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Abstract: In this paper, a plasma-induced hemi-wicking phenomenon observed on hydrophobic
sanded polymer surfaces, polypropylene (PP), polyethylene terephthalate (PET) and polyethylene
(PE) is reported. An atmospheric-pressure argon plasma jet was used to treat a limited area of the
carefully sanded polymer surfaces to induce the hemi-wicking phenomenon. Such hemi-wicking
triggered by the plasma activation is different from the traditional type, which is achieved purely
by the surface topography. Surface analyses by X-ray photoelectron spectroscopy (XPS) and water
contact analysis (WCA) show that the combination of sanding and plasma treatment increased the
oxygen-to-carbon ratio, which is highly beneficial for surface hydrophilicity. The shear stress tests
show that the combination of sanding and plasma treatment can enhance the shear stress by 125%,
95%, and 296% on PP, PET, and PE, respectively. The study shows that the newly developed technique
by combining the sanding and plasma processing for polymers could be a potentially useful method
in future industry applications.

Keywords: hemi-wicking; superwetting; polymer; polypropylene (PP); polyethylene (PE); polyethy-
lene terephthalate (PET); water contact angle (WCA); atmospheric-pressure plasma jet (APPJ); X-ray
photoelectron spectroscopy (XPS); sanding; adhesion

1. Introduction

Polymers are often utilized in packaging, vehicles, clothing, and agriculture, among
others, and have many good merits including light weight, easily shaped and low pro-
cessing costs [1]. Adhesion of polymer is important in many industries, for example, the
semiconductor industry which requires better adhesion between the encapsulant, lead
frame and the silicon chip to improve reliability, resistance to package cracking, and move-
ment resulting from the thermal stresses [2,3]. However, polymers exhibit hydrophobic
characteristics with poor wettability, and detachment occurs because of the difference
of surface free energy in the interface between two polymers [4]. Thus, an efficient and
cost-effective surface modification is essential for polymers.

Sanding can increase the contact area between the adhesive and the surface, and thus
the adhesive strength. The process for sanding the bonding surfaces of the adherends
is clearly stated as one of the required physical treatments including acids, bases and
flames for modifying the surfaces before adhesive bonding or coating in the industrial
standard [5]. Among these methods, sanding with either fine-grit sandpaper or emery
cloth is the most common way to modify the surface. However, sanding disadvantageously
develops continuous rough microstructures on the surface, and dramatically decreases
the surface hydrophilicity [6]. Thus, to maintain the advantage of large contact area of the
sanding technique but increase the hydrophilicity of the surface at the same time is critical
in the polymer surface treatment.

Plasma activation has been considered as one powerful technique for surface modifi-
cation including flaming, chemical etching and solvent degreasing for polymers with a low
surface energy which causes poor wettability and negatively affects adhesive bonding and
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coating [7–10]. Among varieties of plasma activation, the low-pressure nonequilibrium
plasma technology has been applied to modify surface properties [1,11]. However, reliable
sealing of the chamber and expensive vacuum equipment are required which makes it
difficult to integrate into normal production lines, and thus the application feasibility is
limited. On the contrary, the atmospheric-pressure plasma jet (APPJ) are free of these
disadvantages and proved effective on the polymer for adhesive bonding [12–15]. Because
APPJ can be applied at an ambient pressure, APPJ does not require equipment including
vacuum chambers, load locks and vacuum pumps, and can be easily integrated into pro-
duction lines that include, for example, adhesive dispensing or powder spray [13]. Plasma
treatment on polymeric surfaces involves the interaction of free radicals and ions with the
treated specimen. Such interaction modifies the surface chemical structure and morphology
of polymeric materials, and improves the wettability [13,14]. For example, Chiang et al.
revealed that, for the PP films, the contact angle (CA) decreases dramatically from 103◦ to
less than 30◦ after being treated by an APPJ under atmospheric-pressure conditions [16].

Hemi-wicking refers to the behavior when liquid wicks into the gaps inside a texture
when a droplet is falling on micro-textured hydrophilic surfaces [17,18]. Quéré described
that the liquid wets the inside of the texture but not the top of the texture [19]. In other
words, hemi-wicking is the spreading of a liquid driven by capillarity on a rough hy-
drophilic surface and results in superwetting [20,21]. Hemi-wicking has many important
potential applications in inking, printing, boiling heat transfer and condensation, to name
a few [21]. For example, the morphologically-driven hemi-wicking was utilized for the
enhancement of boiling heat transfer performance of the convective heat dissipation capac-
ity of critical heat flux [22]. Furthermore, the hemi-wicking also made condensate spread
quickly [23]. Currently, the studies related to hemi-wicking mainly focus on the surface
topography [17,21,23]. Since plasma can be easily used to modify the surface properties of
many kinds of polymer surfaces as described earlier, we wonder if the combination of the
surface topology manipulation (mechanical effect) with plasma activation (chemical effect)
can be a new alternative of controlling the hemi-wicking phenomenon for polymers.

To sum up, sanding is widely used to increase surface contact area, and the plasma
activation has the great potential to enhance the wettability, but the effect achieved by the
combination of them is rarely explored. In this study, we applied APPJ to treat the sanded
polymer surfaces to improve the surface wettability and adhesion of the polymers. With
understanding of more detailed underlying mechanism, we would like to take advantage
of both methods to achieve the hemi-wicking phenomenon and form superwetting on
different kinds of polymer surfaces.

The remainder of this paper is organized as follows: the Experimental Methods are
introduced next, followed by the Results and Discussion, which includes characterization
of the electrical properties of APPJ, optical emission spectroscopy (OES) data, snapshots of
hemi-wicking, CA measurements, XPS analysis and shear stress measurements. Finally,
some major findings of this paper are summarized.

2. Materials and Methods
2.1. APPJ System Configuration and Instrumentation

Figure 1a shows the schematic diagram of an APPJ system, including a patented APPJ
device along with the instruments used for the measurements of electrical properties. Only
argon was used as the working gas in this study, although the APPJ device is capable of
using gases including helium, argon, nitrogen and oxygen for generating the gas discharge
jet [24]. Figure 1b illustrates the design of the patented APPJ device including a quartz
tube with an inner diameter of 6 mm and outer diameter of 8 mm, acted as a dielectric
layer. A stainless-steel rod was placed inside the quartz tube to act as a power electrode.
The rod was 45 mm in length and 6 mm in diameter. The rod had six longitudinal grooved
channels on the surface to allow the working gas passing with a larger electric field when
the power source was applied. The bottom edge of the power electrode was positioned
5 mm above the end of the quartz tube. An aluminum foil was wrapped around outside
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the quartz tube as the ground electrode. The quartz tube along with the rod was mounted
in a chamber made of 3D-printed ABS material containing electric lines and a gas input.
The argon gas (99.99%) with impurities (oxygen and water at a level of tens of and several
ppm, respectively) flows from the gas bottle to the quartz tube of the APPJ device. The
APPJ device was driven by an in-house sinusoidal power supply (0–20 kV peak-to-peak,
20–25 kHz, 60 W maximum power output, 10 cm × 10 cm × 20 cm in size). Figure 1c
shows a typical image of the argon discharge.
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Figure 1. (a) Schematic of system including an APPJ device and electrical measurement
devices; (b) schematic of the APPJ device; and (c) snapshot of the APPJ device with the generated
plasma jet.

The applied voltage and current signals were measured by a high-voltage probe
(Tektronix P6015A, Tektronix Inc., Beaverton, OG, USA) and a Rogowski coil (IPC CM-
100-MG, Ion Physics Corporation Inc., Fremont, NH, USA), respectively, through a digital
oscilloscope (Wavesurfer 3054, Teledyne Technologies Incorporated, Thousand Oaks, CA,
USA). To measure the plasma absorbing power, a 4.7 nF capacitor was placed between
the ground electrode and the ground. The voltage across the capacitor was measured
using a differential probe (ADP1025, Acute Technology Inc., New Taipei, Taiwan). The
waveforms of voltage and current both on the power electrode and across the capacitor
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were recorded by the oscilloscope. These data were averaged over 20 cycles to reduce the
statistical uncertainties. In addition, the optical emission spectral intensity of the APPJ in
the post-discharge region was measured using a monochromator and a photomultiplier
tube through an optical fiber and lens (Action SP 2500i; Princeton Instruments, Acton, MA,
USA). Data were obtained and analyzed with the PlasusSpecLine spectroscopy software
(Version 2.13).

2.2. Polymer Surface Treatment Test Conditions

Films of polymers including polypropylene (PP), polyethylene (PE) and polyethylene
terephthalate (PET) were used as the test samples. These films were first sanded by a
sanding machine (BOSCH GSS1400A, Gerlingen, Germany) with a sandpaper (Kosta Delta,
Ampmate Power Tool co., Taichung, Taiwan) of AA 320 grit size (0.21–0.25 µm in Ra
and 0.23–0.28 µm in Rms), before the plasma jet treatment. In the cases with the plasma
treatment, the surfaces of the films were positioned 5 mm away from the exit of the APPJ,
where the plasma jet was impinged directly on the surface of the specimen for various
times.

2.3. Surface Properties Characterization

The polymer surfaces before and after the plasma jet treatment were analyzed by
X-ray photoelectron spectroscopy (XPS hereafter, ULVAC-PHI PHI 5000 Versaprobe II,
ULVAC-PHI, Inc., Kanagawa, Japan) to reveal changes in the chemical composition of the
material. The treated specimens were stored in small cells and sent to the XPS facility
right after surface preparation, in order to minimize experimental errors due to potential
ambient air surface reaction. It took 20 min to transfer the treated samples to the XPS
facility, and it took 0–2 h to carry out the XPS analysis for each sample. The specimens were
characterized without any sputtering to collect photoelectron spectra of the O1s, N1s and
C1s. The X-ray beam generator was operated at 50 W, and the pressure in the analyzing
chamber was maintained below 1.3 × 10−7 Pa during the analysis. The analysis beam
diameter of the X-ray beam was 200 µm, and spectra were acquired at a detection angle of
45◦ with respect to the analyzer with 117.40 eV pass energy.

Water contact angles (WCAs) before and after the plasma jet treatment were measured
by a commercial KRÛSS Easy Drop optical system (KRÛSS GmbH, Hamburg, Germany).
In this paper, distilled water drops of 2 µL were used as the test liquid. In addition, the
morphology of the water droplets on the surface was observed using a video camcorder
(Nikon D700, Nikon Corporation, Tokyo, Japan) at the same time. The temperatures over
the plasma-treated area of the samples were measured by a thermal camera for smart-
phones (FLIR ONE Pro, FLIR Systems, Inc., Wilsonville, OR, USA) with FLIR VividIR™
image processing.

Variations in surface morphology were evaluated by a scanning electron microscope
(SEM hereafter, Phenom ProX, Phenom-World, Eidenhoven, The Netherlands). A light gold
coating was sputtered on samples by a Cressington sputter coater (Ted Pella, Inc., Redding,
CA, USA) to eliminate the charging effect. The electron beam voltage was 5 or 10 kV. The
SEM images were captured by magnifying the measurement 4000 times. Atomic force
microscopy (AFM) is not listed as the measurement method for the surface morphology
in this study because the fragile probe was damaged by the rugged undulation when
scanning on the sanded samples.

2.4. Adhesive Stress Measurement

The shear stress of the adhesive bonding was measured to verify the effect on the
adhesive bonding based on the industrial standard [25]. Each specimen of a bonding pair
is a rectangle with 25.4 mm width and 140 mm length. The hydrophilic adhesive (Scotch
540-30, 3M, Saint Paul, MN, USA), which contains polyvinyl acetate and ethanol, was
applied on each specimen in a length of 20 mm from one end. After a pair of specimens
were bonded, a digital force gauge (FSH-500N, YOTEC Precision Instrument, Hsinchu,
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Taiwan) was used to test the shear stress of the adhesive bonding. The specimens were
tested by the load rate in 1 mm/min.

While inspecting the surface of the polymer films, studies have shown the aging
characteristics of plasma-treated surfaces [26,27]. Modified surfaces are susceptible to
aging effects when exposed to air, and may revert from hydrophilicity to hydrophobicity
with time [28–30]. Thus, time is critical for the implementation of this surface preparation
technique on the polymer film. In this study, to avoid aging, WCA measurements and the
adhesion of the paired samples for shear stress test were performed 2 min after the plasma
activation in this study.

3. Results
3.1. APPJ Characterization

Figure 2 shows the typical measured waveforms of applied voltage and discharge
current of the argon APPJ, with a gas flow rate of 5 slm driven by a power of 20 W, with
a frequency of 20 kHz. The results show that the amplitude of the voltage was about
4.5 kV, and the peak current can reach 25 mA. Figure 3 shows the corresponding Lissajous
figure obtained for the same test conditions. The power absorptions of the plasma can be
calculated by integrating the applied voltage and charge in the diagram within a cycle, and
then dividing by the period of the cycle [31–33]. The calculated absorption power was 6 W,
and the efficiency of the APPJ device was 30%, which is defined as the plasma absorbing
power divided by the input power of power supply (20 W in this paper).
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Figure 4 shows the OES spectral data of the APPJ at a distance of 5 mm from the jet
exit, which is the position of the specimen surface that was treated by the plasma jet. The
measured wavelengths were in the UV range (280–400 nm) and visible range (680–880 nm).
The OES data show a strong OH* emission at 309 nm and several excited argon emission
peaks in the range of 690–850 nm, which was similar to the previous studies [34,35]. The
existence of strong OH* is highly beneficial for creating a hydrophilic surface, since it can
generate many dangling bonds by reacting with the surface chemical bonds [36–38].
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Figure 3. Lissajous diagram of the APPJ.

Figure 5 shows the surface temperature measured on the PP surface near the plasma
jet after various plasma treatment times. The thermal camera measured similar surface
temperatures over treating time distribution for PET and PE. The surface temperatures in-
creased with increasing treatment time but were much lower than the melting temperatures
of PP, PET, and PE, which are about 179, 264, and 141 ◦C respectively.

3.2. Hemi-Wicking

In this study, hemi-wicking was achieved on a polymer surface after it was sanded
and then applied with plasma activation. To investigate the hemi-wicking phenomenon,
Figure 6a,b shows the snapshots taken from the experiments to demonstrate how a droplet
changed on a sanded PP surface after the sanded PP surface was treated by the APPJ
for 60 s. Before a Deionization (DI ) water droplet was released to fall, a transparent PP
film was sanded to be translucent, and a circle was then drawn on the back side of it
to avoid any possibility that the ink would affect the water flow on the front side. The
blurry image shown in Figure 6a is the circle drawn on the back side of the specimen to
indicate the plasma-treated area on the front side. The circle had a diameter of 10 mm and
was an approximate area impinged by the APPJ. Then, on the front side of the PP film,
the plasma jet was applied on the area inside the circle, while the area outside the circle
was left as non-plasma-treated. In the WCA test, a droplet was released to fall inside the
circle as shown in Figure 6a, and then seeped very rapidly into the plasma-treated area
inside the circle as shown in Figure 6b. Figure 6b shows that the water of the droplet did
not stop in the border of the plasma-treated area, but spread to the non-plasma-treated
area outside the circle. The mark of the circle became clear and shows that the water had
filled the micro-trenches made by the sanding treatment. Similarly, Figure 6c,d shows
the hemi-wicking phenomenon on a PET film, and Figure 6e,f shows the hemi-wicking
phenomenon on a PE film after being treated with sanding and then APPJ.
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Figure 6. Snapshots for sanded films taken after being treated with APPJ at the moments that (a) a droplet was falling on a
PP film initially; (b) the drop was spreading over the PP film; (c) a droplet was falling on a PET film initially; (d) the drop
was spreading over the PET film; (e) a droplet was falling on a PE film initially; and (f) the drop was spreading over the PE
film.
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Figure 7a is typical SEM micrograph of untreated PP surface. Figure 7b,c is the
SEM images of the micro-trenches formed on the PP surface by the sanding process,
and by the sanding and plasma treatment, respectively. Based on Figure 7b,c, there
is no obvious topography change on the sanded PP surface before and after the plasma
treatment. Figure 7d illustrates the proposed schematic diagram of the hemi-wicking on the
sanded surface treated by the plasma jet, based on the micro-trenches shown in Figure 7c.
By referring to Figure 7d, it demonstrates that the water seeped into the plasma-treated
area, and then laterally spread into the non-plasma-treated area through the micro-trenches,
since the non-plasma-treated area had a hydrophobic surface that prevented water from
getting into the micro-trenches. Further, this proves that the micro-trenches of the sanded
surface also have a capillary effect if the water can pass through the sanded surface. In
other words, for sanded samples without the plasma activation, the hydrophobicity above
the micro-trenches stops the droplet from seeping into micro-trenches, although micro-
trenches formed on the polymer surface result in a capillary effect. In this study, the
plasma treatment can greatly decrease the hydrophobicity above the micro-trenches to
make the water of the droplet seep into the micro-trenches. After some water seeps into the
micro-trenches, the capillary effect inside the micro-trenches starts to suck the remaining
water into the micro-trenches, and results in the hemi-wicking phenomenon as observed in
this study. This phenomenon is similar to the hemi-wicking illustrated in Figure 7e, where
the top of the spikes remains dry as the imbibition progresses laterally in the direction
marked by “dx”, and thus the liquid wets the inside of the texture, i.e., the micro-trenches,
rather than the top of the texture [18,19].
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Figure 7. (a) SEM micrograph of untreated PP surface, (b) SEM micrograph of sanded PP surface, (c) SEM micrograph of PP
surface treated by sanding and then plasma, (d) diagram of hemi-wicking phenomena on the sanded surface applied by the
plasma activation, and (e) diagram of hemi-wicking phenomena illustrated in the prior study.

Indeed, the traditional hemi-wicking can exist forever if the surface topography is not
changed. In contrast, the overcoming of the hydrophobic surface can only exist for ten
to thirty minutes in the current study. The plasma-induced hemi-wicking in this study
disappears after the plasma-treated surface restores its hydrophobicity due to the aging
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effect [28,29]. However, the plasma-induced hemi-wicking in this study is much easier
to achieve than the morphologically driven hemi-wicking, while the morphologically
driven hemi-wicking requires the complicated and expensive construction of the surface
topography [17,21,22]. For example, Kim et al. fabricated rough hydrophilic substrates by
etching a Si wafer using the deep reactive ion etching process to produce pillar arrays with
various geometric parameters [17].

3.3. CA Measurements

The water contact angle measurement is a well-proved method for determining if a
surface has been activated, and has been adopted for the testing of hydrophilicity for many
polymers and composites [39]. The previous study suggests that the increased wettability
(lower WCA) of a specimen surface can increase strength of bonding for the specimen
surface [27]. Therefore, a very low WCA, even close to zero, measured at the surface of the
polymer film, generally favors the adhesion and coating.

To further elucidate the observed hemi-wicking/superwetting phenomenon, many
CA measurements were performed on different kinds of films including PP, PET, and PE
after various plasma treating times. Figures 8–10 show the results of the measured WCAs
of the PP, PET, and PE films after various plasma treating times. The sanded polymers had
higher WCAs than that of the non-sanded polymers before plasma treatment, and both
non-sanded and sanded samples had reduced WCAs after plasma treatment. However,
the hemi-wicking phenomena was only achieved in the sanded samples where the WCA
becomes zero, and never achieved in the non-sanded samples, no matter how long they
were treated by the plasma. Although the sanding treatment disadvantageously increases
the WCAs of the specimens, it is necessary to achieve the hemi-wicking phenomena.
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Figure 8 shows the transition timing of the PP films was located between 30 to 40 s
of the plasma treating time. At the transition timing, the droplet stayed on the surface
of a sanded film for less than a second to more than minutes, before being spread over
the sanded film to exhibit the hemi-wicking phenomena. If the plasma treating time
exceeded the transition timing, the droplets spread over the sanded films immediately.
Similarly, the transition timing of the PET films shown in Figure 9 was located between
50 to 60 s, while the transition timing of the PE films shown in Figure 10 was located
between 20 to 30 s. Figures 8–10 show that the longer plasma treating time is required
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to achieve the hemi-wicking for a polymer with the higher melting temperature. Such a
result matches our prediction, since the polymer with bonds having a higher bond energy
requires more plasma treating time to generate dangling bonds for a hydrophilic surface,
and there is a positive correlation between the bond energy and the melting temperatures
of polymers [40].
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3.4. XPS Analysis

The plasma jet treatment produced radicals or metastable species to impinge the
polymer sample and resulted in many active sites on the sampled surface. The active sites
on the sample surface were bound to atoms or molecules, e.g., oxygen, in the air [10,41].
XPS analysis can be used to evaluate the chemical composition of the sample surface to
investigate the variation of oxygen-containing groups on the sample surface, to identify
some factors related to hydrophilicity [42,43]. Thus, XPS measurements were carried out on
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polymer films with or without sanding or plasma treatment to understand their influence
on the surface modification. Ratios of oxygen-containing groups were calculated by fitting
the XPS spectra with Gaussian function based on the C1s peaks of the polymer films.

Figures 11–13 illustrate the C1s spectra of surfaces of the PP, PET, and PE films after
different combinations of treatments, including APPJ and sanding. For the cases with
the plasma jet activation, the plasma jet impinged perpendicular to the surfaces of the
specimens for 60 s. The hemi-wicking phenomena was achieved on the samples treated by
both sanding and plasma activation.
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Figure 11a shows that the C1s envelope of the PP films without any treatment was
decomposed into three peaks, including a peak at 284.8 eV due to C–C bonds, a peak at
286.5 eV due to C–O functional groups, and a peak at 287.7 eV due to C=O bonds [44].
After both sanding and plasma treatment were applied, the C1s envelope of the PP film
was further decomposed into a peak at 289.1 eV attributed to O–C=O groups, and the ratios
of C–O, C=O, and O–C=O groups were all increased, as shown in Figure 11d.
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Figure 12a shows that the C1s envelope of the PET films without any treatment was
decomposed into three peaks, including a peak due to C–C bonds, a peak due to C–O
functional groups and a peak attributed to O–C=O groups [45]. Even after both sanding
and plasma treatment were applied, the C1s envelope of the PET film was not further
decomposed into a peak attributed to C=O groups, but the ratios of C–O and O–C=O
groups were both increased, as shown in Figure 12d.

Figure 13a shows that the C1s envelope of the PE films without any treatment was
decomposed into two peaks, including a peak due to C–C bonds and a peak due to C–O
functional groups [8]. With any sanding or plasma treatment, the C1s envelope was further
decomposed into a peak due to C=O bonds and a peak attributed to O–C=O groups, as
shown in Figure 13b,d.

In a brief summary, Figures 11–13 illustrate that oxygen atoms involved in C–O bonds
were dramatically increased on plasma-treated samples, and PP, PET, and PE films with
both sanding and plasma treatments had the highest ratios of C–O and O–C=O groups.
Wettability was increased for the increased OH grafting on the surfaces of plasma-treated
polymers because more groups with C–O bonds have more OH grafting [36,46].

Table 1 summarizes the measured atomic compositions including carbon, nitrogen,
and oxygen, and the fractions of peak area calculated from the XPS spectra of cases
illustrated in Figures 11–13. The results show that the plasma activation increased the
oxygen to carbon ratio (O/C ratio) dramatically on the surfaces of specimens in both sanded
and non-sanded specimens, and also increased the ratio of nitrogen, but in a negligible
degree in most cases [44]. The oxygen and nitrogen incorporation were introduced at the
reaction between the plasma jet and air which contains oxygen and nitrogen [44]. The
results clearly demonstrate that the hydrophilicity increases with increasing O/C ratio of
the polymer surface [47–49]. Furthermore, the XPS data shows that any of the PP, PET, and
PE films with both sanding and plasma treatment had the highest O/C ratio among the four
conditions, including sanding-only and plasma-only treatments. Chiang et al. revealed
that O/C ratio increases dramatically for improved hydrophilic surfaces after plasma
treatment [17]. Thus, the highly improved surface with the plasma treatment allowed
the water droplet to reach the micro-trenches inside the sanded surface, and activated the
capillary effect to achieve the hemi-wicking phenomenon.

3.5. Shear Stress Measurements

To demonstrate the effect of the superwetting on the surfaces of specimens, the WCAs
and the shear stress of the adhesive bonding between specimens are also included in Table 1.
The results obviously show that the superwetting phenomena for the cases with both
sanding and plasma treatments results in the highest shear stress of the adhesive bonding
between specimens, i.e., 384.4 and 153.7 newtons for the PP and PE films, respectively.
This is attributed to the fact that the sanding–plasma cases had the highest O/C ratio
and the highest ratios of C–O and O–C=O groups. As for the PET films, Table 1 shows
that the highest shear stress was produced by the plasma-only case, but the difference
between the sanding–plasma case and the plasma-only case was less than the standard
deviation. This is attributed to the fact that the WCA achieved by the plasma-only case was
already close to zero, i.e., 8.78◦ for the PET films, and thus the hydrophilicity improved
through the sanding–plasma treatment was limited. Further, the PET films also had the
least increase in the O/C ratio and ratios of C–O and O–C=O groups from the plasma-only
case to the sanding–plasma case. Regarding the sanding–plasma cases, PP films had higher
O/C ratios than PE films, but PP films did not achieve higher shear stress than PE films.
Therefore, the comparison of the O/C ratio and ratios of C–O and O–C=O groups can only
predict the variation of the shear stress for the same material.
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Table 1. Atomic percent concentration and ratio, percent peak area of XPS C1s core level spectra, the corresponded WCA
and shear stress results.

No. Polymer Treatment C1s
(%)

N1s
(%)

O1s
(%)

O/C
(%)

C–C
(%)

C–O
(%)

C=O
(%)

O–C=O
(%)

WCA
(◦)

Shear Stress
(Newtons)

1

PP

– 85.61 0 14.39 16.81 94.21 4.53 1.24 0 100.17 68.2 ± 6.3
2 Plasma 80.16 0 19.84 24.75 93.80 5.24 0.95 0 30.8 133.0 ± 11.2
3 Sanding 89.25 0 10.75 12.04 92.75 5.64 1.61 0 140.88 109.1 ± 9.4
4 Both 68.33 1.73 29.95 43.83 78.21 9.78 6.26 5.74 0 153.7 ± 13.8

5

PET

– 72.15 0 27.85 38.60 74.31 14.39 0 11.30 74.42 169.8 ± 15.2
6 Plasma 63.17 0.93 35.90 56.83 59.03 22.02 0 18.95 8.78 339.8 ± 31.1
7 Sanding 73.37 0 26.63 36.29 70.62 16.73 0 12.65 78.77 259.9 ± 22.4
8 Both 59.57 1.24 39.19 65.79 55.53 23.86 0 20.60 0 331.8 ± 29.9

9

PE

– 88.08 0 11.92 13.53 96.32 3.68 0 0 77.53 97.1 ± 8.7
10 Plasma 71.82 2.18 26.00 36.20 81.61 8.08 4.80 5.51 24.86 263.5 ± 23.5
11 Sanding 81.21 0 18.79 23.13 87.53 8.92 2.35 1.21 103.6 192.1 ± 16.8
12 Both 69.01 3.35 27.64 40.05 77.31 9.91 6.14 6.63 0 384.4 ± 35.1

Measurement of the shear stress was conducted based on ASTM D3163 [25]. Plasma jet activation for 60 s.

Further, the plasma-only treatment produced lower WCAs than the sanding-only
treatment, as well as higher shear stress. However, the sanded-only films produced higher
WCAs than the controlled films but obtained higher shear stress because sanding increased
the contact area between the adhesive and the surface. In brief summary, the sanding
process enhanced the adhesive shear stress by 60%, 53%, and 98% on PP, PET, and PE,
respectively, as compared to that of the controlled films. Plasma treatment enhanced the
bonding shear stress by 95%, 100%, and 171% on PP, PET, and PE, respectively, as compared
to that of the controlled films. While combining the sanding process and plasma treatment
induces hemi-wicking effect, the shear stress can be enhanced by 125%, 95%, and 296% on
PP, PET, and PE, respectively, as compared to that of the controlled films.

4. Discussion

The enhancement of adhesion caused by sanding should be attributed to larger surface
contact area, and the enhancement of adhesion caused by plasma treatment should be
attributed to surface chemical modification. The combination of the sanding and plasma
treatment has both advantages, and further produces plasma-induced hemi-wicking, which
achieves the superwetting and has the best performance for enhanced adhesion. Therefore,
plasma-induced hemi-wicking on sanded polymers can be a potential technology in future
industrial applications.

5. Conclusions

In this work, we have developed a new surface processing technology by applying
plasma jet treatment on sanded polymers to achieve the hemi-wicking phenomenon that is
highly beneficial for adhesion in practical applications. The combination of the sanding
treatment and the plasma activation can achieve superwetting and enhance the shear stress
of the adhesive bonding on the sanded and chemical warfare agent (CWA) polymers, to
improve adhesion and possibly coating on the hydrophobic surface. Surface XPS analysis
and WCA measurements shows that the combination of sanding and plasma treatment
increased the O/C ratio, and thus the hydrophilicity of the polymer surfaces. In addition,
the results show that the combination can enhance the shear stress more in the range of
95–296%, as compared to the original polymers, if the plasma jet is used for 60 s. Although
the sanding–plasma treatment did not achieve an obvious effect on shear stress in the
PET films, the sanding–plasma treatment achieved the highest shear stress on the PE
and PP films, and thus has the potential to improve the shear stress of other polymers
or materials. However, future investigation is required to further clarify the underlying
physical and chemical mechanisms that cause this striking phenomenon, and how the aging
effect of the plasma-treated surface affects the adhesive bonding strength. Nevertheless,
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plasma-induced hemi-wicking found in this study could be a potential technology in future
industrial applications.
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