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Abstract
This paper considers the effects that an atmospheric plasma treatment (APT) has on the surface properties of an amine cured carbon fibre/epoxy resin composite, and how those effects manifest over time. Investigations also considered the ability of the APT to remove a thin layer of silicone-containing Chemlease® 41 EZ release agent, a typical industry standard release agent used in the production of composite components. It was concluded that the reduction in water contact angle (WCA) for both the as-received and contaminated surfaces was as a result of an increase in oxygen containing species at the surface, as determined through X-ray photoelectron spectroscopy (XPS). It was found that the APT did not significantly affect the failure strength of lap shear specimens for as-received surfaces. An increase in failure strength was observed for contaminated samples. WCA and XPS results suggest that the contaminant layer was not removed, and instead transformed to a more stable form.
1.
Introduction
The production of a reliable, high-strength adhesive bond between composite adherends remains a matter of some concern in safety critical structures. Composite manufacturing techniques often employ a molding process to produce components with non-trivial geometries. However, this can result in the presence of silicone-containing release agents at the surface, which are known to be detrimental to adhesive bond strength if not effectively removed [1]. 
Recently, atmospheric plasma treatments (APTs) have been investigated for preparing the surface of thermoplastics prior to bonding [2,3]. Whilst investigations have also considered the effect on thermosetting polymers [4], and the ability to remove a release agent contaminant [5], the technique has yet to be explored extensively. 
As contamination events are inherently unlikely to be uniform, it is therefore important to consider the effects of APTs on both an as-received and contaminated surface. The current work is concerned with the effects of an APT on the bonded shear strength, water contact angle, and surface chemistry of an amine cured carbon fibre/epoxy resin composite surface, as well as the ability to remove a release agent from the surface; consideration is also given to how the effects of plasma treatment manifest over time after treatment.
2. Materials, Equipment, and Testing Methods
2.1.  Materials and Equipment
All composite specimens were produced from an amine cured Cytec MTM® 44-1 carbon fibre /epoxy resin composite with an untextured resin-rich finish. The laminates were constructed with a lay-up of [03, 90, 03]S, and cured under pressure at 180°C to produce panels with a nominal thickness of 3.5 mm. All as-received samples were subjected to thorough cleaning using multiple IPA solvent wipes.
Chemlease® 41 EZ release agent, supplied by Chem-Trend, was used to contaminate the solvent cleaned surfaces [6]. Chemlease® 41 EZ is a semi-permanent mould release agent, and contains silicon-based components easily identified through X-ray photoelectron spectroscopy. A solution of Chemlease® 41 EZ and reagent grade IPA was prepared to allow a 4 µg/cm2 solid content to be applied to the specimen, fully wetting the surface. Specimens were then dried in a vacuum oven for 1 hour at 60°C. Using XPS combined with a Beer-Lambert approach [7], the contaminant thicknesses were determined over a 50 point array for 8 samples, and were found to be in the range of 2-13 nm. 
A PlasmaTreat OpenAir single rotating flume jet, a blown arc type plasma treatment system,  was used to treat all samples required for this investigation. This system uses a dry and filtered compressed air feedgas, and the plasma treatment was carried out at the AMRC Sheffield. Specimens in plasma treated conditions were subjected to one pass of the APT. The plasma treatment parameters used in this investigation were set at a treatment frequency of 21 kHz, gas flow rate of 33.3 L/min, and 100% plasma cycle time (PCT), which is a measure of the plasma electrical power. Samples were mounted onto a stationary stage and the plasma head was rastered across the surface by a CNC robotic arm. The plasma head stand off distance was 10 mm, and a raster speed of 7.5 mm/s was used in all cases. Figure 1 shows (a) a photograph of the APT in operation (taken at a camera shutter speed of 1/80s), and (b) a schematic diagram of the plasma treatment procedure.
2.2.  Lap Shear Testing
Single lap shear joints were constructed out of the MTM 44-1 composite and joined with Cytec FM 300-2k epoxy film adhesive. All adhesive joints were cured in a hot press at 150°C for 1 hour. End tabs constructed out of the same MTM 44-1 panels were later bonded to the specimens to ensure specimens were appropriately clamped in the test fixtures (avoiding potential misalignment). Specimens were tested according to ASTM D 3165 [8]. All specimens were tested using an Instron 4507 testing machine at a crosshead displacement rate of 1 mm/min. The experimental testing considered (a) as-received control specimens, (b) contaminated control specimens, and (c) plasma treated specimens which were bonded after different periods of elapsed time (namely, 24 hours, 48 hours, and 2 weeks) Five replicate specimens were tested.
2.3  Water Contact Angle Testing
Water contact angle (WCA) measurements were made using a Kruss DSA20 drop shape analyser for the as-received and contaminated surfaces before treatment, and at 24 hours, 48 hours, 1 week, 2 weeks, and 4 weeks after being subjected to APT.  Water droplets of no more than 4 μL were deposited on the plasma treated region, and measurements were recorded after 10 s. A total of five droplets were measured for each sample, and an average value was obtained.
2.4 X-ray Photoelectron Spectroscopy

Surface chemical data was acquired by X-ray photoelectron spectroscopy (XPS) on a Thermo Scientific K-Alpha system, using a monochromatic AlKα X-ray source. Data was quantified using the Thermo Scientific Avantage v5.977 software. For all samples, a survey spectrum together with relevant high resolution core level spectra were recorded, in the form of a line scan. The line scan was orientated perpendicular to the APT raster path, so as to obtain measurements at 20 points across the width of the plasma treatment, and is shown schematically in Figure 1(b) by the line x-x. All spectra were corrected for a C1s peak binding energy of 285 eV. 
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Figure 1: (a) Photograph of the PlasmaTreat OpenAir single rotating flume jet in operation. (b) A schematic diagram of the plasma treatment procedure. Line x-x shows the orientation of the XPS linescan.
3.
Results and Discussion
3.1.  Lap Shear tests
Figure 2 shows the average failure strengths of the lap shear tests. The as-received control condition showed a failure strength of about 15 MPa. After being subjected to one pass of an APT, the as-received lap shear specimens showed a small reduction in average failure strength of about 13% over the elapsed time periods investigated, which varied between 24 hours and 2 weeks after treatment.
As expected, the contaminated condition showed a significant reduction in failure strength, of about 74% compared to the as-received control. However, the lap shear strength for the plasma-treated contaminated samples increased between 24 h and 2 weeks from about 4 MPa to about 11 MPa. This shows (a) that the plasma treatment was effective in reducing the effect of the contamination, and (b) that delaying bonding the specimens for up to 2 weeks after the plasma treatment had the effect of increasing the bond strength. Obviously, the APT used did not have the effect of completely restoring the bond strength, but up to 90% of the original (uncontaminated) as-received bond strength has been recovered.
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Figure 2: Average failure strengths for each of the experimental conditions. Error bars represent the standard deviation of values for each condition
3.2.  Water Contact Angle

Water contact angle measurements for the as-received surfaces and contaminated surfaces are shown in Figure 3. The as-received surface yielded a WCA of 67 ±1°, whilst the contaminated surface yielded a WCA of 98 ±1°. Following APT, both the as-received and contaminated surfaces showed a sharp drop in WCA as shown by first measurements 24 hours later, to values of 25.0° and 24.7°, respectively. The as-received surface appeared to exhibit a slight increase in WCA over time, increasing to 31° after 4 weeks. Similar behavior was seen for the contaminated surface after APT, with a slightly higher WCA of about 37° after 4 weeks. The modest increases in the WCA of both the as-received and contaminated surfaces may be due to a hydrophobic recovery mechanism, such as diffusion of low molecular weight silicone fluid from the bulk to the surface, or condensation of the surface hydroxyl groups, for example [9].
It is interesting to note that the increase in WCA for the contaminated surfaces (characteristic of a decrease in bondability) does not correlate in an obvious way with the lap shear data, as the bond strength was found to increase with time after treatment (Figure 2). A possible explanation (although perhaps, at first sight counter-intuitive) is that when the Chemlease® is subjected to APT, low molecular weight volatile oligomers diffuse over time into the adhesive and substrate, and form interpenetrating networks that strengthen the adhesive bond [10].
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Figure 3: A graph showing the water contact angle measurements for the APT treated as-received and APT treated contaminated surface. Values at 0 hours represent measurements made before APT.
3.3 X-ray Photoelectron Spectroscopy
3.3.1 As-received surfaces
XPS survey spectra for (a) an as-received surface and (b) a surface 24 hours after APT are shown in Figure 4. It can be seen (Figure 4a) that three distinct peaks characteristic of carbon, oxygen, and nitrogen are present, which is to be expected of an amine cured CFRP composite. After being subjected to one pass of an APT (Figure 4b), the surface concentration of oxygen increases, leading to a change in C/O ratio from 4.2 to 2.3. This correlates with the sharp decrease in WCA exhibited in the as-received surfaces, as the presence of oxygen containing functional groups at the surface would lead to an increase in surface free energy, and a subsequent reduction in WCA. It can be seen that the full width half maximum (FWHM) value for nitrogen has increased from 1.96 eV to 2.69 eV. Through the implementation of a peak fitting routine in the Avantage software, the N1s peak can be resolved into two peaks, characteristic of the organic nitrogen present at a binding energy of ca. 400 eV as a result of the amine curing agent, and a secondary peak at ca. 402 eV characteristic of N-O bonds that have arisen as a consequence of surface oxidation of the amine component of the MTM 44-1 as a result of exposure to APT. This is clearly seen in Figure 5.
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Figure 4: (a) XPS Survey spectrum for an as-received sample. (b) XPS Survey spectrum for an as-received sample, 24 hours after being subjected to APT.
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Figure 5: Peak fitted spectra showing the N1s peak in (a) the as-received condition, and (b) the plasma treated region, 24 hours after being subjected to an APT.
3.3.2 Contaminated surfaces
The XPS survey spectra for a contaminated sample, and a contaminated sample 24 hours after being subjected to an APT, can be seen in Figure 6. It can be seen that two peaks characteristic of the presence of the silicone-containing contaminant have arisen, one at about 102 eV (Si2p) and one at about 154 eV (Si2s). The N1s concentration has dropped when compared to the as-received specimens, and this is due to the contaminant overlayer attenuating the peak signal. It can be seen that the Si2p peak intensity does not appear to vary much between the two conditions, with an increase from 23.9 At. % to 25.0 At. %. However, it can be seen that the Si2p peak binding energy of the plasma treated sample has increased from ca. 102.8 eV to 103.7 eV. This is suggestive that the APT is causing the silicon in the contaminant to react with the oxygen species in the plasma to produce a masking SiO2 layer. Spectra of the Si2p peak in the 95 – 110 eV binding energy region for (a) before and (b) 24 hours after APT are shown in Figure 7. This indicates a significant change in the bonding of the silicon atoms in the two samples. The as-received contaminant (Si2p = 102.8 eV) is indicative of silicon present as an organic silicone, i.e. the release agent. On exposure to APT the peak position of the Si2p moves by some 1 eV, the peak position now being indicative of silica present in an inorganic form, i.e. silicon dioxide. The APT has transformed the silicone release agent into an extremely thin layer of SiO2. This layer remains remarkably constant during ageing tests with no significant change in either the binding energy of the Si2p (indicating no diffusion of release agent onto the treated surface from untreated regions) or surface concentration of silicon (indicating no attenuating layer of carbonaceous material has been adsorbed).
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Figure 6: (a) XPS Survey spectrum for a sample contaminated with a 6 nm layer of Chemlease-41 EZ. (b) XPS Survey spectra for the same contaminated sample, 24 hours after being subjected to an atmospheric plasma treatment.
4.
Concluding Remarks

The atmospheric plasma treatment (APT) of an as-received amine cured CFRP composite surface, and a surface that has been contaminated with a 2-13 nm layer of silicon containing release agent, has been investigated using mechanical testing and surface analysis techniques. The results indicate that as a result of the APT, the water contact angle (WCA) reduces, which is believed to be due to the increase in oxygen containing species at the surface as a result of APT. Modest increases in the WCA of the contaminated surfaces over time are suggested to be due to a hydrophobic recovery mechanism; however, these increases do not corrolate with the increase in the contaminated lap shear failure strengths over time (the bond strength would be expected to decrease as WCA increases). XPS has shown that silicon containing species react with oxygen species in the plasma and form a silica layer, as opposed to being fully removed from the surface of the composite.   

Further work is ongoing to investigate the post APT bonding mechanisms for the contaminated substrates, which include fractographic and XPS study of the lap shear fracture surfaces.
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Figure 7: XPS spectrum in the 95-110 eV region, showing the Si2p peak for contaminated specimens. (a) A typical Si2p peak prior to APT, observed at a binding energy of 102.8 eV. (b) A typical Si2p peak 24 hours after being subjected to APT, observed at a binding energy of 103.7 eV.
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