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[bookmark: OLE_LINK10][bookmark: OLE_LINK5][bookmark: _Hlk104840228][bookmark: OLE_LINK22]Abstract: In recent decades, thermoplastic matrix fibre composites have become attractive for many modern aerospace structural applications. However, their adhesive bonding remains challenging, so it is essential to study surface pre-treatments to improve their potential for adhesive bonding. In this study, an aerospace-grade carbon fibre reinforced poly ether ether ketone composite, which was adhesively bonded with a structural epoxy-film adhesive, has been investigated. The composite adherends were pre-treated using low-pressure oxygen plasma across a range of processing parameters. The treated surfaces were analysed using scanning electron microscopy, X-ray photoelectron spectroscopy and contact angle analysis to characterise the surface topography, chemistry, and wettability of the composite after the different levels of treatment. A plasma treatment power of 180 W for a duration of 5 mins was shown to provide the best results in surface characterisation and in single-lap-shear joint testing. Compared to the traditional thermosetting composites, a lower power or/and shorter duration of the plasma treatment was sufficient to achieve good adhesion for the thermoplastic composites. A nano-etching effect induced by relatively long treatment times was observed, which contributed to the formation of nano-grooves on the surface of the adherends without exposing fibres on the surfaces.
Highlights:
· [bookmark: OLE_LINK4][bookmark: OLE_LINK14][bookmark: OLE_LINK12]A plasma treatment improves the adhesive performance of the CF/PEEK composite.
· [bookmark: OLE_LINK6][bookmark: OLE_LINK13]Better adhesion is due to enhanced surface activation and nano-etching.
· The optimized parameter for better SLS strength is 180 W for 5 mins.
· A lower power or shorter duration of PL is sufficient to TPCs than TSCs.
Keywords: surface treatment by excited gases, thermoplastic composites, X-ray photoelectron spectroscopy, wettability, single-lap-shear
1. [bookmark: _Hlk79448831]Introduction
Modern aerospace sectors increasingly require the joining of lightweight, high-strength composites [1,2]. Adhesive bonding is a cost-effective joining technology, which also avoids the need to drill holes through the adherends or the need to employ very high temperature processes [3-6]. Prior to adhesive bonding, the pre-treatment of the surfaces of the adherends is an essential process to attain good bonding strength and durability performance [7-9]. It is necessary not only to remove surface contamination but also to optimise the surface in other important respects, e.g., by developing a surface morphology and surface chemistry amenable to adhesive bonding. Oxygen plasma treatment is an environmental-friendly surface treatment technique applicable to a diverse range of materials [10-13]. It is known that oxygen plasma treatment can sharply reduce the contact angle (CA) formed between a liquid droplet and the treated surface by removing surface contaminants or/and activating the surface chemistry [14,15]. In terms of pre-treating adherends prior to adhesive bonding, recent research has indicated that mild levels of plasma treatment can increase surface roughness whilst causing little damage to the surface of the composite [16,17]. Plasma treatment may improve the joint performance by strengthening the interaction between the adhesive and the adherend surfaces due to the improved wettability, enhanced physical and chemical bonding, and improved mechanical interlocking [17-19].
[bookmark: OLE_LINK11]In the last decade, the technologies related to thermoplastic composites (TPCs) have developed rapidly [20-23]. TPCs offer advantages in processability, toughness and high impact resistance [22-25] compared to thermosetting composites (TSCs), and as a result, they have captured the attention of researchers and engineers. For example, carbon fibre reinforced poly ether ether ketone (CF/PEEK) has been regarded as one of the next-generation materials in the aerospace industry [26-28]. Although the thermoplastic materials can be reprocessed, they usually need to be heated to a high temperature (e.g., over 350 °C to produce CF/PEEK) for several hours or/and in a high-pressure environment [29,30]. Also, many complex structures are difficult to realise by one-piece manufacturing, and hence the secondary bonding of these components is an important requirement [31]. Secondary bonding (as opposed to co-curing) is a flexible joining solution and may only require the application of a relatively low temperature for a short duration to cure the adhesive. 
Previous studies [14-16, 32-36] have frequently explored the effect of atmospheric or low-pressure (vacuum) plasma treatment on TSCs (e.g., carbon fibre reinforced epoxy resin) for adhesive bonding. However, CF/PEEK has different mechanical properties and chemical composition, which may respond to a plasma treatment in a different way [37]. Scarselli, et al [38] applied atmospheric plasma to pre-treat PEEK-based composites. It was found that the performances of the PEEK joints were considerably improved by the plasma treatments resulting in cohesive and delamination failures. Li, et al [39] found that atmospheric plasma treatments were efficient and safe for 3D-printed PEEK and CF/PEEK to achieve a higher joining strength. Hence, not only how plasma affects the surface properties of the TPCs but also the effect of different plasma process parameters needs to be carefully investigated. It is also of interest to explore whether the removal of the surface matrix resin (which may expose the fibres closest to the surface) is beneficial or deleterious, as well as how fibre exposure affects the subsequent failure mode of the resulting adhesive joints.
In the present work, an aerospace-grade TPC and an aerospace structural adhesive film were employed. Prior to adhesive bonding, oxygen plasma treatments using different treatment powers and different treatment durations were performed. How the plasma treatments affected the surface topography, chemistry and wettability of the TPC adherends were investigated. The effect of these treatments on the performance of the TPC-TPC lap shear joint was determined. These results were then critically compared to previously published results using TSCs to highlight the differences in surface pre-treatment and adhesive bonding between these two different types of polymer matrix composite.
1. Materials and Methods
2.1 Manufacturing of the TPC
Carbon-fibre prepregs were obtained via a commercial approach. They consisted of T700 grade carbon fibres (HexTow-AS7 aerospace, see Table S1 for datasheet) from Hexcel Corporation (Stamford, USA) and an aerospace-grade PEEK from Victrex plc (Lancashire, UK). The fibre surface density is about 135 g/m2, and the resin content is about 38 wt%. TPC laminates were manufactured using the prepreg sheets via compression moulding. To prepare TPC laminates of approximately 2 mm thickness, 15 prepreg layers were placed inside a mould, and the stacking sequence is [0°]15. The surface of the mould was coated with a Si-based mould releasing agent beforehand.
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Fig. 1 Processing techniques and parameters to prepare the TPCs and the adhesive joints. (a) Manufacturing TPCs: compression moulding; (b) Making SLS joints: curing of the adhesives film and the SLS joint geometry.
Fig. 1a shows the temperature and pressure at different stages of the compression moulding technique in this research. Firstly, the temperature was raised from room temperature to 300 °C over 80 minutes, and the pressure at this stage was 0.01 MPa. Secondly, the pressure was raised to 2 MPa, but the temperature was maintained at 300 °C for 30 minutes. Thirdly, the temperature was raised to 380 °C over 20 minutes, and the pressure at this stage was 3 MPa. Fourthly, the temperature was held at 380°C for 60 minutes, and the pressure at this stage was 4 MPa. Finally, the heating elements were switched off, but the pressure was maintained. The cured composite laminates were removed from the press after it had cooled down to below 60 °C. The fibre volume fraction of the resulting composite was nominally 56%.
2.2 Surface pre-treatments on the TPC
[bookmark: _Hlk159852282]The TPC laminates were firstly cut into sections with dimensions of 100 mm by 25 mm using a milling machine to form adherends for the SLS joint, as shown in Fig. 1b. All the as-prepared TPC adherends were firstly acetone cleaned (AC), i.e., washed and wiped using acetone. The adherends were then divided into eight groups, in which contained at least three samples. As shown in Table 1, oxygen plasma treatments (PL) of different power/duration were applied to the adherends according to their group number. The plasma-surface-technology device (PICO Q, Diener Electronic, Germany, see Fig. S1) employed a power of up to 200 W and an excitation frequency of 40 kHz, which was carried out in a vacuum chamber. The processing gas used was O2, and its flow rate was controlled by a float valve to be in the range of 1.5-2 mL/min. The O2 gas was admitted into the chamber when the pressure has fallen to 0.4 mbar, and the plasma treatment proceeded at approximately the same pressure.
Table 1. Surface pre-treatments for different TPC sample groups.
	No.
	Surface pre-treatment details

	1
	AC, no PL

	2
	AC; PL: 100 W power, 0.5 min

	3
	AC; PL: 100 W power, 2 min

	4
	AC; PL: 180 W power, 2 min

	5
	AC; PL: 180 W power, 5 min

	6
	AC; PL: 180 W power, 8 min

	[bookmark: _Hlk104644440]S1
	AC; PL: 100 W power, 1 min

	S2
	AC; PL: 180 W power, 1 min



2.3 Preparation of adhesive joints
SLS joints, as illustrated in Fig. 1b, were made within an hour after the plasma treatment of the adherends. In a SLS joint specimen, two TPC adherends (100 × 25 × 2 mm3) were pre-treated using the same parameters. The nominal overlap area of the joint was 312.5 mm2. The gripped area for each adherend bonding to an end tab was around 25 × 25 mm2.
The adherends were adhesively bonded using an epoxy film adhesive (AF163-2 OST Red, see Table S2 for datasheet) which was purchased from 3M Co., Ltd (Saint Paul, USA). Two layers (12.5 × 25 mm2) of the film adhesive were employed in the overlap area of each joint. When stacking the two layers of the one-side tacky (OST) formulation, a tacky side was placed in contact with a non-tacky (dry) side. The joints were placed into a specially designed jig to maintain their location during bonding, and pressure was applied to the overlap area of the joints using weights following the recommendations of the adhesive manufacturer. The nominal bond-line thickness of 0.4 mm was obtained by inserting a copper wire of this diameter into each bondline prior to assembling the joint. To cure the adhesive films, the jig was put into an oven. The temperature was raised to 121°C in around 75 minutes and was maintained at 121 °C for 60 minutes (Fig. 1b). Afterwards, the oven was switched off, and the jig was cooled down slowly in the oven for around 18 hours. On removal from the jig, any excess adhesive was removed from the sides of the joints by grinding, and the joints were then tested within one day.
[bookmark: _Hlk104640914]2.4 Mechanical tests
A universal testing machine (5982, Instron, USA) was used to conduct mechanical characterisation of the adherend material. The tensile, compressive, bending, and interlaminar shear strength/modulus values were measured according to the associated test standards. Details of these tests and the results are shown in Table S3 of the supplementary information. For the SLS strength testing, a universal testing machine (AG-XPWS, Shimadzu, Japan) was used. The tests were conducted according to the standard GB/T 33334. The tests were run in displacement control, and the applied displacement rate was 1.3 mm/min. All the mechanical tests were conducted at room temperature (23°C±2°C) and at ambient relative humidity (50%±5%).
2.5 Interfacial characterisations
Surface characterisation was conducted immediately after the different surface treatments (i.e., <30 minutes after treatment). A scanning electron microscope (SEM) (Mira, Tescan, Czech Republic) was used to observe the structures of multiple scales appeared after the plasma treatment. The accelerating voltage was 15 kV, and the working distance was 6.5 mm.
An X-ray photoelectron spectrometer (XPS) (Nexsa, ThermoFisher, USA) was used to detect the change in surface chemistry on the treated surfaces. The TPC laminates were cut into 5 mm × 5 mm sections using a milling machine before the surface pre-treatments. After being surface treated, the specimens were put into the vacuum chamber of the XPS machine. They were firstly held at the ‘park position’ for around 30 minutes and were then moved into the analyser chamber for 1 hour before testing.
A contact angle (CA) goniometer (100-00 230, Ramé-hart, USA) was used to measure the static water contact angles of a water droplet placed onto the treated surfaces. The volume of each water droplet used was controlled by the apparatus to be in the range of 3-4 μL. The CA was recorded 5~15 s after a water droplet was formed.
[bookmark: OLE_LINK18][bookmark: OLE_LINK3]After the SLS strength testing, the fracture surfaces of failed joints were observed and photographed using a digital camera (CMOS, Sony, Japan). The images of fracture surfaces were further analysed using computer software Image J. The area percentage of the different colours was automatically calculated to identify the proportion of the different failure types present.
1. Result and Discussion
[bookmark: _Hlk77100597]3.1 Effect of plasma on TPC surfaces
3.1.1 Effect on surface topography
[bookmark: _Hlk104646844][bookmark: _Hlk159855265][bookmark: _Hlk159855343][bookmark: _Hlk159855370]The surface topography of the TPC adherends after acetone cleaning or plasma treatment was assessed using a visual assessment and also using SEM. The results did not show remarkable change at the macroscopic scale (Fig. S2), but the surface micro/nano-structure of some plasma treated samples was changed (Fig. 2). As shown in Fig. 2a, the acetone-cleaned samples had a relatively flat surface. This is because the compression moulding created flat surfaces on the TPC adherends, and the acetone cleaning did not change the surface topography. The surface topography on the microscale also did not show any remarkable change when the plasma treatment applied was 100 W for 0.5 minutes (Fig. 2b). However, when the duration of the 100 W plasma treatment was increased to 2 minutes, roughness appeared (Fig. 2c), which was associated with a noticeable amount of resin removal.
[bookmark: _Hlk159855385][bookmark: _Hlk159855403]When the power was raised to 180 W, but the duration was unchanged (2 minutes), the rough structure was more distinct (Fig. 2d). When the duration of 180 W plasma treatment was increased to 5 minutes, not only was the microstructure notably changed but also a nanostructure appeared. As shown in Fig. 2e, some grooves at the nanoscale were observed. It is suggested that this is because the long-time high-power vacuum plasma creates a nano-etching effect. Such observations have also been reported in plasma research for other applications [12,40]. When the power of plasma treatment was 180 W, and the duration was increased to 8 minutes, fibre exposure was clearly observed (Fig. 2f), which was caused by the excessive removal of surface resin after this intense level of treatment.
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[bookmark: _Hlk159855478][bookmark: _Hlk159855449]Fig. 2 SEM images of TPC surfaces after different treatments. (a) relatively flat surface of No. 1; (b) no remarkable change in topography of No. 2; (c) roughness appearing of No. 3; (d) rough structure becoming obvious of No. 4; (e) remarkable rough micro/nano-structure of No. 5; (f) fibre exposure of No. 6.
3.1.2 Effect on surface chemistry
Carbon and oxygen are the main elements present on the surface of the TPC. As shown in Fig. 3/Table 2 (sample No. 1-6) and Fig. S3/Table S4 (sample No. S1, S2), plasma treatment can considerably increase the percentage of oxygen on the TPC surfaces, especially in the form of the carbon-oxygen double bond, C=O. In the first five samples, the O/C ratio showed a monotonic increase from 0.22 to 0.45. Meanwhile, the percentage of C-C decreased from 88.9% to 67.4%, while the percentage of O-C=O increased from 2.6% to 9.9%. The maximum value of the O/C ratio and O-C=O percentage, together with the minimum value of C-C percentage, occurred when the plasma treatment was 180 W,  with a duration of 5 minutes (sample No. 5).  As for sample No. 6, where the duration of the 180 W plasma treatment was raised to 8 minutes, the O/C ratio and the O-C=O percentage showed a small decrease. The C-C percentage increased to 74.3%, and the C-O-C decreased remarkably from 22.7% (of sample No. 5) to 16.6%. The different trends of sample No. 6 can be explained by the fibre exposure, as shown in Fig. 2f. 
[image: ]
[bookmark: _Hlk159858285]Fig. 3 XPS spectra of TPC samples after different treatments. (a) No. 1; (b) No. 2; (c) No. 3; (d) No. 4; (e) No. 5; (f) No. 6.

[bookmark: OLE_LINK17]The plasma treatment was also effective in removing surface contamination that may affect the subsequent adhesive bonding. For example, chlorine (Cl) and silicon (Si) were the main impurities on the TPC surface. The Cl contaminations can originate from the storage/transport of the prepregs or from the mould release agent used in TPC manufacturing. As shown in Table 2, the Cl was not removed by acetone cleaning, for it might penetrate to a certain depth in the composite during the molding process. However, in all plasma treated samples (No. 2-6), Cl could not be detected. Si contaminations remained in samples No. 1 and No. 2, which will have originated from the Si-based mould releasing agent used [16]. From sample No. 3 (PL for 100 W, 2 min) to No. 5, Si could not be detected. It proved that the plasma treatment could effectively remove substances at a certain depth on the surface of the composite. In sample No. 6, Si was detected again. Since the fibre exposure was observed in this sample, it is suggested that the Si here might be a minor composition of carbon fibre.
[bookmark: _Hlk159858270]Table 2. Chemical composition of TPCs after different treatments. (analysed via XPS)
	[bookmark: _Hlk159857189]No.
	O/C ratio
	C-C1
	C-O-C1
	O-C=O1
	Cl
	Si

	1
	0.22
	88.9%
	8.5%
	2.6%
	Trace2
	Trace

	2
	0.30
	76.9%
	16.7%
	6.4%
	<LOD2
	Trace

	3
	0.39
	75.8%
	15.7%
	8.5%
	<LOD
	<LOD

	4
	0.45
	69.7%
	20.8%
	9.5%
	<LOD
	<LOD

	5
	0.45
	67.4%
	22.7%
	9.9%
	<LOD
	<LOD

	6
	0.43
	74.3%
	16.6%
	9.1%
	<LOD
	Trace


1 The total of C-C, C-O-C and O-C=O percentage was set to be 100%.
2 LOD was around 0.5-1% (atmoic); Trace means the percentage was slightly higher than LOD.
3.1.3 Effect on wettability
The plasma treatment was also effective in improving the wettability (i.e., reducing the CA) of water droplets on the TPC samples (Fig. 4, Fig. S3), which is a requirement for successful adhesive bonding. The improvement in wettability results from the removal of the hydrophobic mould releasing agent together with the increase in hydrophilic oxygen-containing functional groups (as mentioned in subsection 3.1.2). 
As shown in Fig. 4a, the CA of acetone-cleaned samples was nearly hydrophobic (87.4±1.9 °). After 100 W, 0.5 minutes of plasma treatment was carried out on the surface, and the CA dropped sharply to 43.1±2.5 ° (Fig. 4b). Increasing the power or duration of plasma treatment could further reduce the CA (Fig. 4c-e). However, the effect on CA reduction became much more gradual with increasing levels of treatment. For example, increasing the duration of 180 W plasma treatment from 5 to 8 minutes, the CA only marginally decreased from 15.5±1.8 ° (Fig. 4e) to 13.0±1.6 ° (Fig. 4f).
[image: ]
Fig. 4 CA-testing images of TPC samples after different treatments. (a) No. 1: 87.4±1.9°; (b) No. 2: 43.1±2.5°; (c) No. 3: 25.2±1.8°; (d) No. 4: 19.2±0.4°; (e) No. 5: 15.5±1.8°; (f) No. 6: 13.0±1.6°. (Each image shows the result of one of the repeats for  that sample, while the data in the main text is the mean value and deviation)

3.1.4 Effect of different parameters
By summarising the results in subsection 3.1.1~3.1.3, Fig. 5 illustrates how increasing the power or duration of plasma treatment affects the TPC surface. Firstly, a 100 W or 180 W plasma treatment for up to 2 minutes can be considered a mild treatment. During this level of treatment, the main modification to the TPC surfaces was the removal of contamination, together with a sharp decrease in CA. When the duration of the 180 W plasma treatment was increased (> 2 min), the CA only showed a small further decrease. However, the microscale roughness became noticeable on the surfaces as the plasma treatment had partially removed the surface resin. When the duration was further increased to 8 minutes, fibre exposure occurred due to the excessive removal of the surface resin. The above changes can be attributed to the cleaning and/or surface ablation, which is a mainly physical change to the surface (Fig. S4a).
Chemical reactions (Fig. S4b) also took place during plasma treatment, but these usually require a higher energy to initiate than the physical interactions. The effect of chemical reactions would become remarkable when a relatively strong plasma treatment (e.g., 180 W, 5 min) was applied. For example, surface activation took place throughout the plasma treatment. The O/C ratio and the percentage of carbon-oxygen double bond peaked at 180 W, after 5 minutes of plasma treatment. Also importantly, the nano-etching effect of the plasma treatment became noticeable in the same sample, where nanoscale grooves were created.
[image: ]
Fig. 5 Effect of increasing the power or duration of the plasma treatment.
It is noteworthy that the matrix resin of the TPCs used in this research is the thermoplastic PEEK. In many previous studies, the matrix of their composites was a thermosetting epoxy resin, reacting to plasma somewhat differently (e.g., being removed by the plasma faster than PEEK). When the treatment duration was increased in those studies, the nano-etching effect did not become readily evident as fibre exposure or even fibre breakage (or other types of damage of composite) occurred first. This difference can be explained by: 
i) the TPC used in this research is in aerospace grade with a high strength and high-quality fibre-matrix bonding, and/or ii)  PEEK has a significantly higher toughness and impact resistance than epoxy resins (i.e., the effect of resin-removal is slower for PEEK matrix composites), and/or iii) the plasma treatment in the present work was conducted in a vacuum environment but in some of the previous studies atmospheric pressure plasma treatment was used (i.e., plasma nano-etching effect is more frequently observed in a vacuum environment). The comparison between these composites in terms of the effect of plasma treatment will be discussed in subsection 3.3.
3.2 Mechanical performance of joints
[bookmark: OLE_LINK25]The mechanical performance of homogenous joining (TPC-TPC) was studied to show the effectiveness of the different plasma treatments. Two TPC adherends were bonded together after the same surface treatments. The sample number for a TPC-TPC joint corresponds to the sample number for the surface pre-treatment on the TPC adherend (Table 1). Fig. 6 shows typical SLS stress-displacement curves for one of the samples in each group. The curves of joint samples No. 1-5 had a similar slope before the failure of joints. Joint No. 6 showed a somewhat different slope, especially when approaching failure, which may be related to the fibre exposure caused by excessive plasma treatment.
[image: ]
Fig. 6 Typical stress-displacement curve of the SLS testing.
The SLS strength and failure mode (Fig. 7) of the joints were recorded in Table 3. The SLS strength of the acetone-cleaned sample (No. 1) was 19.6±1.9 MPa, and the failure surface was almost fully interfacial. For the joint samples No. 2~4, the SLS strength increased from 28.5±2.0 MPa to 35.0±0.4 MPa. Both interfacial failure and cohesive failure were observed on these failure surfaces. The proportion of interfacial failure decreased considerably when the duration of plasma treatment was increased. The maximum SLS strength (37.1±0.7 MPa) occurred in joint sample No. 5, where the failure mode could be described as almost-fully cohesive.
[image: ]
[bookmark: OLE_LINK7]Fig. 7 Photographs of the failed interface of the SLS joints where different surface pre-treatments were employed.
Table 3. SLS data and the corresponding failure mode of the SLS joints.
	No.
	Xmax 
(mm)
	SLS strength 
(MPa)
	Failure mode
	Area percentage of
interfacial failure

	1
	1.32±0.08
	19.6±1.9
	Interfacial
	>96%

	2
	1.75±0.03
	28.5±2.0
	Interfacial (major) + Cohesive
	86%

	3
	2.01±0.02
	34.2±0.2
	Interfacial + Cohesive
	78%

	4
	2.07±0.05
	35.0±0.4
	Cohesive (major) + Interfacial
	46%

	5
	2.17±0.02
	37.1±0.7
	Cohesive
	<4%

	6
	2.25±0.05
	34.9±0.3
	(1) Cohesive (major) + Interfacial
(2) delamination
	18%
Not applicable



The best joint performance was obtained when a plasma treatment of 180 W for 5 minutes was applied. This was due to this treatment level giving the best surface conditions as discussed in subsection 3.1, i.e., the adherends possessed not only microscale roughness but also a nanostructure, the highest value of O/C ratio and O-C=O percentage, and a low CA. For example, the activated surface chemistry leads to improved physical and chemical bonding. Additionally, the micro/nano-structure can increase the surface area across which all interactions occur. The nano-grooves caused by the nano-etching effect of the plasma treatment may play a significant role in enhancing mechanical interlocking in the SLS joint specimens due to the shear loading.
In terms of the joint sample No. 6 (treatment: 180 W for 8 minutes), the SLS strength reduced to 34.9±0.3 MPa. Two different failure modes were usually observed from different specimens used in the repeated testing of this sample, as shown in specimens 6(1) and 6(2) in Fig. 7. In specimen 6(1), most of the failed surface area was a cohesive failure, but some interfacial failure area can be observed. The presence of interfacial failure in this specimen may derive from the fibre exposure area of TPC adherend caused by the 180 W, 8 minutes plasma treatment. The exposed carbon fibres result in poor local adhesion. In the specimen 6(2), adherend damage (interlaminar failure) was the main failure mode. The fibre exposure after the treatment, namely the excessive removal of the matrix resin, developed into delamination during the mechanical testing. Hence, pre-treating the TPCs until fibre exposure or even breakage should be regarded as overtreating, which has negative effects on adhesive bonding. Overtreating is also inefficient as it takes longer and is more expensive. Hence, it is important to find the optimum, minimum treatment conditions for successful adhesive bonding.
3.3 Comparison between thermosetting and thermoplastic plasma treatments
[bookmark: OLE_LINK8]More energy is required to pre-treat the thermoplastic composite employed in the present work than many traditional TSCs (Fig. 8a, 8b), mainly because of their difference in toughness/impact resistance. As shown in Fig. 8a, before a 3 kJ plasma treatment (power (W) multiplied by time (s), the TSCs in previous studies [14,15] have a noticeably lower CA than the TPCs in this study. After 7~10 kJ plasma treatment, when the energy is increased, the CA of the TPC slowly decreases (to 15~20 °). However, the CA of TSCs does not exhibit any remarkable reductions (but remains at around 30°) or even shows an increasing trend. The lower bound to the CA was caused by the exposure of the less hydrophilic carbon fibre or/and change in micro/nano-structure. The above comparison implies that for the TPC, a relatively high-energy plasma treatment can be carried out to activate the surface chemistry with little concern about damage to itself or an increase in CA.
Fig. 8b further shows the difference in the sensitivity to processing parameters of plasma treatment between thermosets and thermoplastics. The TPC in this study requires a higher-energy plasma treatment (54 kJ) to achieve the maximum SLS strength than the TSC [36]. However, 12~86 kJ plasma treatment can contribute to over 92% of the maximum value. Fibre exposure took place in the 86 kJ treatment, but the efficiency in SLS strength still reached 94%. The range of processing parameters required to guarantee high performance is wide, which should be beneficial in practical industrial production.
[image: ]
[bookmark: OLE_LINK16][bookmark: OLE_LINK1]Fig. 8. The TPC in this study in comparison to TSCs in the literature. (a) Difference in the effect of plasma treatment on CA; (b) Difference in amount of plasma treatment required to obtain the maximum SLS strength.
1. Conclusions
In this study, low-pressure oxygen plasma treatments of power 100 W or 180 W for durations of 0.5, 1, 2, 5, or 8 minutes were applied to an aerospace CF/PEEK composite prior to adhesive bonding. The highest SLS joint strength (i.e., 37.1 MPa) was achieved after a plasma treatment of 180 W for 5 minutes. This high performance was attributed to the micro/nano-structures that formed, enhancing mechanical interlocking and the increase in ratios of O/C and O-C=O, which improved chemical bonding and resulted in a low contact angle such that an adhesive could readily wet the composite surface. As the thermoplastic PEEK matrix is tougher and more impact resistant than epoxy matrices, it will be removed more slowly from the composite surface by the plasma treatment. Therefore, PEEK may be treated to a higher level, offering the potential for enhanced surface activation and nano-etching without the negative effects of fibre exposure becoming evident.
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