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Effect of UV/ozone treatment on the wettability and
adhesion of polymeric systems
Marouen Hamdi and Johannes A. Poulis

Structural Integrity and Composites (SI&C) Group, Department of Aerospace Structures and Materials,
Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands

ABSTRACT
The impact of UV/ozone treatment on thewettability and adhesion
of ethylene propylene diene methylene (EPDM) rubber, polyvinyl
chloride (PVC), and acrylonitrile butadiene styrene (ABS) was inves-
tigated using contact angle measurements, OWRK surface free
energy model, standardized adhesion tests, and spectroscopic
andmicroscopic observations. It is found that UV/ozone treatment
enhances the wettability of the examined polymers. Also, it con-
siderably improved the adhesion strength of PVC andABS samples,
and shifted their failure modes from adhesive to cohesive. FTIR-
ATR characterization showed insignificant changes in the chemical
structures of the studied materials. However, SEM observation
showed newly-created wrinkles and micro-holes on treated PVC
surfaces, and micropores on ABS surfaces. These UV-induced mor-
phological changes on PVC and ABS surfaces increased the surface
area which can promote the mechanical interlocking with the
adhesive. This explains the improvement of their adhesion
strength. Implications of the current study for the processing of
strongly bonded polymeric joints are discussed.
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1. Introduction

Polymeric materials are increasingly used in a wide variety of industrial applica-
tions. More and more attention is paid to these materials, which is reflected by
extensive studies investigating their performance.[1,2] This is due to a range of
attractive properties including their low cost, light weight, high processability, and
significant chemical resistance. However, one of themajor limitations of polymers
is their low adhesion strength and wettability.[3] This is mainly due to their weak
boundary layers induced by different factors such as the impurities arising during
the polymerization process, polymer tails with a low molecular weight, additives
(e.g., antioxidants, slip agents), external processing conditions (e.g., mould release
agents), and post-processing contamination.[4] This limited adhesion strength
hinders many large-scale industries, such as the automotive and aerospace indus-
tries, from benefiting from their full potential.
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To improve their adhesion performance, polymeric materials and composites
are usually subjected to different surface treatments such as corona, glow charge,
and abrasion treatments.[5] One of the common treatments is atmospheric
pressure plasma torch (APPT), extensively investigated by Encinas and co-
workers.[6–10] These studies found that the adhesion strength of polypropylene
(PP) and silicone surfaces increased after APPT treatment.[6,9] Another widely
used surface treatment is UV/ozone treatment.[11] In this treatment, the produced
photons have sufficient energy to break most C� C bonds and trigger chain
scission and crosslinking mechanisms on the polymeric surface.[12] Thus, this
treatment is chemical, by creating new functional groups on the surface, but also
topographical, by removing the upper cohesively weak-bonded layers.[3] It is
argued that the topographical function of UV/ozone treatment is the essential
one and its chemical function is just secondary.[4] The efficiency of UV/ozone
treatment depends on the physical andmechanical properties of each polymer. For
instance, a previous study found that the bonding strength of polyethylene (PE)
increased consistently after UV/ozone treatment, while that of polyetheretherke-
tone (PEEK) initially increased after 2min of treatment then decreased.[3] This was
explained by the chain scission damage mechanism of PEEK structure at higher
durations of UV irradiation. Also, the treatment effect depends on the experi-
mental conditions such as the source-sample distance, treatment duration,
UV lamp power and wavelength, and oxygen/ozone concentration.[13]

The adhesion strength is usually associated with the surface wettability, which
is a crucial property for many industrial applications such as cleaning, coating,
and painting.[14] Previous studies investigated the effect of different parameters
on the wettability of polymers. For example, it is found that Teflon wettability
increased with higher surface roughness, changed mechanically using grit blast-
ing or chemically using NaOH and HNO3/KMnO4 solutions.

[15,16] This was not
the case for plasma polymer thin films (pp-GT) and Na-treated Teflon.[15,17]

Therefore, a correlation cannot be made between surface wettability and rough-
ness. Also, the wettability can be changed through other surface treatments. For
instance, previous studies showed that atmospheric pressure plasma torch
(APPT) treatment significantly improved the wettability of high-density poly-
ethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), and
acrylonitrile butadiene styrene (ABS) by increasing the surface oxygen content
and decreasing the carbon content.[6,7,18]

To determine the wettability of polymers, several models were developed such
as Owens–Wendt–Rabel–Kaelbe (OWRK)[19,20], Fowkes[14,21], Zisman[22,23],
van Oss[24], equation of state (EOS)[25], and Wu[14,21,26] models. Each of these
models is recommended for particular types of materials depending on their
surface properties (e.g., polarity, etc.). OWRKmodel is themost commonly used
model because it allows the generation of the wetting envelopes based on contact
angle measurements.[14,17,21] The major advantage of these envelopes is deter-
mining the wettability of other solvents with known polar and disperse surface
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tension components. This is highly beneficial in the selection of the appropriate
solvents, lubricants, sealants, and adhesives for particular materials.[15]

In this study, the impact of UV/ozone treatment on the wettability and
adhesion behavior of widely used polymeric systems is investigated. The
wetting envelopes of the studied materials were generated using OWRK
model. The usefulness of this treatment in the processing of polymeric
surfaces with enhanced wettability and adhesion properties is discussed.

2. Experimental

2.1. Model systems

The model systems examined in this study consist of commercialized ethylene
propylene diene methylene (EPDM) rubber, polyvinyl chloride (PVC), and acry-
lonitrile butadiene styrene (ABS) with thickness values of 1.1 mm, 1.2 mm, and
4 mm, respectively. They were provided by Vink Kunststoffen (Netherlands),
Firestone Building Products (USA), and Royal Roofing Materials (Netherlands)
companies, consecutively. Flexible EPDM and PVCmaterials are commonly used
as roofing materials. Hard ABS material is an impact-modified styrenic polymer
which usually contains light stabilizers and antioxidants to reduce its susceptibility
to ultraviolet (UV) radiation.[27]

2.2. UV/ozone treatment

To perform the UV/ozone treatment, the samples were first cleaned according
toASTMD2093 standard.[28] Then, theywere isolated in a closed box and exposed
to UV light in combination with ozone gas for 3, 5, 7, and 10 min at room
temperature. Only ambient air was used and no oxygen concentrator, fan, or air
pump was employed. The box is equipped with three ozone-generating UV
disinfection lamps with a power of 35 W each, emitting UV light with
a wavelength range of 185.49–253.742 nm. The distance between the samples
and the UV lamps is about 35 mm.

2.3. Contact angle measurements

Static contact angles were measured using a KSV Instrument CAM 200 system
(Biolin Scientific, Helsinki, Finland) based on the sessile drop method. For each
material, measurements were taken at room temperature from different samples
and locations (center and edges) to obtain representative results. Four solvents,
namely, water, ethylene glycol-water (1:1), glycerol, and ethyl acetate were used
to determine the surface energy. The polar and dispersive components of their
surface tensions are presented in Table 1.
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2.4. Adhesion tests

The bonded joints were prepared using a one-component adhesive provided
by Henkel Corporation (Düsseldorf, Germany). It consists in a silane-
modified (MS) polymer with a moisture-curing process. Its physical and
mechanical properties are presented in Table 2. First, the adhesives were
mixed with 1 wt% of glass beads provided by Sigma Aldrich (St. Louis, USA)
with diameter in the range between 212 µm and 300 µm. This technique is
commonly used to maintain a uniform and consistent thickness across the
bond-line without affecting the adhesive properties.[5,32–34] Then, the adhe-
sives were applied on the model systems using a curing schedule of approxi-
mately 1 week at room temperature.

To determine the adhesion strength of the flexible EPDM and PVC samples,
T-peel tests were conducted according to ASTM D1876 standard at a crosshead
speed of 254 mm/min.[35] Similarly, lap-shear tests were performed on rigid ABS
samples according to ASTM D3163 standard at a crosshead speed of 1.27 mm/
min.[36] These tests were executed using a Zwick Roell (Ulm, Germany) tensile test
instrument with amaximum test load of 250 kN, coupledwith a load cell of 10 kN.

2.5. FTIR-ATR characterization

Fourier-Transform Infrared Attenuated Total Reflectance (FTIR-ATR) character-
ization was performed to determine the effect of UV/ozone treatment on the
chemical structure of the treated surfaces.[37] Spectra were acquired using a single-
beam FT100 spectrometer in conjunction with an ATR accessory, manufactured
by PerkinElmer (Waltham, USA). The instrument is equipped with a MIR TGS
detector and a diamond/ZnSe crystal. Before conducting the tests, the samples

Table 1. Polar (γplv) and dispersive (γdlv) components of the surface tension (γlv) of
the solvents at 20°C ðmN:m�1Þ.
Solvent γlv γplv γdlv Refs.

Water 72.8 51 21.8 [20]

Ethylene glycol-water (1:1) 57.9 37.9 20 [29]

Glycerol 63.4 22.8 40.6 [30]

Ethyl Acetate 23.9 0 23.9 [31]

Table 2. Properties of the applied adhesive.
Chemical base Silane-modified polymer

Curing process Moisture curing
Density (g/cm3) 1.5
Tensile strength (ISO 37) (MPa) 3
Elongation at break (ISO 37) (%) 250
Shore-A-hardness (ISO 868) 55
Application temperature (°C) 5–40
In-service temperature (°C) − 40 to 100
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were first cleaned from any adhering particles. Then, IR spectra were collected as
the changes in absorption within the range of 650–4000 cm−1 at ambient condi-
tions and a resolution of 4 cm−1, a data interval of 1 cm−1, a scan speed of 0.2 cm/s,
and a minimum of 30 scans. The collected data were then pre-processed by
performing baseline and offset correction, and spectra normalization based on
min-max method.[38]

2.6. Scanning electron microscopy (SEM)

To determine the effect of UV/ozone treatment on the morphological fea-
tures of the studied materials, micrographs of untreated and treated surfaces
were obtained using a JOEL JSM – 7500F microscope (Tokyo, JAPAN). The
SEM images were acquired at an accelerating voltage of 5 kV and a probe
current of approximately 10 µA. The samples were first sputter-coated with
gold for 90 s at a working pressure of 10�4 mbar.

3. Results and discussion

3.1. Wettability analysis

3.1.1. Contact angle measurements
Figure 1 shows water drops deposited on EPDM and ABS surfaces and the
corresponding contact angles for different durations of UV/ozone treatment. It
is clearly visible that the contact angles decrease after treating the samples. This
decrease is important after 3 min of treatment but less significant for higher
durations. For instance, the contact angle of ABS went from 92.3° to 34.9° after
3 min, to only 23.7° after 5 min of treatment. Similar results were obtained using
ethylene glycol-water and glycerol solvents. As for ethyl acetate, it was consistently
used for ABS samples but quickly evaporated on treated EPDMand PVC surfaces.
It is known that ethyl acetate has a low boiling point and a high evaporation
rates.[39] The sudden evaporation of this solvent from flexible EPDM and PVC
surfaces might be caused by the increase of their surface temperatures due to the
heat generated by the UV lamps. This solvent did not evaporate on rigid ABS
surfaces probably due to their lower UV-induced temperature. Similar observa-
tions were previously made in the literature for other solvents.[40] Thus, the results
of ethyl acetate solvent will be considered only for ABS samples.

Figure 2 presents the contact angle measurements of the model systems
using water, ethylene glycol-water, and glycerol. Figure 2a shows that the
contact angle of water on untreated PVC is 85.4°. This result is consistent
with a previous study that found an angle of 87°.[19] The figure clearly shows
that the contact angles of EPDM and ABS decreased significantly after 3 min
of UV/ozone treatment. For instance, glycerol measurements show that they
went from 118.8° and 73.3° to 93.5° and 27.7°, respectively (Figure 2c). No
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significant changes are observed for higher treatment times. As for PVC, only
a slight decrease is shown after treatment. Similar results were obtained for
the other solvents, which shows the consistency of the measurements.

3.1.2. Owens–Wendt–Rabel–Kaelbe (OWRK) model
We consider first presenting the theoretical background of OWRK model.
The thermodynamic wetting between a liquid and a solid is given by Young
equation as follows[19]:

Figure 1. Water drops and contact angles on EPDM and ABS surfaces for different durations of
UV/ozone treatment.
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Figure 2. Contact angle measurements for different durations of UV/ozone treatment using (a)
water, (b) ethylene glycol-water (1:1), and (c) glycerol.
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γlv cos θ ¼ γsv � γsl � πe (1)

where γlv, γsv, and γsl are, respectively, the free energies of the liquid against the
saturated vapor, the solid against the saturated vapor, and the liquid-solid
interface. The variables θ and πe are the contact angle and the equilibrium
pressure of adsorbed vapor of the liquid on the solid, consecutively. This
equation was used by Fowkes who assumed that:

πe ¼ 0 and γsl ¼ γsv þ γlv � 2
ffiffiffiffiffiffiffiffiffi
γds γ

d
l

q
(2)

where γds and γdl are the dispersive components of γsv and γlv. He derived the
following expression of the contact angle of a liquid on a solid in terms of the
contributions of their dispersive forces:

1þ cos θ ¼ 2

ffiffiffiffiffi
γdl

q
γlv

0
@

1
A ffiffiffiffiffi

γds

q
(3)

Furthermore, Owens and Wendt showed that the SFE can be divided into two
components: γd representing the dispersion forces and γp representing the polar
(intermolecular) interactions (i.e., dipole-dipole, hydrogen, π-bonding).[19]:

γ ¼ γd þ γp (4)

Based on this approach and using Fowkes relation, OWRK model was developed
initially for polymers.[19,20] It consists of introducing a linear relationship that
allows the determination of the polar and dispersive components of the SFE of
a solid[19,20]:

γlv 1þ cos θð Þ
2

ffiffiffiffiffi
γdlv

q ¼
ffiffiffiffiffi
γ p
s

q ffiffiffiffiffi
γ p
lv

γdlv

s
þ

ffiffiffiffiffi
γds

q
(5)

where γ p
lv and γ

d
lv refer to the polar and dispersive components of the solvent SFE,

respectively. The polar and dispersive components of the solid are
respectively the squares of slope and intercept of the equation above. Given
that OWRK equation has two unknowns, this model necessitates using at least
two solvents with known polar and dispersive tensions γdlv and γ p

lv.

3.1.3. Polar and disperse components of the SFE
Themeasured contact angles (Figure 2) and the polar and disperse components of
the surface tension of the solvents (Table 1) were introduced inOWKRmodel. The
elaboration of this model for different durations of UV/ozone treatments is
presented in Figure 3. This figure also shows the approximate linear trendlines
and their corresponding equations and correlation coefficients R2ð Þ. It is observed
that almost all the correlation coefficients exceed 0.95, which demonstrates the

THE JOURNAL OF ADHESION 7



accuracy of the trendlines in approximating the experimental data. These tren-
dlines will be used to determine the SFE of the model systems. As highlighted in
Equation (4), the SFE is the sumof the polar and disperse components, given as the
squares of the slope and intercept of OWKR trendlines, respectively, as shown in
Equation (5).

Figure 4 presents the SFE polar and disperse components of the
studied materials for different durations of UV/ozone treatment. Figure
4a shows that untreated EPDM initially has low SFE. After UV/ozone
treatment, its polar component increased significantly while its disperse
component remained negligible. The total surface energy of EPDM is in
agreement with previous studies.[41] The contribution of the polar and
disperse components depends on many parameters like surface treat-
ment, aging, composition (e.g., content % of AN in ABS material,
additives, etc.).[41] Figure 4b,c shows that untreated PVC and ABS
have higher SFE than untreated EPDM, mainly due to the higher dis-
perse components. After UV/ozone treatment, their SFEs increased sig-
nificantly, mostly due to the increase of their polar components. Their
disperse components are only slightly affected by the treatment. These
results confirm previous findings showing that UV/ozone treatment
affects mostly the polar component of the SFE.[4,13,42] Furthermore, it
is observed that, after 3 min of treatment, the polar component
increased significantly on EPDM and ABS surfaces compared to PVC.
This increase becomes less significant at higher treatment durations.
Similar observations were previously made for the contact angle mea-
surements (Figure 2). This may suggest that the contact angle of the
examined materials is more associated with the polar part of the SFE.
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Figure 3. OWKR elaboration of samples treated for (a) 0 min, (b) 3 min, (c) 5 min, (d) 7 min, and
(e) 10 min.
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3.1.4. Wetting envelopes (WE)
The wetting behavior is best characterized using the wetting envelopes. These
envelopes can be used to determine the wettability of other solvents, with
known polar and disperse components, without conducting contact angle
measurements. The envelopes are obtained using OWRK equation by expres-
sing γ p

lv in terms of γdlv as follows
[43]:

1þ cos θð Þ
2

� �
γp
lv �

ffiffiffiffiffi
γ p
s

q� � ffiffiffiffiffi
γp
lv

q
¼ � 1þ cos θð Þ

2

� �
γdlv þ

ffiffiffiffiffi
γds

q� � ffiffiffiffiffi
γdlv

q
(6)

In Equation (6), the polar component of the solvent surface tension (γ p
lv) is

expressed in terms of the disperse component (γdlv), and those of the material
(γ p

s and γds ) are used as coefficients. This relationship can be drawn as a wetting
envelope. The contact angle (θ) can be changed to obtain the corresponding
envelope. The wetting envelope of each solid is used to determine the wettability
of any solvent whose dispersive and polar components are used as coordinates.

The wetting envelopes of untreated EPDM, PVC, and ABS are presented
in Figure 5. The figure shows the contours of different contact angles including
θ ¼ 0� which corresponds to complete wetting. The coordinate axes of these plots
correspond to the polar anddisperse components of the solvent surface tension. To
verify the accuracy of the envelopes, the points corresponding to the solvents used
in this analysis (i.e., water, ethylene glycol-water, and glycerol) are located in the
graphs. The coordinates of these points are the polar and disperse components
presented inTable 1. The contact angles obtained using these solvents are shown in
brackets. An extra contour of θ ¼ 120� is plotted for EPDM due to the high
contact angles obtained for this material. It is clearly observed that the positions of
the three solvents are consistent with the wetting envelopes. Their contact angles
are ordered and well positioned between the envelopes that correspond to lower
and higher contact angles. This result was obtained for the three materials.
Therefore, OWRK model effectively characterizes the wettability of the samples,
and the envelopes can be reliably used to predict the wettability of the materials by
other solvents.

Figure 4. Effect of UV/ozone treatment on the SFE polar and disperse components obtained
using OWKR model (a) EPDM, (b) PVC, and (c) ABS.
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Unlike the current study, several previous studies found discrepancies in
their wetting envelopes.[21,40,43] In these studies, the plotted points corre-
sponding to the used solvents were not located between the right envelopes.
This may indicate that Fowkes’ assumptions considered in OWRK model,
such as the comparability of the distance between the interacting volume
elements, are not fully satisfied.[43]

It is observed in Figure 5 that, for each contact angle θ, the wetting envelopes
of PVC and ABS are much wider than that of EPDM. For instance, for θ ¼ 30�

(blue curves), the area enclosed within the envelope of EPDM (Figure 5a) is
much narrower than those enclosed by the envelopes of PVC (Figure 5b) and
ABS (Figure 5c). To better highlight this point, the wetting envelopes of the three
materials in the case of complete wetting (θ ¼ 0�) are plotted in the same graph
in Figure 6. This figure clearly shows that PVC and ABS envelopes enclose
a much larger area and thus include higher ranges of surface tension compared
to EPDM. Therefore, these two materials have a much higher wettability.

To have a better understanding on the effect of UV/ozone treatment
on wettability, Figure 7 presents the wetting envelopes of the materials for
θ ¼ 60� at treatment durations of 0 min (UV0), 3 min (UV3), and 10 min

Figure 5. Wetting envelopes of untreated (a) EPDM, (b) PVC, and (c) ABS with 0°, 30°, 60°, 90°,
and 120°contours.
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(UV10). These results are also representative of the other contact angles. It is
clearly shown that UV/ozone treatment increases the area enclosed by the
wetting envelopes. Therefore, solvents that initially did not wet the materials,
thus fell outside the envelopes, will wet them after the treatment. This is
particularly significant in the case of ABS. However, the envelope of EPDM
expanded mostly in the polar direction after treatment, which makes the
enclosed area less wide and the possibility of being wet by new solvents less
likely to occur (Figure 7a). These results show the improvement in wettability
after UV/ozone treatment, which is consistent with a previous study on PE
and PEEK.[3]

3.2. Adhesion analysis

Figure 8 highlights the T-peel strength of EPDM and PVC, and the lap-shear
strength of ABS before and after UV/ozone treatment. The adhesive strength

Figure 6. Wetting envelopes of the model systems at a complete wetting (θ ¼ 0�).

Figure 7. Effect of UV/ozone treatment on the wetting envelopes of (a) EPDM, (b) PVC, and (c)
ABS for θ ¼ 60�.
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of all the materials is initially low. After treating the samples for 3 min, no
significant change is observed for EPDM, while the strength of PVC and ABS
increased significantly. After 10 min of treatment, the adhesive strength of
EPDM is still low, while that of PVC and ABS stayed high. These results
clearly demonstrate that 3 min of UV/ozone treatment are sufficient to
improve the adhesive bond strength of PVC and ABS.

However, UV/ozone treatment changed not only the adhesive strength of
the examined materials, but more importantly, their failure mechanisms.
Figure 9 shows the failure modes of the samples before and after 3 min of
treatment. White dashed lines were added to indicate the bondlines between
black EPDM samples and the black adhesive. The bondlines are shown on
the left-hand side of the lines. EPDM fails adhesively before and after UV/
ozone treatment. This shows that the treatment did not sufficiently improve
the EPDM-adhesive interface. However, the failure modes of PVC and ABS
changed from adhesive to cohesive after UV/ozone treatment. This highlights
a significant improvement in the interface quality. Thus, the improvement of
the bonding strength of PVC and ABS after treatment is accompanied with
a shift in their failure modes from adhesive to cohesive.

By comparing the adhesion and wettability results, it is observed that
EPDM has low adhesion strength after UV/ozone treatment (Figure 8)
despite its high SFE polar component (Figure 4). Previous studies mistakenly
made a straightforward correlation between the adhesion strength and the
polar component of the SFE. For example, Cirlin and Kaelble claimed that
the shear bond strength of stretched Teflon increased with higher surface
fractional polarity.[15] However, their results presented in Tables II, III, and
IV of their paper demonstrate that higher fractional polarity does not always
correspond to a higher work of adhesion.[15] This can be explained by the
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Good-Fowkes equation which expresses the work of adhesion (Wa) as the
sum of a polar (p) and a disperse (d) components[15]:

Wa ¼ Wd
a þWp

a (7)

Therefore, the disperse component of the material also plays a role in its
adhesive strength. Previous studies introduced a more reliable parameter that
relates wettability to the mechanical strength of adhesion, namely the work of
spreading ðWsÞ.[17,44] This thermodynamic quantity, defined as the difference
between the work of adhesion and the work of cohesion (Wc), will be
considered in future studies:

Ws ¼ Wa �Wc (8)

Furthermore, it is observed that EPDM still has a low adhesive strength after
UV/ozone treatment (Figure 8) although its wetting curve became much
wider after treatment (Figure 7a). Previous studies correlated adhesive
strength to wettability of adhesives. For instance, Gledhill and co-workers
studied the butt joint strength of steel cylinders bonded with an epoxide
adhesive. They found that higher strength is associated with higher wett-
ability reflected by more expanded wetting envelopes.[40] However, the wet-
ting of surfaces by adhesives is a necessary, though sometimes insufficient,
requirement to develop joints with strong adhesion.[19] A previous study
found that abrasion treatment caused lower wettability yet higher adhesion
strength of UHMWPE surfaces.[5] To assure good adhesive bonding, other
physical and/or chemical mechanisms, such as mechanical interlocking,
should take place to make the spreading of the adhesive across the surface
(i.e., wettability) more efficient. Similarly, the direct correlation between the
bonding strength and the surface energy is misleading. A previous study
found that air plasma treatment leads to higher surface tension but lower
adhesion strength compared to nitrogen plasma treatment.[45]
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Figure 9. Effect of UV/ozone treatment on the failure modes of the bonded joints.

THE JOURNAL OF ADHESION 13



Therefore, it is crucial to have a deeper insight into the mechanisms that
lead to the improvement of the wettability and adhesion of PVC and ABS
materials. This can be achieved by investigating the impact of UV/ozone
treatment on the chemical structures and morphological features of their
surfaces.

3.3. Chemical and morphological analysis

3.3.1. Surface chemical structure
FTIR spectra were collected to investigate the impact of UV/ozone treatment on
the structures of the model systems. The results were first pre-processed by
correcting the baseline and the offset and normalizing the spectra using min-
max normalization method.[38] Figure 10 shows the FTIR spectra of the studied
materials without UV/ozone treatment (UV0) and after 3 min (UV3) and 10
min (UV10) of treatment. The vibrational modes of the chemical groups are also
indicated in the figure.[17] It is clearly shown that the treatment effect on EPDM
spectra is insignificant. This can be explained by either its chemical stability or
the effectiveness of the added fillers such as light stabilizers and carbon black.
Similarly, PVC spectra changed slightly after UV/ozone treatment. An insignif-
icant increase is observed at the absorbance band of 3100–3500 cm−1, which
corresponds to the stretching of the hydroxyl region (� OH).[46,47] This band
can be associated with one of the PVC fillers, like the hydroxides frequently used
as flame retardants (e.g., ATH aluminum hydroxide).[48] Likewise, the treat-
ment-induced change in ABS spectra is insignificant. Only the peaks within the
absorbance bands of 2800–3100 cm−1 were slightly attenuated. These bands are
associated with the stretching mode of C �H groups.[46,47]

The FTIR analysis shows that UV/ozone treatment caused insignificant
changes in the chemical structures of the studied materials. A better under-
standing will be gained by investigating the effect of this treatment on their
surface morphology using microscopic observations.[49,50]

3.3.2. Surface morphology
Figure 11 presents the SEMmicrographs of untreated and 10min treated EPDM
surfaces. After treatment, the surface is cleaner and the plate-like microstruc-
tures are better observed. This cleaning process occurs when the photons of UV
irradiation interact first with oxygen to form ozone; then, with ozone to produce
atomic oxygen radicals. Both ozone and atomic oxygen radicals can react with
the polymer surfaces to remove low-weight contaminants.[12,13,51] However, no
newmicrostructures are observed on EPDM surfaces after UV/ozone treatment.

Likewise, the effect of 10 min of UV/ozone treatment on the morphology
of PVC surfaces is shown in Figure 12. Initially, small ruffles are observed on
untreated surfaces, indicating the presence of surface impurities (Figure 12a).
These particles were removed after the treatment, making the surface much
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Figure 10. FTIR-ATR spectra of untreated and treated samples. v= stretching vibrational mode.
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cleaner. Also, a network of small wrinkles is observed on the treated surface,
significantly changing their morphology (Figure 12b,c). Figure 12c also
shows that some wrinkles were developed into microholes indicating the
violent degradation onset of one of the material inorganic additives.[52] Other
SEM observations showed that these microholes increase in size and number
with higher durations of UV/ozone treatment.

Similarly, Figure 13 compares untreated ABS surfaces with those treated
for 10 min. It clearly shows the creation of micro-pores with a diameter of
approximately 0.1 µm after UV/ozone treatment. This porous structure is
observed on the whole-treated surface. Also, other SEM observations showed
that the size of the pores increases with higher treatment duration.

The morphological changes observed in the SEM micrographs might explain
the improvement of the adhesion strength after UV/ozone treatment. Figures 8
and 9 showed that the adhesive bond strength of PVC increased significantly
after treatment and the failure mode shifted from adhesive to cohesive. This can
be explained by the removal of surface impurities and the creation of wrinkles
and micro-holes due to UV/ozone treatment (Figure 12b,c). These new features
promote more efficient mechanical interlocking between the adhesive and the
material, thus improve the adhesion strength.[53] Likewise, the porous structure
of treated ABS surface (Figure 13) enhances its mechanical interlocking and

Figure 11. SEM micrographs of EPDM surfaces (a) untreated (b) treated for 10 minutes.

Figure 12. SEM micrographs of PVC surfaces (a) untreated (b, c) treated for 10 min.
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adhesive strength (Figures 8 and 9). Similar effects were previously observed on
metallic surfaces.[54] Their structure became micro-porous after etching and
anodization treatments and their adhesive bonding strength increased. The lack
of considerable improvement in the adhesion of EPDM after UV/ozone treat-
ment is partly explained by the absence of new surface features (Figure 11).

The results presented in this study suggest that UV/ozone treatment affects
primarily the morphological features of the examined surfaces, not their chemi-
cal structures. This observation is aligned with previous studies from the litera-
ture. Brewis and Briggs previously argued that the topographical function of
UV/ozone treatment is the essential one, and its chemical function is just
secondary.[4] Therefore, the improvement in the adhesion strength is mainly
caused by the topographical effect of the UV/ozone treatment.

The results presented in this study can be used to make polymeric surfaces
with higher adhesion strength. By simply exposing these surfaces to UV/ozone
radiation, a significant improvement can be obtained in their adhesion behavior.
This treatment can be easily implemented in the manufacturing process of
polymeric products. Its efficiency can be improved by increasing the ozone
concentration using oxygen concentrator, fan, or air pump. To complement
this analysis, the effect and mechanisms of other surface treatments will be
investigated in the future.

4. Conclusion

The effect of UV/ozone treatment on the wettability and adhesion of EPDM, PVC,
and ABS surfaces was investigated. It is found that the SFE and wettability
improved after treatment, especially for PVC and ABS materials. OWKR wett-
ability model showed that the SFE increasedmainly due to the increase of its polar
component. The wetting envelopes of the studied materials became wider after
treatment, reflecting higher wettability. The adhesive bond strength of flexible
bonded EPDM and PVC joints and hard ABS joints were investigated by

Figure 13. SEM micrographs of ABS surfaces (a) untreated (b) treated for 10 min.
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conducting T-peel test according to ASTM D1876 standard and lap-shear test
according to ASTM D3163 standard, respectively. Results show that, after UV/
ozone treatment, the adhesive bond strength of EPDM did not change signifi-
cantly and its failure mode remained 100% adhesive (i.e., on the EPDM interface).
However, the adhesive bond strength of PVC and ABS joints improved consider-
ably and their failure modes changed from 100% adhesive to 100% cohesive (i.e.,
inside the adhesive). To better understand the mechanisms that lead to this
adhesion improvement, FTIR-ATR characterization and SEM observations were
performed on untreated and 10 min treated surfaces. The FTIR-ATR character-
ization showed insignificant changes in the chemical composition of the studied
materials after UV/ozone treatment. However, SEM observations showed the
creation of new wrinkles and micro-holes on treated PVC surfaces. Similarly,
ABS surface became porous after UV/ozone treatment. No similar treatment-
induced morphological features were observed on EPDM surfaces. These topo-
graphical changes might increase the surface area and enhance the mechanical
interlocking between the adherends and the applied adhesive, thus improve their
adhesive bond strength. This study opens new avenues for more straightforward
and effective surface treatments that can be used to improve the wettability and
adhesive bond strength of polymeric surfaces. Other treatments are being inves-
tigated and will be presented in the future.
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