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Abstract

A response surface methodology was used to analyze the flow rate, power, and time factors of plasma
surface treatment. Surface free energy (SFE) of treated glass fiber-reinforced composites showed a strong
quadratic dependence on flow rate, power, and time, with significant interaction between time and power.
Optimized factors predicted a maximum SFE of 78.63 mN/m, which matched well with the measured value of
77.42 mN/m, accounting for 2.46 times increase in SFE against untreated case. Moreover, with plasma
treatment, the SFE’s polar component became dominant (99%) as also confirmed with FTIR spectroscopy.
Fracture toughness testing of fresh and aged adhesive joints proved a more stable interface for plasma-treated
specimens due to the covalent bonds facilitated by the functional groups formed during the treatment.
Consequently, the fracture toughness of the plasma-treated specimens did not drop after seawater immersion,

while that for the untreated and sand-treated specimens showed about a 15% drop.

Keywords: Plasma surface treatment, Hydrothermal aging, Fracture toughness, Response surface
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Introduction

Due to their high strength-to-weight ratio, stiffness, and durability, glass fiber-reinforced polymer (GFRP)
composites have found wide application in various manufacturing industries, including aerospace [1,2], marine
[3], civil structures [4], and wind turbine blades [5]. During their expected service life of decades, these

components may be exposed to harsh environments and versatile loading conditions. In the form of the final
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structure, these parts are usually joined with some other components such as other GFRP, aluminum, or

stainless-steel elements using structural adhesives.

The adhesive bonding method has been a great alternative to conventional joint fabrication techniques such
as welding and mechanical fastening due to the reduction in stress concentration points, better fatigue
performance, corrosion resistance, vibration damping, and the high strength-to-weight ratio [6]. Thanks to the
enhanced chemistry, the method can also be successfully applied to dissimilar materials which is another

predominance over the conventional techniques [7].

The surface preparation of GFRP components is a critical step where the success or failure of the adhesively
bonded joint is heavily affected. The final performance and properties of the adhesively bonded joints depend
significantly on the quality of the interface formed between the two substrates [§—10]. Therefore, the major
purpose of surface preparation is to produce a contaminant-free surface and increase its free energy so that a

stronger bonding can be formed [11].

Figure 1 presents various surface treatment methods that can be used to improve GFRP’s surface before
bonding. The methods are divided into mechanical, chemical, and physico-chemical treatments [12,13]. The
ultimate goal of employing each of these methods is to remove contaminants such as dust and lubricant from the
surface, enhance the surface wettability and surface free energy to produce a more active surface for better

adhesion. Therefore, a proper selection of the surface treatment method is vital for bond quality.

[Figure 1 about here.]

Peel ply is one of the most common methods that is used to protect the surface. Peel ply is a sacrificial layer
that is applied to the surface of the composite before curing. Removing the peel ply should generate a clean and
rough surface. However, the interaction of matrix resin with peel ply, and the peel ply residue affects the joint
strength such that the resultant joint strength is lower, compared to the other mechanical surface treatment

methods [14].

Another common method is using abrasive materials such as sandpaper on the composite’s surface to

remove the unwanted layer and generate a rough surface. The method is simple and cost-effective, and it can
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produce different surface roughness values based on the sandpaper grit number. However, it is highly likely to
damage the underlying reinforcing fibers during any surface roughening using sanding or sandblasting [15].
Further, The composite substrate's properties may significantly deteriorate through sandblasting, as it removes a

substantial amount of the resin layer from the surface [16].

Solvent wiping is the easiest chemical method to clean the surface. It should however be used properly.
Otherwise, the solvent’s residue can interfere with the adhesive and affect the final joint properties [17]. UV
curing, a process that involves the light-triggered polymerization of multifunctional oligomers, has also been
investigated as a surface treatment. This method is primarily used on thermoplastic materials [18]. The adhesion
of UV coatings is often compromised due to the low surface free energy of polymer substrates and shrinkage
[19]. Primers are also usually used for thermoplastic materials, and it is not a suitable treatment process for

thermosets in GRFP composites.

Plasma treatment (Figure 2) is one of the most efficient methods for polymers’ surface treatment [20,21].
Decent bonding properties, long-term durability, not affecting the bulk properties of the substrate, and not being

abrasive are a few advantages of plasma treatment [22].

[Figure 2 about here.]

One notable characteristic of plasma treatment is its ability to interact with a surface through physical,
chemical means, or a combination of both, depending on the specific factors selected for the treatment process
[23]. The physical alteration of the material surface is attributed to ions, whereas free radicals induce chemical
modifications. Plasma is a complex phenomenon involving a combination of excited electrons, atoms,
molecules, and radical species generated when a gas is subjected to an electric field. The selection of the gas
used also plays a crucial role in determining the resulting surface properties. For instance, argon and neon are
typically employed for cleaning purposes, oxygen for increasing hydrophilicity, and fluoride for promoting

hydrophobicity [22].

Plasma surface preparation has been extensively utilized in the treatment of various thermoplastic materials,
including but not limited to polyesters, polyether ether ketone (PEEK), polyethylene, polylactic acid,

polydimethylsiloxane (PDMS), polyamide (PA), and polypropylene (PP) [24-28]. More recently, this method
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has been employed to improve the adhesion between fillers - such as carbon fiber - and polymeric matrix,
through the modification of the filler surface properties. [29-31]. Brooj et al. [32] optimized the plasma
treatment factors for carbon fiber surface treatment using a Box Behnken design and investigated how the fiber
surface treatment affects surface topography and fiber/matrix adhesion. Several studies have reported that using
non-optimized plasma factors can lead to a decline in adhesion properties and interlaminar shear strength in
adhesively bonded joints where woven carbon fibers were plasma-treated prior to impregnation [33]. There are
some reports that utilized the one-factor-at-a-time design of experiments to investigate the impact of plasma
process factors on carbon fibers [34]. Haji et al. investigated the effect of plasma treatment on the tensile
strength of GFRP/epoxy composite. In their study, the GF mat was treated with oxygen plasma and impregnated

with an epoxy resin and hardener mixture [35].

However, there is limited research on the use of plasma for surface modification of thermoset polymers in
fiber-reinforced composites [36]. Gude et al. [37] conducted a study on the surface properties of carbon
fiber/epoxy laminates (substrate) with different surface treatments including plasma to correlate the surface
morphology and mechanical properties. They reported that chemical composition and mechanical interlocking
are the dominant mechanisms in lap shear and fracture tests, respectively [37]. Very recently, Wang et al. [38]
researched employing two surface preparation methods including peel ply and plasma treatment on the fracture
toughness of carbon fiber-reinforced polymer (CFRP)/epoxy adhesive joints. The study comprehensively
considers the phenomena behind the observations, however, only time was considered as the process factor. To
the best of the author's knowledge, there is no systematic study to investigate the correlations between the
plasma process factors and the surface wettability (i.e., the contact angle and surface free energy) of GFRP

composites.

The objective of this study was to understand and quantify the relations between the plasma treatment
factors and the surface wettability of GFRP composites and employ the developed statistical models to optimize
the treatment process. A central composite response surface design of experiment was planned and executed to
establish quadratic models. The surface characterizations included the measurements of the contact angle,
surface free energy, and surface roughness. The statistical quadratic model was used for the process optimization

and the predictions at the optimized process conditions were verified against the experimentally measured
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surface free energies. The superior performance of the plasma treatment especially in maintaining high fracture
toughness after aging was discussed in detail against the untreated and sand-treated surfaces and the differences

in the underlying mechanisms were also identified.

2. Experimental procedures

2.1. Materials

A commercial G-10 FR-4 woven glass fabric/epoxy laminate with low water absorption coefficient was used
as the substrate. The GFRP had a glass transition temperature of about 130 °C and a density of 1,800 kg/m>.
EPIKOTE™ resin MGS® BPR 135G3 with EPIKURETM curing agent MGS® BPH 137GF with the required

volumetric mixing ratio of 2:1 was used as the adhesive system, which was provided by Westlake Epoxy.

2.2. Surface treatment
Two different surface treatments, namely cold radiofrequency plasma treatment, and rotary sanding were

employed to modify the GFRP surface.

2.2.1. Plasma treatment

The plasma surface treatment was performed using a PE-100 Benchtop Plasma System (Plasma Etch, USA)
under vacuum conditions. The machine was equipped with a 300W, 100KHz continuously variable power
supply. The chamber was designed with three stacked horizontal electrodes with 23x33 ¢cm? and 8 cm clearance.
The plasma treatment was conducted using Oxygen (O,) as the carrier gas with a purity of 99.5%. The chamber

pressure was maintained at 0.2 Torr during the treatment.

A design of experiment (DOE) was employed using the central composite design (CCD), which is a type of
response surface methodology (RSM). RSM is a statistical method for design of experiment and developing
mathematical models that can incorporate the main effects in linear and high-order terms as well as their
interactions [39]. Further, RSM is the most common methods to optimize process factors with a single response
[40,41]. Compared to full factorial designs (FFD), RSM offers the benefit of fewer numbers of runs and the
capability to assess the higher-order terms (e.g., quadratic), which is not possible with the other methods [42].

The central composite design (CCD) is a frequently used method for creating second-order response models
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among several response surface methodologies (RSMs). The second-order polynomial regression equation used

for modeling the response is given by:

Kk Kk K
y=Bo+ Z lﬁiXi + Z 1Biixi2 + ZZ Bixix; + ¢
i= i= j

i< (1)
where y is the response, x is the design factor, [ is the regression coefficient, k is the number of design

factors, and ¢ is the error term [43].

The CCD here was planned in two blocks and three plasma process factors were identified through an initial
screening process, namely time (s), power (W), and flow rate (ccm), in five levels each. Surface free energy was
considered the main response in the DOE. The input process factors and their levels are tabulated in Table 1. The
range of each process factor was selected based on the machine's capability and performing a few screening

experiments.
[Table 1 about here.]

Minitab statistical software Version 21.1.0 was used in building the DOE and conducting the statistical
analyses. The CCD design was built with 5 levels of each factor and randomized by the software. Table 2 lists
the total of 20 experimental runs in randomized order including the coded and actual levels of each factor and the

corresponding SFE response.

[Table 2 about here.]

2.2.2. Sanding treatment

The surface sanding with different grit numbers (80, 200, 400, 600, 800, and 1200) was conducted to create
mechanical abrasion using a rotary sanding machine (Bosch orbit sander, GEX 125-1 AE). The sanded surface
was cleaned with compressed air followed by acetone wiping. The samples were then left to be air-dried for 48

hours before any further measurements.

2.3. Surface characterization

2.3.1. Contact-angle measurement and estimation of surface free energy

Page6



Ionized water, glycerol, and ethylene glycol were used to measure the contact angle using an optical
tensiometer (Biolin Scientific Theta Flex, USA) by the sessile drop technique. To minimize the time effect
between the plasma treatment and contact angle measurement, all the contact angle measurements were
conducted within 15 min of the plasma treatment. Three composite samples were tested for the contact angle
measurement of each liquid. An automatic dispenser placed 10 drops of each liquid (a total of 30 drops) on the
surface of each composite sample. The images of each drop were captured by the machine after they reached the
steady state and then analyzed using OneAttention software to obtain the contact angle of each drop. For each
composite/liquid combination, the average of the ten measured contact angles was used. For three composite

sample replications, the mean and standard deviations are calculated and reported.

The measured contact angles were used to estimate the free surface energy by OneAttention software. There
are various methods to obtain the surface free energy (SFE) including Young's equation, Fowkes & Extended
Fowkes, Zisman model, Owens-Wendt-Rabel & Kaelble model, etc. [44—46]. The model selection should be
done based on the surface properties and polarity. In particular, Fowkes model can determine the polar and
dispersive components of SFE. A development of the Fowkes approach is the OWRK/Fowkes model which can
better estimate the polar and dispersive components using multiple liquids with different surface energies. The
OWRK/Fowkes model was then used here together with three liquids to calculate the SFE. which is an approach

that applies geometric mean to combine the polar and dispersive components according to Eq (2) [47]:

fYéH’F + JYSDYF =05v,(1+cosB) (2)

vs and v; are the surface free energies of solid and liquid with gas interface, respectively. Superscripts d and p
correspond to the dispersive and polar components, respectively. 8 is the measured contact angle (°) between the
solid and the liquid. The only two unknowns in this equation are y:¢ and ys® and at least two liquids are needed to
obtain these values. The total SFE of the composite surface is ys, which is equal to the sum of y,4 and y,. Table 3
lists the polar, dispersive, and total surface energy components for the three liquids that were used for the SFE

measurements and calculations here.
[Table 3 about here.]

2.3.2. Fourier transformed infrared spectroscopy
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To investigate the chemical bonds and composition of the GFRP before and after surface treatment, Fourier-
transformed infrared spectroscopy was performed in attenuated total multiple reflection mode. The samples were
cut in 10*10*1mm?. The spectroscopy was conducted by Nicolet 4700 (Thermo Nicolet Nexus, USA) using a

diamond prism and 32 scans. The graphs were analyzed using peak spectroscopy software.

2.3.3. Surface roughness

The surface topography of the untreated, plasma-treated, and sanded GFRP composite samples was analyzed
using an optical profilometer (Wyko NT 2000, Veeco, USA). 1.2x0.9 mm? area of each sample was scanned and
at least three replications were performed for each condition. The surface parameters (S,, Sq, and S, values) were
calculated using Gwyddion software where S,, Sq, and S, are the mean roughness, root mean square roughness,
and the mean of the height difference between the highest peaks and the lowest valleys. The untreated sample
was cleaned with cheesecloth, the plasma samples were treated at 64 s, 118 W, and 36 ccm of time, power, and

flow rate, respectively, and the sanded samples were prepared with 800 grit sandpaper.

2.3.4. Scanning electron microscopy
The samples treated under different conditions were subjected to scanning electron microscopy (SEM) to
observe the surface variations. The samples were gold sputtered with Denton Vacuum Desk IV sputter coater

and imaged using JEOL 6390 SEM (Jeol USA Inc).

2.4. Joint fabrication, hygrothermal aging, and fracture testing

For hygrothermal aging of the joints, open-faced specimens were made by joining only one GFRP substrate
to the adhesive layer [48]. The resin and the hardener were first mixed using a speed mixer (Speed Mixer, DAC
400.2 VAC-P FlackTek Inc) at two steps of 2 min at 850 rpm followed by another 2 min at 1000 rpm under the
vacuum. The mixed adhesive system was then applied on the treated surfaces of the GFRP substrate within 15
min of the surface treatment. The precrack was created by embedding a PTFE film of 25 pm thickness and 75
mm length within the adhesive layer. The primary adhesive layer had a thickness of 1.05 mm, which was
controlled using metallic spacers. After completion of the adhesive layer application and placing the precrack,
the adhesive layer was covered by a high-temperature release film and the stacking was completed by adding a

metallic backing plate on top of the release film. The assembly was then placed inside an automatic compression
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molding system where the temperature of the adhesive joint assembly was programmed and controlled according
to the recommended cure cycle (6 hours at 65°C followed by 2 hours at 85°C). A pressure profile was also
developed and maintained during the curing cycle to assure the uniformity and consistency of the adhesive layer
thickness. The assembly was then cooled down to room temperature and the backing plate and the release film
were removed, making the open-faced specimen ready. The open-faced specimen was then immersed in
seawater with a salinity of 35% at 65°C [49] for one week followed by drying at 40°C for 5 days. The open-
faced specimen was closed by bonding the aged open-faced specimen with a secondary adherend using a

secondary layer of adhesive (0.15 mm thickness) [48] using the same curing procedure.

The mode II fracture parameters were determined using ENF specimens. The ENF specimen was made
based on modified ASTM D7905. The final joint was prepared by closing the dried specimens with an unaged
GFRP substrate using the secondary adhesive layer (thin layer with a thickness of 0.15 mm). Figure 3(a) gives a
photograph of a completed open-faced joint and Figure 3(b) provides a schematic of the joint illustrating
different parts and the loading conditions. The closed joints had the same geometry, dimensions, and curing
history, except the aged layer was replaced with the fresh unaged layer of adhesive. The total adhesive thickness

was also the same for both aged and unaged cases.

[Figure 3 about here.]

This resulted in a complete end-notched flexural (ENF) fracture specimen, according to ASTM D7905M.
The ENF specimens were then loaded using a 10 kN universal testing machine (Instron 5960, USA) with 0.5
mm/min of crosshead displacement rate and the load-displacement data were recorded (Figure 3(c)). The critical
mode II fracture toughness (Guc) was then calculated based on the modified beam theory [50] as follows:

3mP,,21axa(2)
2B

3)

Gic =

where m presents the compliance calibration coefficient obtained from linear regression analysis of the
compliance versus crack length graph, P, ao and B are the maximum load, crack length used in the fracture
experiment (30 mm) and specimen width, respectively. Unaged fresh joints, having identical dimensions to those

of aged one, were also made and tested to obtain the fracture toughness of fresh joints.
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3. Results and discussion

3.1. Statistical analysis

3.1.1. Response normality

The full quadratic model was used for the statistical analysis to correlate the response to the factors and their
interactions on the model and consider the prediction accuracy. The full quadratic equation is obtained as

follows:

SFE = 77.60 + 1.76T — 0.15P + 3.85F — 3.87T? — 3.07P? — 4.39F? + 1.85T - P+ 0.80T - F + 0.57P - F

“

The initial step involved examining a normal probability plot of the standardized residuals, in order to ensure
that the fitted model provided an accurate representation of the underlying system. As illustrated in Figure 4 (a),
the close alignment between the observed distribution of residuals and the anticipated distribution suggests that
the error terms had a normal distribution, indicating that the model approximated the actual system effectively.
To further check the adequacy of the model and assurance of the normal distribution, the histogram, and the
quantile-quantile (Q-Q) plot were assessed. The histogram (Figure 4b) exhibited a normal distribution with an
acceptable approximation. Q-Q plot tends to be more sensitive in identifying long tails or outlying data points.
As shown in Figure 4c, no systematic departures from the straight line in the Q-Q plot were observed, which is

another proof that the data is normally distributed.

[Figure 4 about here.]

Once the normality assumption of the model was confirmed, the significance of the factors was assessed.
Figure 5 shows the Pareto chart of the standardized effect of each main factor, quadratic terms, and two-way
interactions from the CCD analysis without any transformation function. The reference line for the statistical

significance depends on the significance level which was assumed 0=0.05 in this study.

[Figure5 about here.]

3.1.2. Regression model and significant terms
It should be noted that the factors or interactions having a value smaller than the reference line (Figure 5) do

not have any significant effect on the model with a confidence level of 95%. Since this DOE model will serve as
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the predictive model used by the data mining algorithm to predict new or future observations [51], to increase the
robustness of the proposed model and decrease the cost, insignificant interactions will need to be removed from
the model before further processing. The interactions (T*F and T#*P) were found insignificant and thus removed
carefully from the model through step-by-step model simplification to check whether a simpler reduced model
can be proposed. However, the main factor P could not be removed due to the hierarchy requirements since its

quadratic term and interactions are significant.

The statistical values of the Analysis of Variance (ANOVA) for factors T, P, and F, including their quadratic
terms and two-way interactions, are presented in Table 4. It is important to note that any term with a p-value less
than 0.05 is considered significant in the output response at a 95% confidence level. The Sum of Squares (SS)
value reflects the impact of a factor on the deviation of the response from its grand mean; hence, a factor with a
high SS value indicates a strong influence on the response. Based on the SS, F-values, and p-values (Table 4),
the significance of the terms is square > linear > interactions. Within the square terms, the order of significance

is time > power > flow rate.

[Table 4 about here.]

The p-value of the lack-of-fit was 0.57 which means it is not significant while that for the model was
0.00001 (very small), indicating that the model fits the RSM data significantly. The coefficient of determination
(R?) and the adjusted (adj-R?) were 95.59 and 92.07%, respectively. An R? value of 95.59% indicates that
95.59% of the response behavior is explainable by the proposed model. A value above 80% for R? is necessary
for a good fitness of the model, while a higher R? value indicates a great accordance between the experimental

data and data estimated by the model [52,53].

The regression equation of the refined model is given below in terms of the uncoded values of the process
factors:
SFE =77.60 + 1.76T — 0.16P + 3.85F — 3.87T% — 3.07 P* — 4.39F* 4 1.85T - P )
where, a positive sign and a negative sign of a term coefficient indicate synergistic effect and antagonistic
effect [54], respectively. For the first-degree (linear) terms, time and flow rate were positive implying that these

factors have a positive correlation with SFE response. The coefficient of the quadratic terms was, however,
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negative for all three factors. Further, p-value is considered significant when it is less than the selected
significance level (a=0.05 in this case), indicating a statistically significant relationship between the predictor
and the response. Additionally, the Variance Inflation Factor (VIF) was used to examine multicollinearity. VIF
measures the extent to which the variance of a given regression coefficient increases when the predictors are
correlated. A VIF of 1 indicates no multicollinearity, but as it deviates from 1, the correlation between the
predictors increases [55]. It is noted that the VIF values less than 3 and close to 1 are commonly used as a rule of
thumb for indication of no concern in the model and problematic collinearity, respectively [56,57]. The VIF
values here for all the model terms are between 1 and 1.27, suggesting that there is no substantial

multicollinearity of the factors in the model.

In terms of the linear interactions, time*flow rate interaction was removed from the regression equation
since it was not significant. That means the effect of time and flow rate on SFE were independent of each other,
such that the amount of time duration does not alter the effect of flow rate on SFE. The same analysis holds true
for the power*flow rate. However, the significant positive interaction effect between two factors of time and

power means the increase of one factor (e.g., time) will elevate the effect of the other (i.e., power).

Further, the significance of the quadratic terms implies that the relationship between the process factors and
the response is nonlinear. Since the first-order terms (time and power) are positive and their second-order terms
(time? and flow rate?) are negative, the response surface can be parabolic with a maximum. It will be explained

further in the following section.

3.2. Plasma treatment optimization using RSM

Before optimization, the main effects of process factors and their interactions were investigated by analyzing
the factorial plots. Figure 6 (a) shows the main effect plots for time, power, and flow rate, and the higher the
slope, the greater the effect of the factor [58]. While the flow rate has the most significant effect, it should be
noted that all three main factor curves exhibit positive and negative derivatives, which indicate the importance of

optimization for the plasma treatment.

The chemical structure of epoxy provides several side segments through which the structure can be oxidized

without the scission of the macromolecular network for a short period of time, resulting in an increase in the

Page1 2



SFE. However, as the process factors increase excessively, chain scission may occur through both volatilization
and surface degradation. Reducing the SFE suggests a modification or reorganization of the oxidized groups that
play a role in the polar characteristic of the treated surface [59]. The phenomenon could be further explained
with the degradation model of the epoxy surface, provided by Lim et al. [60], which shows that with excessive
plasma exposure, the bonds are destroyed, leading to serial destruction toward the inside from the surface. The
destructed chains rebound with oxygen, and finally, an electrical double layer on the surface would be formed.
This observation aligns with Wang et al.’s report [38] which shows that the extension of treatment time can

change the effectiveness of the treatment.

[Figure 6 about here.]

In the interaction plots, as interaction becomes weaker, the effect curves tend to be more parallel to one
another [61]. Figure 6 (b) illustrates the significance of the time and power terms’ interaction as the curves
intersect one another. It should be noted that the other two interactions were insignificant and thus removed from

the model and not reported in Figur Figure 6 (b).

The 2D contour plots of the SFE as a function of power/time, flow rate/time, and flow rate/power are also
depicted in Figure 7. 2D contour plots provide visual guides that can be used in the process of factor selections
for a certain range of targeted responses. It is seen that the SFE response peaks at the mid-range of all the
process factors combinations. The red ovals in 7 (a)-(c) all correspond to an SFE value of greater than 75 mN/m
while moving to both the high and low extremes, blue contours appear which indicate SFE values less than 55
mN/m. It is noted that the minimum coded value of Power factor in Figures Figure 6 and 7 is -1.0, instead of -
1.63, as the plasma treametn was not able to provide a consistent process at the lowest level of power and the

response was excluded (run No. 16 in Table 2).

[Figure 7 about here.]

The process optimization was performed through Response Surface Optimization (RSO) technique, which is
a setting of factorial input values, such that the response reaches a desired level. The software provides the
optimum condition based on the desirability function approach. The approach was developed by Harrington and

later modified by Derringer and Suich [62]. Here, surface modification aims to activate the functional groups and
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increase the surface energy. Therefore, the optimization objective was to maximize the value of SFE, which
ideally corresponds to a desirability value of 1.0. The factors and the solution desirability values are calculated
and tabulated in Table 5 for three solutions. The closer the predicted response is to the target requirements, the
closer the desirability will be to 1.0. Therefore, solution one provides about 90% desirability which is close to
1.0 and seems to provide a favorable result. The reason that the optimization solution cannot reach a desirability
value of exactly 1.0 is related to the “within sample” variation at the Central Point which sets 81.27 mN/m as the
maximum value. It is however noted that the mean response at the Central Point (run numbers 1, 3, 4, 7, 15 and
20 in Table 2) is 78.48 (with 3.32 of standard deviation), which is very close to the maximum prediction with the

highest desirability.

[Table 5 about here.]

To estimate the accuracy of the model prediction, the optimization solutions were tested by performing
plasma treatment on the substrate with predicted factors and measuring SFE. The experimental SFE values for
solutions 1, 2, and 3 were measured to be 77.42, 72.80, and 73.52, respectively. The maximum difference
between the optimization results and measured SFE values is only 3%, indicating a good agreement between the
prediction and the measurements. It is also worth noting that the maximum SFE can be reached in slightly over a

minute, indicating that the treatment process is relatively fast.

3. Comparison to untreated and sand-treated surfaces

Figure 8 presents the SFE for the GRFP composite samples sanded with different grit numbers. It was
observed that the SFE value of the untreated sample decreased once it was sanded using the smallest grit number
of 80, which provides the roughest surface. With an increase in the grit number from 80 to 800, the SFE
increased approximately linearly from about 20 to 44 mN/m. Further increase of the sanding fineness by using a
grit number of 1200 caused a reduction in the SFE again to about 20 mN/m, which is comparable to that of the

untreated sample. A similar trend of SFE with grit number was also reported by Yang et al. [63].

[Figure 8 about here.]

It is also interesting to note that the SFE’s polar component, y> was found to be significantly smaller than its

dispersive component, s, specifically, for the cases of 600 and 800 grit numbers that provided the largest SFE
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values. This may be attributed to the fact that the governing mechanism of sand treatment to improve the surface
energy is merely physical by manipulating the surface topology. Once the sanding process is at its optimum
condition, the SFE has merely a dispersive component. When sanding continued with a finer grit number (1200),
the SFE decreased, and the energy components were similar to those of the untreated sample. The finer the grit,
the less change on the surface topology. Since the 800 grit case provided the highest total SFE, this condition

was considered for the rest of the study.

Figure 9 (a) and (b) show the contact angle and SFE, respectively, of the untreated, sanded (800 grit), and
plasma-treated (optimized condition) samples. The water contact angle for untreated and sanded samples were
83.4, and 92.9, respectively, and then dropped to 35.8 after plasma treatment which is due to the raise in the
surface polarity. Comparing the untreated and sanded samples, the sanded samples exhibited more wettability
when exposed to ethylene glycol, but slightly higher contact angles when it was in contact with water and
glycerol. Overall, the plasma-treated samples showed the lowest contact angles with all three liquids. This is
attributed to the creation of active functional groups such as alkoxy, carbonyl, and carboxyl groups on the GFRP

surface, and dipole-dipole attraction which resulted in enhanced surface wettability.

[Figure 9 about here.]

The SFE is divided into polar and dispersive components. Dispersive forces are very weak forces between
all molecules, regardless of the structure or composition of the molecules, whereas the polar surface energy
results from the attraction of charges between molecules. As seen in Figure 9 b, overall, both sanding and plasma
surface treatment increased the SFE by about 39% and 157 %, respectively. The surface free energies of the
sanded and plasma-treated samples exhibited two significant differences. Firstly, the plasma-treated samples
displayed a total SFE that was 85% higher than that of the sanded samples. This finding aligns with the adhesion
theory which suggests that a stronger bonding force is generated by a higher surface free energy of the
specimens [63]. The second difference was the type of forces that generate surface energy. It is very interesting
to note that the surface energy of the plasma-treated sample was predominantly polar, forming about 99% of the
total SFE. However, the sanded samples exhibited primarily dispersive components. In sanding treatment, the
surface is modified by removing weak boundary layers and contaminants, and the surface characteristics

including morphology, composition, and roughness are changed. Furthermore, since sanding is only a
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mechanical process, no new active surface composition may be formed. Conversely, in plasma treatment, a
shallow plasma layer having reactive species is deposited onto the target surface. The plasma causes ablation,
which cleans the surface by eliminating the low molecular weight organic contaminants, and activates the
surface by replacing surface atoms with more reactive chemical groups [64]. According to the SFE results,
plasma treatment appears to be a more effective method for enhancing the substrate surface's wettability, making

it more beneficial for subsequent surface processing such as adhesive bonding and coating.

FTIR analysis was employed to identify the changes that occur in the GFRP’s molecular structure upon
surface treatment and observe the appearance of new functional groups or disappearances of existing ones.
FTIR-ATR spectra of neat, sanded, and plasma-treated samples are presented in Figure 10. The broad band at
3200-3500 cm!is attributed to the O-H stretch. The absorption peaks between 2800-3000 cm™! (-CH stretching)
correspond to -CH»- and -CH3 which are stable methyl groups in the backbone of the polymer. These groups
usually are not sensitive to curing and heat treatment [65]. The bands recorded at 1234 cm™ is attributed to C-O-
C, and 937, and 832 cm™! absorption bands confirm the presence of free oxirane ring from the epoxy units

[66,67].

[Figure 10 about here.]

It should be noted that the O-H peak was attenuated after sanding treatment. That can be due to the removal
of the epoxy from the outer layer and exposure of more glass fibers. On the other hand, the intensity of the O-H
band was increased by plasma treatment, which could be an indication of forming more O-H bands during
treatment with oxygen plasma [68,69]. Plasma treatment can also result in the formation of carbonyl groups on
the substrate surface [70]. This was observed by a significant increase in the intensity at 1745 cm!, which is a
characteristic of stretching vibrations of C=0 bonds. This is an indication of surface oxidation and

hydrophilization using oxygen plasma [69].

As it can be seen in Figure 10, plasma treatment also modified the aliphatic carbon-hydrogen (C-H) bonds in
the epoxy substrate. This results in changes in the intensity of peaks in the range of 2850-3000 cm!, which are
associated with stretching vibrations of C-H bonds. Further, after plasma treatment, the functional surface group

of O-C=0 is also formed. This functional group reacts with hydrogen in the adhesive during the joint fabrication
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process and forms the carboxyl chemical bonds. This bond significantly affects the stress transfer between the

substrate and adhesive layer and thus enhancing the interfacial adhesion [71].

Figure 11 shows the surface topography of untreated, sanded, and plasma-treated GFRP samples. Table 6

also lists the surface roughness values. The average values of the surface roughness (Table 6, S,) are

0.896+0.054, 0.424+0.067, and 0.892+0.015 um for untreated, sanded, and plasma-treated samples, respectively.

Sanding decreased the surface roughness significantly (~53%) by removing the taller peaks on the surface.
However, the surface topology (Figure 11) and roughness (Table 6) of the untreated and plasma-treated samples
were found to be very similar, indicating that the SFE could be significantly enhanced by an optimized plasma
treatment without significantly altering the surface topology. As the dispersive component is attributed to the
topological features, the observations of Figure 11 is also in line with the SFE polar and dispersive components
(Figure 9) where plasma treatment did not yield any significant dispersive component. It should be noted that
plasma-induced topological changes are minimal only if the treatment is optimized. It has been reported that if
plasma treatment continues for longer times, the physical attributes of the surface also start to change

significantly [72].

[Figure 11 about here.]

[Table 6 about here.]

Figure 12 illustrates the SEM micrographs of the GFRP surfaces. For the untreated sample, the results
showed an overall smooth surface with occasional pores and scratches due to manufacturing and handling
defects. In the sanded specimen (Figure 12b), the long lines are visible on the epoxy matrix, due to the rotary
sanding operation. Another general and dominant feature observed on the sanded surface was debris from the
resin residues together with some exposed and scratched glass fibers. Similar to the topology scans in Figure 11,
the SEM morphologies also revealed significant similarities between untreated and plasma-treated surfaces,

indicating a minimal physical change on the surface after plasma treatment.

[Figure 12 about here.]
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Figure 13 depicts the upper side adherend’s fracture surface of the aged ENF specimens with different
surface treatments. In all the case, a small continuous strip of the adhesive was observed on this adherend side,
indicating that the beginning of crack propagation occurred by shear cohesive failure from the crack tip, which
was fully embedded within the adhesive layer [73]. In the untreated and sanded specimens, the crack quickly
moved toward the interface between the GFRP and the adhesive layer promoting a mixed adhesive/cohesive
failure mode. This is evident from Figure 13 (a) and (b) where the substrate’s glass fiber imprints are visible next
to the patches of adhesive. For the plasma-treated specimens, however, it was found that all the surface area was
covered with a rough adhesive layer (Figure 13 (c)), which indicates that the failure mainly occurred cohesively

inside the adhesive layer.

[Figure 13 about here.]

Figure 14(a) shows the load-displacement curves of fresh and aged fracture specimens prepared with
untreated, sand-treated, and plasma-treated substrates. The overall shape of the curves was similar for all the
specimens, indicating that the crack stability and ductility characteristics of the failure was similar for all the
conditions. It should be noted that the peak loads and compliance cannot be directly compared amongst various
conditions in this figure, as the differences in the substrate width and thickness from one condition to another can
also cause a difference in the peak load and the compliance. The ASTM D7905 Non-Precracked (NPC)
Compliance Calibration method was conducted for each individual specimen by three times of loading at
different precrack length to obtain the experimental compliance coefficient (m) which was used together with the

peak load and specimen geometry to calculate the Gyc for each specimen.

Figure 14(b) shows the Gyc of untreated, sanded, and plasma-treated joints tested at fresh and aged states. In
both fresh and aged states, sanding did not appear to have any significant advantage over no treatment. The
plasma treatment caused some improvement on the fracture toughness of the fresh joints, but it was only
marginal. The impact of plasma treatment, however, became more evident once the joints were aged. After one
week of aging, the fracture toughness of both untreated and sanded specimens decreased. However, no
significant drop was observed for the plasma-treated specimens. This resulted in a G value of 7.8 kJ/m? for

plasma-treated specimens, which was at least 15% higher than the untreated and sanded cases. These results
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verify that the durability of interface bonding in plasma-treated GFRP is superior to that in the untreated and

sand-treated specimens.

[Figure 14 abouthere.]

Conclusions

The effects of cold plasma treatment factors on the surface characteristics of GFRP were investigated using a
central composite design (CCD). The DOE was designed with three main plasma factors, i.e., flow rate (ccm),
power (w), and time (s) in five levels each and the surface free energy (SFE) was measured as the dependent
response. The experiments revealed a highly nonlinear correlation between the SFE and the process factors. A
quadratic model was then built for the prediction of the SFE, and its validity was thoroughly discussed. The
model showed great predictability such that the predicted value of 78.63 mW/m at optimized conditions was
experimentally measured to be 77.42 mW/m with only a 1.5% difference. The results revealed that, compared to
no treatment and sanding, the optimized plasma treatment offers significantly higher SFE values that are
primarily composed of polar component. About 99% of the total SFE was polar in the plasma-treated sample,
while that was minor in other cases. Further, the fracture experiments of fresh and aged GFRP/adhesive joints
proved more stable interfaces in the plasma treated cases, due to the formation of covalent bonds between the
adhesive and the functional groups that formed during the plasma treatment. Consequently, the fracture
toughness of the plasma-treated specimens did not drop after seawater immersion, while that for the untreated
and sand-treated specimen showed about 15% drop. The results of this work reveal the great impact of plasma
treatment on the long-term durability of GFRP/adhesive joints, especially exposed to harsh environments such as

offshore wind turbines.
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Figure 4. (a) Normal probability plot where the SFE is the response, (b) The histogram and fitted normal distribution of the SFE, and (c) the
quantile-quantile (Q-Q) plot of the normal distribution.

Page2 6



Term 2.306

F*F

T*T
P*p

T*P
T*F
P*E T Time (s)

P Power (W)
P F Flow rate (ccm)

0o 1 2 3 4 5 6 7 8
Standardized Effect

Figure 5. Pareto chart of the main factors and their interactions. SFE is the response. F, T, and P denote the flow rate, time, and power, respectively.

(a) (b)

80 Time Power Flow rate Time * Power

SFE (mN/m)
~ ~
o (0,1

[e)}
(0]

60

Time
-1.63 0.00 163 -163 000 163 -163 0.00 163 -1.63 0.00 163
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Figure 10. ATR-FTIR spectra of GFRP, from top to bottom: untreated (Blue), sanded (Red), and plasma-treated (Green) GFRP samples.
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Figure 11. The surface topology of (a) untreated, (b) sanded, and (c) plasma-treated GFRP samples.

Figure 12. SEM micrographs of (a and d) untreated, (b and e) sanded, and (c and f) plasma-treated GFRP samples at different magnifications of
(50 and 1500).
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Figure 13. The fracture surface images taken from the upper side adherend of aged joints: (a) untreated, (b) sanded, and (c) plasma-treated GFRP
surface. The dashed arrows show the crack advance direction.
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Figure 14. (a) The representative load-displacement curves and (b) the average fracture toughness of fresh and aged joints with untreated, sand-
treated, and plasma-treated joints.
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Table 1: Plasma process factors and their actual and coded levels utilized in the Central Composite Design (CCD).

Levels -1.63 -1 0 1 1.63
Time (s) 10 37 55 82 100
Power (W) 25 78 112 166 200
Flow rate (ccm) 10 22 30 42 50

Table 2: The randomized design of experiment (DOE) matrix with actual and coded values of the process factors along with the measured
surface free energy (SFE) as the output response.

Input process factors Observed
response
Time, T (s) Power, P (W) Flow rate, F (ccm)  SFE (mN/m)
Coded Actual Coded Actual Coded Actual
No. Block

1 1 0 55 0 112 0 30 81.3
2 1 -1 37 -1 78 1 42 70.2
3 1 0 55 0 112 0 30 77.3
4 1 0 55 0 112 0 30 79.8
5 1 1 82 -1 78 1 42 72.1
6 1 1 82 1 166 1 42 77.3
7 1 0 55 0 112 0 30 80.8
8 1 -1 37 -1 78 -1 22 65.3
9 1 -1 37 1 166 1 42 66.4
10 1 1 82 1 166 -1 22 66.9
11 1 1 82 -1 78 -1 22 65.6
12 1 -1 37 1 166 -1 22 60.8
13 2 -1.63 10 0 112 0 30 64.2
14 2 0 55 0 112 -1.63 10 56.8
15 2 0 55 0 112 0 30 73.2
16 2 0 55 -1.63 25 0 30 *

17 2 1.63 100 0 112 0 30 66.9
18 2 0 55 0 112 1.63 50 71.5
19 2 0 55 1.63 200 0 30 67.6
20 2 0 55 0 112 0 30 76.9

* Successful trial was not possible in this condition, due to a very low power requirement under which the
plasma machine did not reliably operate.
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Table 3: The polar and dispersive surface energy components of the liquids used for contact angle measurements.

v (mN/m) vPP (mN/m) v (mN/m)
Water (W) 72.8 51.0 21.8
Ethylene glycol (EG) 48.0 19.0 29.0
Glycerol (G) 64.0 30.0 34.0

Table 4: Analysis of Variance (ANOVA) for SFE response with time, power, and flowrate as the process factors.

Source Degree of Sum of F-Value p-Value Variance
Freedom (DF) Squares (SS) Inflation Factor
(VIF)
Model 8 837.97 27.11 0.0000083
Linear 3 239.78 20.64 0.0001323
Time 1 41.38 10.71 0.0083918 1.00
Power 1 0.75 0.05 0.8239324 1.27
Flow rate 1 197.65 51.15 0.0000310 1.00
Square 3 506.48 43.69 0.0000047
Time*Time 1 164.08 47.63 0.0000419 1.05
Power*Power 1 105.65 17.54 0.0018645 1.27
Flow rate*Flow rate 1 236.75 61.27 0.0000142 1.05
2-Way Interaction 1 27.27 7.06 0.0240388
Time*Power 1 27.27 7.06 0.0240388 1.00
Error 10 38.64
Lack-of-Fit 6 22.01 0.88 0.5764518
Pure Error 4 16.63
Total 18 876.61
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Table 5: The first three optimized solutions with their SFE and desirability values.

Solution | Time

Power | Flowrate | SFE SFE Desirability
(s) W) (cc) Optimization | Experiment
(mN/m) (mN/m)
1 64 118 36 78.65 77.42 0.89
2 81 165 38 75.01 72.80 0.74
3 77 90 42 74.92 73.52 0.74

Table 6: Surface roughness values for untreated, sanded, and plasma-treated samples.

Sa S, Sq
Untreated 0.896+0.054 13.091+4.362 13.091+0.059
Sand-treated 0.424+0.067 8.110+1.213 0.553+0.806
Plasma-treated 0.892+0.015 12.208+1.741 11.131+0.015
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