPPW as polar additive was added into
PP homopolymer in 2, 6 and 10 wt% content, namely C2, C6 and
C10, respectively. The OPPW with acid value of 13.5 mg KOH/g
was prepared according to the procedure reported elsewhere [4].
The blending was conducted in a Haake SYS 90 (USA) internal
mixer at 190 1C for 10 min. The melt flow index MFI of each
OPPW/PP blend was measured in Zwick 4100 (Germany). The
procedure was in accordance to ISO 1133-03 at 230 1C using a
weight of 2.16 kg. The sample sheet (32�20�2 mm3) of each
blend was then fabricated by injection molding in a minimolder,
Dynisco polymer test (USA) at 210 1C. The sample sheets of each
OPPW/PP blend were then used in surface characterization tests
including surface topography, adhesion force measurements and
surface wettability.

2.2. Surface characterization

A commercial AFM, Dualscope/Rasterscope C26, DME (Den-
mark) was used in this study. Both non-contact and contact
modes of AFM were employed to show the surface topography
changes and adhesion force measurements, respectively. In both
techniques, a stiff silicon nitride cantilever with a spring constant
of about 28 N/m and tip apex radius of �10 nm was used. After
capturing the surface images, the roughness parameter Ra and Rq

were determined using arithmetic average of values of surface
heights and the root mean square RMS deviation from surface

heights, respectively. Roughness values were recorded in AC
probe scanning area of 500�500 nm2.

The technique of DDM was used for the adhesion force measure-
ments. The measurements were conducted at various locations on
sample sheet and five times per each point. The speed of the DC
probe tip movement was 1000 nm/s. The recorded force–distance
curves were then used to quantitatively measure the adhesion force
by performing a calibration of force constant of the cantilever. The
adhesion force is measured as the pull-off distance at which
cantilever retracts from the surface to a position in which there is
no net force between the tip and sample surface.

The surface wettability of the blends was determined through
the static contact angle measurements of the three test liquids.
The test liquids of distilled water, formamide and diiodo methane
were tested in a Krüss G2/G40 (Germany) contact angle measur-
ing system. Each test liquid (5 mL) was dispensed onto sample
surface for five times and the average values with standard
deviations were reported. The resulting contact angles were then
used for calculating the components of surface free energy of solid
phase and the interfacial Wa between various OPPW/PP blends
and liquid phase.

2.3. Calculations of the work of adhesion

The interfacial Wa was calculated via combining the compo-
nents of surface tension of the probe liquids and also such
components for solid surfaces. The combination of the respective
components was conducted based on OWRK approach and also
VOGC approach. Table 1 shows the total surface tension gtot and
its components for the probe test liquids.

Where gA, gB, gAB and gLW refer to acidic, basic, acid–base and
Lifshitz–van der Waals components of the probe liquid, respec-
tively (VOGC approach). The gP and gd are the polar and dispersive
components of the probe liquid, respectively (OWRK approach).
In OWRK approach, the contact angle data of at least two different
liquids are needed to calculate two unknown surface free energy
components, i.e., the polar component gS

P and the dispersive
component gS

d of the solid surface free energy. After Dupré
equation of Wa, the interfacial Wa between two condensed phases
may be simplified as a combination of its polar and dispersive
parts, i.e. Wa

P and Wa
D, respectively, and can be calculated accord-

ing to Eqs. (1)–(3) [1,8,13]

Wa ¼Wa
P
þWa

D
ð1Þ

Wa
P
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

PgL
P

q
ð2Þ

Wa
D
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

dgL
d

q
ð3Þ

In OWRK approach, only two probe liquids (distilled water and
diiodomethane) were used to calculate the Wa.

In VOGC approach, the contact angle data for at least three
different liquids are needed to calculate three unknown surface
components, i.e., the acidic component gS

A, the basic gS
B and the

Lifshitz–van der Waals component gS
LW of the solid surface free

energy. In VOGC approach, the interfacial Wa is a combination of

Table 1
Total surface tension gtot and its components of probe test liquids at 20 1C [9].

Probe liquid cB (dyn/cm) cA (dyn/cm) cAB (dyn/cm) cLW (dyn/cm) cd (dyn/cm) cP dyn/cm) ctot (dyn/cm)

Distilled water 25.5 25.5 51 21.8 21.8 51 72.8

Diiodo methane 0 �0 0 50.8 50.8 0 50.8

Formamide 39.6 2.28 19 39.2 39.5 18.7 56
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its Lifshitz–van der Waals and acid–base parts, i.e., Wa
LW and

Wa
AB, respectively, and can be then calculated using simplified

Eqs. (4)–(6) [1,8]

Wa ¼Wa
LW
þWa

AB
ð4Þ

Wa
LW
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

LWgL
LW

q
ð5Þ

Wa
AB
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

AgL
B

q
þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS

BgL
A

q
ð6Þ

In VOGC approach, all probe liquids (Table 1) were utilized to
calculate the Wa.

3. Results and discussion

3.1. Studies of surface topography and adhesion forces

Fig. 1 shows the non-contact AFM topographic images of the
neat PP and its blends with OPPW, i.e., sample C2, C6 and C10.

As shown in Fig. 1a, the surface of neat PP sample is character-
ized by a fiber-like structure. The parallel strands on sample surface
seem to be due to the orientation of melt flows. Due to the
temperature difference between polymer melt and the mold surface,
the melt was stretched and holes are formed on sample surface
during mold filling. The holes were also oriented along the direction
of melt injection resulting to formation of parallel strands on sample
surface. In comparison with neat PP sample, it is clear that the
surface coarseness decreases in Fig. 1b–d.

The measurements of roughness values based on the arith-
metic average of surface heights Ra and the RMS roughness Rq

were tabulated in Table 2.

As shown in Table 2, there seems to be a tendency for decreased
surface roughness for the samples with higher OPPW content. This
phenomenon is probably attributed to the lubricating effect of
OPPW which means that the polymer melt runs more easily as the
OPPW content increases. In comparison with neat PP macromole-
cules, the OPPW has shorter chains hence providing more melt
flow ability for PP chains [4]. As clearly mentioned in the prepara-
tion process, the lower molecular weight of OPPW was due to the
chain scission in thermo-oxidation process [4]. These findings
are in agreement with the results of MFI. The higher MFI indicates
higher melt flow and lower melt viscosity. The neat PP has MFI¼

8 g/10 min whereas the MFI of the blends showed substantial
increase. It increased to 28 g/10 min by incorporation of 2 wt%
OPPW (sample C2) and 32 g/10 min for sample C10. It means that
even small amount of OPPW has great impact on the melt flow
ability of the blends. The higher flow ability in PP containing OPPW
may result to better mold filling during injection molding and
hence less probable formation of the holes and grooves on the
surface. The decreasing trend for surface roughness has been
revealed before in AFM topography images in Fig. 1a–d.

At next step, the DDM technique in contact mode AFM was
employed to probe the adhesion force between the tip and
polymer surface. Fig. 2 illustrates a typical distance-dependent
curve showing both the approach and withdrawal curves for a Si
tip interaction with solid surface of PP/OPPW blend.

Fig. 1. AFM pictures of (a) neat PP, (b) C2, (c) C6 and (d) C10.

Table 2
Surface roughness values of neat PP, C2, C6 and C10.

Sample Neat PP C2 C6 C10

Ra (nm) 9.2 5.2 4.3 4.9

Rq (nm) 11.5 6.5 5.9 6.2
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The force–distance curves were measured by bringing the tip
from a distance (e.g. 1000 nm) to make contact between the tip and
sample surface followed by the retraction of the tip from the surface.
The amount of retraction shows the level of adhesion force between
the tip and the solid surface at the point where the tip is pulled from
the surface. That was clearly indicated by an arrow and yields the
adhesion force of �4.8 nN for the data in Fig. 2.

The distribution of the adhesion force for neat PP and its blends
with OPPW, i.e., C2, C6 and C 10 are shown in histograms in Fig. 3.

As shown in Fig. 3, the adhesion forces are shown in a set of
round numbers. However, the deviation in adhesion force for each
sample was considered in the calculation of Wa as error bars. The
histogram of adhesion force may be well considered as an examina-
tion of the reproducibility of the changes in adhesion force. A degree
of distribution in the adhesion force can be seen for each sample in
Fig. 3. However, the number of counts in each set of adhesion force
determines the trend of surface adhesion for each sample. For
example, in neat PP the number of counts at zero force is four of
eight, accounting for the half of the total counts in zero adhesion
force. Therefore, the much number of counts at low adhesion force
accounts mainly for lower surface adhesion. In Fig. 3 it may be
concluded that the number of counts in high adhesion forces
increased as the OPPW content increased in the PP/OPPW blends.
Besides, the total number of counts for the range of adhesion force

between 0 nN to 12 nN was the highest for the sample C6 and C10
and recorded to 18 and 15, respectively.

Using the total number of counts for the range of adhesion
force between 0 nN to 12 nN, the average value of adhesion force
was calculated as 2.2 nN with standard deviation (STD 0.9) for
neat PP and increases to 3.5 nN (STD 1.7), 6.6 nN (STD 1.2) and
8.1 nN (STD 2.1) for C2, C6 and C10, respectively. It may be
concluded that the average value for adhesion force measurement
indicates an increase by the OPPW content of the blends. Besides,
the total counts of adhesion force get scattered for the neat PP
and sample C2. The interpretation in force–distance curves may
be related to the lack of exact calibration of spring constant of
cantilever. Even the presence of surface contaminations or the
degree of surface coarseness at the point of contact may be
considered as one main reason to bring about widely scattering
data in adhesion forces [16]. It is likely that the surface rough-
ness in PP and C2 are responsible for this broad distribution
of adhesion forces. In force–displacement measurements and
in retraction approach, the molecular reconstruction experienced
by the near-surface molecules may also give the reason
for deviation from JKR approximation [18,20]. The average value
of adhesion force was then used in contact mechanics for
measuring the Wa and will be presented in Section 3.3 together
with the possible mechanisms in improving adhesion in OPPW/
PP blends

3.2. Study of surface wettability

The contact angles of three probe liquids on sample surface of
the neat PP, C2, C6 and C10 are shown in Fig. 4.

As shown in Fig. 4, there is declining trend for contact angle of
all probe liquids. However, the trend is more pronounced for
water drop which is a polar liquid. Smaller contact angle indicates
more wetting property of the surface and higher surface free
energy [6,8]. Diiodomethane did not show any considerable
changes and the contact angle remained at around 521 may be
due to its non-polar nature. In a survey on chemical composition
of surface, an increase in various oxygen-based functionalities
such as carbonyl and hydroxyl groups was observed using
ATR-FTIR technique [4]. The introduction of polar OPPW in the
blends results to increasing population of polar groups and hence
better attraction to polar liquids, i.e., better surface wettability.

The results of contact angle in each sample and the respective
components of probe liquid surface tension (Table 1) were then
utilized to find the solid sample surface free energy and its
respective components. The surface free energies of solid sample
were further employed for the calculation of interfacial Wa in

Fig. 2. The typical distance dependent curve showing the approach curve (darker

line) and the withdrawal curve (lighter line) for Si tip interaction with solid

surface of OPPW/PP blend. The arrow shows the amount of adhesion force.
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Section 3.3 together with the possible mechanisms in improving
adhesion in adhesion adsorption theory.

3.3. Calculations of the work of adhesion

The average value of adhesion force may be used in contact
mechanics for measuring the Wa. Based on the simple JKR approx-
imation for a tip radius of R, the adhesion force F is related
directly to the Wa according to Eq. (7) [15,20]

F ¼�1:5pRWa ð7Þ

For a regular tip of R¼10 nm, a relatively well-defined inter-
face with the sample surface is formed providing a rather ideal
measuring of possible bond strength. Hence, the change in F is
then a measure of Wa or the interfacial energy between the tip
and sample surface. For this reason the average adhesion forces of
up to F¼ 8 nN in nano-scale force–displacement curves, would
translate into a reasonable Wa value of about 170 mJ/m2.

According to Eqs. (1)–(3) and Eqs. (4)–(6), it is possible to
measure the Wa using respective surface free energy components
in two well-defined approaches, i.e., OWRK and VOGC approaches in
adsorption theory of adhesion. The calculations of solid surface free
energies were conducted by the software supplied by Krüss for both
OWRK and VOGC approaches. Then the thermodynamic Wa and its
respective parts were derived using Eqs. (1)–(3) (OWRK approach)
and Eqs. (4)–(6) (VOGC approach). Note that the thermodynamic Wa

may be calculated between a couple of phases, i.e., solid surface of
each blend and each of the probe liquids. Here, only the data of Wa

between water and solid surface of each blend OPPW/PP was
reported. The contribution of each part of Wa were shown in OWRK
and VOGC approaches in Figs. 5 and 6, respectively.

As shown in both Figs. 5 and 6, there are similar rising trend by
the increase in OPPW content. In Fig. 5, the contribution of the Wa

D

was ever higher than the Wa
P. The Wa

P showed pronounced
changes on OPPW content which indicates the stronger effect of
polar interactions at the interface in comparison with dispersive
forces. In both Figs. 5 and 6 the error bars refer to the variations in
contact angle measurements.

As shown in Fig. 6, the contribution of Wa
AB was getting higher for

the higher OPPW content. It was seen that about 39% of the total Wa

was due to the acid–base interactions in sample C10. The incorpora-
tion of OPPW results to good surface wetting properties and reveals
highly polar groups on the sample surface and hence increase the
electron donor (acidity) and electron acceptor (basicity) properties of
surface. Regardless of the lowering roughness, the adhesion promot-
ing effect of OPPW in the blends seems to work mainly via increasing
surface acid–base interactions and also better surface wettability.

The trend of thermodynamic Wa in each approach and the
measured Wa value in JKR approximation was shown in Fig. 7.

As shown in Fig. 7, the Wa obtained by two approaches give
satisfactory results in comparison with the JKR based Wa obtained
from nano-sale adhesion tests. The Wa based on the VOGC approach
seems to have a better agreement to the Wa value in JKR approx-
imation. The theory behind the surface free energy approaches
stands on the physics of molecular attractions while that of JKR
approach accounts for the mechanical contact deformation [18,20].
In JKR contact mechanics, the intense increase in Wa in samples of
high OPPW content, i.e., C6 and C10 may originates from the energy
dissipation phenomenon at the interface. The changes in modulus
substrate at the near-surface region of sample sheets were studied
by nano indentation tests, elsewhere [21]. For high OPPW content,
the lower modulus at near-surface of the sample sheets provides
higher plastic deformation during tip retraction and hence higher
Wa recorded. In other words, the lower near-surface modulus may
involve to some extent to the adhesion enhancement mechanisms
[22]. In brief the changes in total Wa in JKR approach corresponds
to the changes both in thermodynamic Wa and work of plastic
deformation during adhesion test.

4. Conclusion

The surface topography images revealed a decrease in surface
roughness as a result of incorporation of OPPW. The lower value
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for surface roughness was mainly due to the higher flow ability
in PP containing OPPW. The OPPW are short chains providing
lubricating effect during mold filling.

In nano scale adhesion measurements, the DDM technique
yielded an increase in average surface adhesion forces as the OPPW
content increases. Besides, the data scattering may be due to the
effect of surface roughness on exact determination of tip-sample
loading. Analysis of force spectroscopy yielded adhesion forces up to
12 nN translating a Wa of about 255 mJ/m2. The results indicate that
the Wa from both thermodynamic approaches and the surface
wetting properties were more or less dependent on OPPW concen-
tration. The Wa

P and Wa
AB showed pronounced effects on the total Wa

value so that about 39% of Wa was due to the acid-base interactions
in sample C10. The Wa calculated via the surface free energy
components in VOGC approach shows better agreement with the
adhesion measurements from JKR approximation from contact
mechanics. The results of Wa in JKR model does not in general scale
linearly with the respective OPPW content for the sample series
maybe due to the varying in near-surface modulus.

Regardless of the lowering roughness, the adhesion promoting
effect of OPPW in the blends seems to work mainly via increasing
the surface acid–base interactions and also better surface wett-
ability and to some extent by plastic deformation mechanisms
during debonding.
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