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Full Length Article 

Enhancing the bond strength between glass fibre reinforced polyamide 6 
and aluminium through μPlasma surface modification 

Chang Che *, Xueqi Zhu , Behnam Dashtbozorg , Xiaoying Li , Hanshan Dong , Mike J. Jenkins 
School of Metallurgy & Materials, University of Birmingham, Birmingham B15 2SE, UK   
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A B S T R A C T   

Thermoplastic polymers generally exhibit relatively low surface energies and this often results in limited 
adhesion when bonded to other materials. Plasma surface modification offers the potential to functionalise the 
polymer surfaces, and thereby enhance the bond strength between dissimilar materials. In this study, glass fibre 
reinforced polyamide 6 (GFPA6) was modified using a novel μPlasma surface treatment technique and the 
effectiveness of the adhesive bond with aluminium was evaluated. The treated GFPA6 surfaces were charac-
terised using atomic force microscopy (AFM), Raman spectroscopy, contact angle measurements, surface free 
energy calculations and wetting envelope analysis. The results show that there was a near exponential growth in 
root mean square roughness with increasing treatment scans. A significant increase in carbonyl and amide 
functionality on the polymer surface was observed using Raman spectroscopy. The total surface energy was 
found to increase from 42.2 mN/m to 67.6 mN/m following a single treatment scan. Significant increases in the 
tensile shear strength were observed up to 10 treatment scans, going from 1 kN to 2.3 kN, but no further increase 
was observed with additional treatment scans. These observations, coupled with the atmospheric nature of the 
technique, points to great potential as a rapid, on-line, and effective, polymer surface treatment technique.   

1. Introduction 

Reduction in CO2 emissions from motor vehicles is being achieved 
through a variety of means, one of which is vehicle lightweighting to 
improve fuel efficiency. A common approach taken to reach this goal is 
to replace structural metallic components, such as the floor, bonnet, roof 
and door panel of the vehicle, with parts [1] made from light glass fibre 
reinforced polymer matrix composites [2]. The polymer matrix can be a 
thermoset (e.g. an epoxy system) or thermoplastic (e.g. polyamide) [3]. 
While both these matrices offer a route to a reduction in weight, ther-
moplastic matrices offer significant advantages over thermosets in that 
they can be recycled and the part production time is significantly 
reduced [4,5]. In the context of the automotive (and aerospace) in-
dustry, an important thermoplastic composite is glass fibre reinforced 
polyamide 6 (GFRPA6), which exhibits good thermal stability and high 
tensile strength [6,7]. 

Often there is a need for thermoplastic composites to be joined with 
metals [8]. These hybrid structures facilitate the design of parts that not 
only exhibit increased strength, stiffness, and resistance to crack- 

induced physical damage, but also yield weight reduction [9]. 
Numerous approaches have been developed for the joining of polymers 
and metals, with mechanical fastening being the most traditional 
method [10]. However, problems can arise because of the use of me-
chanical fastening methods, for example, the drilling process concen-
trates stresses at the location of rivets or screws, which are then prone to 
cracking when high loads are applied [11]. In addition, the presence of 
bolts can increase the weight of the structure and compromise weather- 
sealing. 

Adhesive bonding provides an alternative approach to the joining of 
materials and offers the potential for achieving better seals and defect- 
free connection between dissimilar materials. In addition, it eliminates 
the needs for mechanical components such as rivets and screws, thereby 
reducing both the stress concentrations in the joints and the weight in 
the hybrid structures [9]. To achieve a good structural bond, epoxy- 
based adhesives are often employed, but prior treatment such as sur-
face modification of the thermoplastic surface are normally required to 
improve their surface adhesive properties before the adhesive bonding 
of the materials. This is necessary because thermoplastic surfaces 
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typically have low surface free energies, which makes them difficult to 
wet, and therefore, they demonstrate poor adhesive properties [12]. A 
range of studies have confirmed that plasma treatments can improve the 
wettability, and therefore, adhesive properties of polymer surfaces 
[13–16]. In addition, it has been reported that plasma treated surfaces 
can improve the bonding strength between polymers and metals 
[17,18]. Unlike conventional plasma treatment systems, which require 
vacuum systems to operate, new μPlasma treatments can be performed 
under atmospheric pressure. As a result, the need for vacuum systems is 
eliminated, leading to increased treatment scalability, reduced treat-
ment durations, and lower costs. μPlasma surface modification also al-
lows for the local treatment of polymers and the design of surface 
patterns [19], which increases energy efficiency, as only the desired 
regions are treated. However, it has been reported previously that as is 
the case for other plasma treatments, the effects of μPlasma treatment 
are non-permanent. A post-treatment ageing process occurs that results 
in a significant decrease of surface wettability of the treated surface 
within the first 80 min after μPlasma treatment [20]. 

To the best of the authors knowledge, to date no previous studies 
have reported on the effect of plasma surface treatment on the adhesive 
bonding between glass fibre reinforced polyamide 6 (GFPA6) and 
aluminium. Therefore, the aim of this study is to characterise the effect 
of μPlasma surface modification of GFPA6 on the bond strength of 
epoxy-adhered GFPA6-aluminium joints. A tensile lap-shear test was 
selected for the mechanical characterisation and the influence of treat-
ment repetitions (1, 10 and 20 μPlasma treatment scans) on the bond 
strength was assessed. A range of microscopy-based techniques were 
deployed in order to characterise the polymer surfaces and the changes 
in surface wettability of GFPA6 were determined via contact angle 
measurements, surface free energy calculations and wetting envelope 
analysis. Moreover, the study seeks to explore the significance of the 
post-treatment ageing process that has been reported previously [20] 
and understand its implications for the joining procedure. 

2. Materials and methods 

2.1. Materials 

The glass fibre reinforced polyamide-6 (GFRPA6) used in this study 
was a Celstran@CFR-TP PA6 GF60-03 tape (GFPA6, Celanese Corpora-
tion, Dallas, TX, USA). The GFPA6 is composed of 60 wt% uniaxial long 
glass fibre reinforced and 40 wt% polyamide 6 and has a tensile strength 
of 240 MPa. A AA6082-T6 aluminium alloy (London, Smiths Metal 
Centres Ltd, UK), with a yield tensile strength of 270 MPa, was used as 
the other dissimilar material for joining. The alloying composition of the 
AA6082-T6 was 0.7–1.3 wt% Si, 0.6–1.2 wt% Mg, 0.4–1.0 wt% Mn, 

0–0.5 wt% Fe, 0–0.25 wt% Cr, 0–0.2 wt% Zn, 0–0.1 wt% Ti, 0–0.1 wt% 
Cu. The two materials were joined together using MG Chemical 9200 FR 
Liquid Epoxy Adhesive (Corby, RS Components Ltd, UK). This adhesive 
system is reported to exhibit a tensile shear strength of 10 N/mm2 (with 
aluminium). The protocol associated with the joining method is 
described in detail in §2.5. 

2.2. μPlasma treatment 

The GFPA6 surfaces were cleaned using ethanol and dried in air. 
After cleaning. μPlasma modification was performed using a Roth & Rau 
Pixdro LP50 plasma inkjet printer (InnoPhysics, Eindhoven, The 
Netherlands). The print-head (InnoPhysics POD24) within the device 
was connected to an alternative current power supply with 24 needles, 
as shown in Fig. 1. Previously published treatment settings for the sur-
face modification of GFPA6 surface were used within this study [20]. For 
convenience, the optimal parameters were found to be as follows; an 
accelerating voltage of 7 kV, a printing rate of 20 mm/s, and a working 
distance from the sample surface to the tips of the printing needles of 
100 μm. 

2.3. Atomic force microscopy (AFM) 

Atomic force microscope (AFM; Dimension 3100, Bruker, Billerica, 
USA) was used for surface morphology examination of the materials. 
The AFM was operated with a silicon nitride cantilevers (PPP-NCHR, tip 
radius < 10 nm, length 125 um, resonant frequency 330 kHz, Nano-
sensor, Apex Probes Ltd, UK) under a tapping mode. The cantilevers 
were cleaned using an ethanol rinse and exposure to UV-zone for 10 
mins before each scan. The scans were acquired on three different lo-
cations on each sample surface with a scan area of 17 μm x 17 μm. 3D 
height profiles and root mean square (RMS) roughness measurements 
were obtained using the (Gwyddion, SourceForge, San Diego). 

2.4. Contact angle measurements 

The contact angles of GFPA6 surfaces were measured using the 
sessile drop method. An experimental apparatus conforming to the ISO 
19403–2:2020 standard [21] was utilised, where a camera connected to 
a monitor, a height (z-axis) adjustable sample stage, and an adjustable 
light source were aligned in a straight line to ensure measured contact 
angles were always obtained at the same angle. The measurements were 
performed under the ambient conditions using deionised water as the 
test liquid. Water droplets with a volume of 6 μL were carefully depos-
ited onto the sample surfaces using a calibrated pipette. Ten repeat 
measurements were carried out on each sample, with both left and right 

Fig. 1. An illustration of the μPlasma printing head with 24 needle electrodes.  
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contact angles being used to ensure an accurate average contact angle 
measurement. The contact angle images were analysed using the Ossila 
contact angle measurement software (Ossila Ltd, Sheffield, UK). 

2.5. Joining method 

The GFPA6 and AA6082 samples were cut into 100 × 25 mm pieces. 
Prior to joining, the AA6082 plates were roughened using #120 grit SiC 
paper. To ensure uniform roughness on all samples, surfaces were 
ground horizontally and vertically, 15 times each. The ground AA6082 
materials were then ultrasonically cleaned in acetone for 5 min to 
remove loose debris. The GFPA6 material surfaces were treated using 
μPlasma before the joining. In this study, the two materials (GFPA6 and 
AA6082) were joined together using an epoxy adhesive that was made of 
two components (resin and hardener). The two parts were well mixed in 
a 1:1 ratio, with a mass of 0.1 ± 0.001 g for each part. 

The joining procedure is illustrated in Fig. 2. The mixed adhesive was 
evenly applied on the GFPA6 material surface immediately after 
μPlasma treatment, before joining with the AA6082, with joining area 
(plasma treated) of 12.5 mm × 25 mm. The joined materials were then 
cured in air at room temperature for 24 h before tensile testing was 
carried out. Expediting the joining process was deemed to be of signif-
icant importance because it has been previously reported that the effects 
of plasma surface treatment are not permanent in that a post-treatment 
ageing process takes place in the hours that follow the treatment [20]. 

2.6. Tensile lap-shear test 

Uni-axial tensile lap-shear tests were conducted using an Instron 
3367 tensile testing system (Instron, Massachusetts, US) with a load cell 
of 30 kN. The testing specimen are shown in Fig. 2 (a), which follows the 
EN ISO 4587 tensile lap-shear test standard. A tab was applied on each 
side to ensure parallel tensile testing was performed. The tests were 
carried out using a crosshead speed of 0.2 mm/min and tests were 
repeated 6 times for each variable (untreated and μPlasma treated one, 
10 and 20 treatment scans). 

2.7. Image segmentation 

The coverage of the adhesive on broken GFPA6 surfaces after failure 
was analysed using the TWS (trainable Weka segmentation) plugin for 
Image J (Version 1.54c, Bethesda, Maryland, USA). Prior to the image 
segmentation, the adhesive area and polymer surface area were distin-
guished as two different classes by training classifier. This was done by 
drawing freehand lines on the adhesive area and set as class 1, while the 
polymer surface area was as class 2. The percentage of total area was 
then calculated using Image J. 

2.8. Scanning electron microscopy (SEM) 

A TM3030 SEM (Hitachi High-Technologies Corporation, Tokyo, 
Japan) was used to observe surface morphology of samples after tensile 
testing. Prior to SEM imaging, the sample surfaces were gold sputter 
coated using an EMITECH K550 Sputter Coater (EMITECH, Kent, UK) at 
25 mA for three minutes. 

2.9. Raman spectroscopy 

Raman spectra were obtained using a Raman Microscope (InVia 
Raman Microscope, Renishaw plc., Wotton-under-edge, UK) with a laser 
wavelength of λ = 488 nm and an excitation power of ~2 mW. A 
confocal microscope with × 50 objective was used to focus the laser 
beam onto the samples with a spot-diameter of about 865 nm. A Raman 
data set consisting of 289 spectrums were collected using Raman map-
ping (each spot with a size of 150 × 150 μm) in a grid pattern over an 
area of 2550 × 2550 μm on the sample surface. The spectra were then 
deconvoluted and analysed using Casa XPS, where the average of the 
289 spectra was summarised. 

3. Results 

3.1. Effect of μPlasma modification on the surface morphology of GFPA6 

The 3D surface morphology of untreated and μPlasma treated GFPA6 

Fig. 2. A schematic illustration of (a) the joining method and sample size, and (b)the specimen for tensile lap-shear test after joining.  
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was examined using AFM. As shown in Fig. 3, the surface morphology of 
the untreated GFRP6 appeared relatively smooth, and with a single 
μPlasma treatment, the resulting surface was not discernibly different. 

However, the surface roughness of GFPA6 increased significantly after 
10 and 20 μPlasma treatment scans. It is notable that the material sur-
face after 20 μPlasma treatment scans exhibited an uneven surface with 
distinctly raised fibres and pronounced grooves. 

To quantify the observations in relation to surface roughness, the 
root mean square (RMS) roughness (Sq) was calculated, and the varia-
tions are illustrated in Fig. 4. Although no obvious roughness change can 
be observed in Fig. 3b, the value of Sq was revealed to increase with the 
increasing number of μPlasma treatment scans. The value of Sq initially 
increased from 65.0 nm to 72.8 nm following one μPlasma treatment 
scan, indicating a modest increase in surface roughness. More substan-
tial increases were observed for 10 μPlasma treatment scans, with the 
value of Sq increased to 140.9 nm. The most significant increase in RMS 
roughness of the GFPA6 surfaces was observed for 20 μPlasma treatment 
scans with the value of Sq increased to 369.7 nm, which corresponds to 
an approximately 5 times greater roughness as the untreated surface. In 
summary, this demonstrated that the surface roughness of GFPA6 can be 
significantly increased following μPlasma modification, with the 
magnitude of the effect correlating with the number of μPlasma treat-
ments. Significant increase of Sq was observed following 20 μPlasma 
treatment scans. 

3.2. Surface wettability 

Substantial enhancement in surface wettability was found following 

Fig. 3. 3D AFM images of surface morphology of (a) untreated, and μPlasma treated different times: (b) 1, (c) 10 and (d) 20.  

Fig. 4. Root mean square (RMS) roughness of untreated GFPA6, μPlasma 
treated once, 10 and 20 times. 
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one μPlasma treatment, as evidenced by a 61.5 % reduction in contact 
angle (decreasing from 78.8◦ to 30.3◦), as shown in Fig. 5. Following 10 
and 20 μPlasma treatment scans, the contact angles decreased by 64.6 % 
(to 27.9◦) and 71.1 % (to 22.8◦), respectively, in comparison with the 
untreated surface. The results demonstrated that, beyond a single 
treatment scan, further μPlasma treatment scans did not significantly 
improve the surface wettability (despite an increase in roughness). To 
gain a better understanding of the surface wettability, the surface free 
energy was calculated using the contact angle results from tests with 
deionised water and diiodomethane. As shown in Fig. 6, the total surface 
free energy increased from 42.2 mN/m to 67.6 mN/m following a single 
μPlasma treatment, with increased contribution from polar surface en-
ergy components and decrease from dispersive components. The total 
surface free energy increased to 69.6 mN/m for 10 treatment scans, 
which suggests that the surface free energy change was limited beyond a 
single treatment scan. 

Similar trends were observed for the wetting envelopes of the 
different samples (as shown in Fig. 7). The wetting envelope, which can 
be used for predicting the wettability of the materials surface, was 
calculated through the surface energy of the solid material using the 
Fowkes equation. The method employed is reported in detail elsewhere 

[20]. When the liquid with surface dispersive σD and polar σs compo-
nents are within the values enclosed by the wetting envelope, the liquid 
is hypothesised to be able to completely wet the surface (i.e., contact 
angle of 0◦). Therefore, larger wetting envelopes indicate better wetta-
bility of a sample surface. Fig. 7 revealed that the enclosed area of the 
wetting envelope increased substantially following a single μPlasma 
treatment scan. However, only limited increases were found with further 
increases of the number of μPlasma treatment scans. So clearly, the 
surface wettability was significantly improved following one μPlasma 
treatment scan (as demonstrated by the contact angle, surface free en-
ergy and wetting envelope data); however, although not detrimental, 
the influence of further (10 or 20) treatment repetitions did not signif-
icantly improve the surface wettability of the GFPA6. 

3.3. Raman spectroscopy 

Analysis of the chemical composition of untreated and μPlasma 
treated GFPA6 was conducted using Raman spectroscopy, as illustrated 
in Fig. 8. Three intense peaks were observed in the untreated material 
between the Raman shifts of 2800 to 3000 cm− 1, which were assigned to 
symmetric and asymmetric vibrations of CH2 moieties of the polymer. 

Fig. 5. Variation of the contact angle of the GFPA6 surface with the number of 
μPlasma treatment scans. 

Fig. 6. Surface energy (total, polar and dispersive) of untreated GFPA6 and 
μPlasma treated GFPA6 with different treatment scans. 

Fig. 7. Wetting envelope of untreated and μPlasma treated GFPA6 surface with 
different treatment scans. 

Fig. 8. Raman spectra of untreated GFPA6 and μPlasma treated GFPA6 with 
different (1, 10, 20) treatment scans. 
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The band centred at 1093 cm− 1 was attributed to C–C stretching, while 
the bands at 1450 cm− 1 and 1646 cm− 1 were attributed to CH2 bending 
and C = O stretching in amide groups, respectively. N–H stretching of 
the amides was also observed at a Raman shift of 3307 cm− 1. A list of the 
Raman shifts of the major peaks and their assigned chemical vibrations 

are reported in Table 1. 
Profound increases of the major bands were observed after μPlasma 

treatment, which indicated that the chemical composition on the surface 
of the GFPA6 was altered by the μPlasma treatment. A significant in-
crease of the intensity of the symmetric and asymmetric CH2 peaks were 
observed with increasing numbers of μPlasma treatment scans. The ef-
fect of the treatment on the polar amide groups is shown in Fig. 9, where 
again, a pronounced increase with treatment number was apparent. 

The average intensity of the amide bands increases with the number 
of the μPlasma treatment scans. The most significant intensity increase is 
found following the first μPlasma treatment scan, with more subtle in-
creases for 10 and 20 treatment scans. 

Raman mapping was used to reveal the distribution of the amide 
bands across a 2550 × 2550 μm2 area of the surface of each sample 
group. Colour heat maps in Fig. 10, average intensity and standard de-
viation of the amide bands in Fig. 11, and quantitative data (of the 
averaged intensities and ranges of each map) in Table 2 are used to 

Table 1 
The observed assignments of major Raman peaks of GFPA6 in 
different wavenumbers [22,23].  

Wavenumber (cm− 1) Assignments 

1060–1129 C–C stretching 
1450 CH2 bending 
1646 C = O stretching 
2865 Symmetric CH2 

2912 Symmetric CH2 

2936 Asymmetric CH2 

3307 N–H stretching  

Fig. 9. Raman spectra of GFPA6 in (a) wavenumber 3307 cm− 1 (N–H stretching), and wavenumber 1646 cm− 1 (C = O stretching) untreated and μPlasma treated 
GFPA6 with different (1, 10, 20) treatment scans. 

Fig. 10. Distribution of the (a) C = O stretching in the wavenumber of 1646 cm− 1, and (b) N–H stretching in wavenumber of 3307 cm− 1 on the untreated and 
μPlasma treated sample surfaces (with 1, 10 and 20 treatment scans) with size of 2550 × 2550 μm represented by heat colour mapping. 
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convey and analyse the mapping data. Despite the low average intensity 
under Raman mapping, homogenous coverage of the polar amide groups 
was revealed on the surface of the untreated GFPA6 (shown in Fig. 10). 
As shown in Fig. 11 and Table 2, the average intensity increased by 56.6 
% for C = O stretching and 35.6 % for N–H stretching following one 
μPlasma treatment scan. Considering the magnitude of the increase in 
the number of scans, the change in average intensity produced after 10 
scans was less pronounced compared to one, especially for the N–H 
stretching (which only increased from 35.6 % to 37.1 %). The peak in-
tensity range was observed to widen following one μPlasma treatment 
scan (Fig. 10), going from 4201.6 to 7607.6 for C = O stretching and 
from 30746.4 to 51509.6 for N–H stretching, which indicates hetero-
geneous distribution bands across the surface. However, when the 
number of scans was increased to 10, the amide bands appeared to 
become more homogeneous across the majority of the surface, as the 
range of intensity decreased to 6342.4 for C = O stretching and 43809.2 
for N–H stretching. Significant segregation of the two bands was then 
found after 20 μPlasma treatment scans, as evidenced by the significant 
increased intensity range to 9552.6 for C = O stretching and 76493.4 for 
N–H stretching. 

3.4. Adhesive bonding of GFPA6 

Fig. 12 shows a comparison of the tensile shear strength of untreated 
and μPlasma treated GFPA6. Following a single μPlasma treatment scan, 
a substantial increase in tensile shear strength from 1003.2 N to 1788.1 
N was observed. The tensile shear strength was found to further increase 
to 2268.1 following 10 μPlasma scans (almost double the tensile shear 
strength of the untreated GFPA6). However, further increases of the 
number of μPlasma scans did not result in further improvement of the 
tensile shear strength, with the strength increasing by only 25.4 N (as 
compared with 10 scans), which is in contrast to the effect of μPlasma 
treatments on the surface roughness, where the roughness is found to 
increase substantially with 20 μPlasma treatment scans. 

Illustrative fracture surfaces are shown in Fig. 13. In the untreated 
samples, due to the weak bonding of the adhesive to the polymer sur-
face, the coverage of the adhesive residue on the polymer surface was 
very limited, but with increased treatment scans, more adhesive was 
retained on the polymer surface. Analysis of the surfaces revealed that 

Fig. 11. Average intensity and standard deviation of the amide bands on the 
untreated and μPlasma treated (with 1,10 20 treatment scans) on the sam-
ple surface. 

Table 2 
Average intensity and range of intensity across the area.  

Bands Treatment scans Change in average intensity (%) Average intensity (a.u.) Standard deviation (±) Range of intensity 

C = O stretching 0 0  5639.5  973.2  4201.6 
1 56.6  8829.8  2204.9  7607.6 
10 73.5  9787.3  1645.7  6342.4 
20 99.3  11239.0  2724.2  9552.6 

N–H stretching 0 0  55906.0  7839.4  30746.4 
1 35.6  75829.0  12560.8  51509.6 
10 37.1  76636.9  12274.0  43809.2 
20 54.5  86386.1  21030.1  76493.4  

Fig. 12. The tensile shear strength of the bond between GFPA6 and aluminium 
in different conditions (untreated and μPlasma treated with 1, 10 and 20 
treatment scans) and AA-6082 using epoxy adhesive. 

Fig. 13. Image of distribution of adhesive residue on the Untreated GFPA6 and 
μPlasma treated 1, 10 and 20 scans after tensile lap-shear test failure. 

Table 3 
Area covered by the residual adhesive on the 
sample surface.  

Treatment Area% 

Untreated  12.2 
Treated 1  29.8 
Treated 10  83.9 
Treated 20  81.2  
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following a single μPlasma treatment scan, the percentage coverage of 
the residual adhesive on the polymer surface increased from 12.2 % 
(untreated) to 29.8 % (shown in Table 3). Intact regions of adhesive 
were found to peel away from the aluminium sheet (as shown by the 
smooth adhesive surfaces), therefore indicating that the adhesive 
bonding between the GFPA6 surface and epoxy adhesives had improved 
after μPlasma treatment. When 10 μPlasma treatment scans were per-
formed on the sample surface, the amount of adhesive residue increased 
significantly, covering the majority of the previously joined surface 
(83.9 %). The amount of the adhesive residue was similar (81.2 %) when 
20 μPlasma treatment scans were applied. 

Fig. 14 shows the fracture surfaces as recorded by SEM. In the un-
treated samples (as shown in Fig. 14a with magnified image), there is 
little evidence of adhesion of the epoxy to the polymer surface (consis-
tent with adhesive failure), however, there is some limited evidence of 
thin striations of adhesive residue on the fibres (suggesting highly 
localised thin-layer cohesive failure). 

However, following a single μPlasma treatment scan of the GFPA6 
surface, damage of the surface became apparent, coupled with some 
residual adhesive on the surface (Fig. 14 b with magnified image). This 

surface damage was attributed to the pull force that generated by the 
improved bonding between the sample surface and the epoxy adhesive 
during the tensile failure, suggesting a higher bonding strength. 

When the number of treatment scans increased to 10 and then 20 
(Fig. 14 c and d), more extensive adhesive residue coverage was 
observed. Damaged adhesive layers were observed on both 10 and 20 
μPlasma scanned surface. These layers presented with coarse structures 
and round pits, likely developed from air bubbles formed when the resin 
and hardener were mixed. In addition, damage and deformation were 
revealed of the GFPA6 material surface as a result of strong tensile 
forces, which indicate that this part of bonding failure was due to sub-
strate failure. 

As noted above, the effects of μPlasma surface treatment have been 
found to be non-permanent and post-treatment ageing occurs. There-
fore, in this study, adhesive bonding was expedited to ensure that little 
or no ageing had occurred prior to joining of the surfaces. The GFPA6 
samples were μPlasma treated and joined to AA6082 according to the 
protocol described in §2.5. To determine whether the ageing process 
could still impact the adhesion, the joined GFPA6-epoxy-AA6082 sam-
ples were then stored under ambient conditions for 24 days prior to 

Fig. 14. SEM images of tensile fracture GFPA6 surfaces of (a) untreated, and μPlasma treated different scans: (b) 1 scan, (c) 10 scans and (d) 20 scans.  
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mechanical testing. Compared to the unaged GFPA6-epoxy-AA6082 
(whereby the tensile lap-shear test was carried out immediately after 
joining and curing), the tensile shear strength was found to decrease by 
only 6.6 N out of 2268.1 N (shown in Fig. 15). This presents a smaller 
decrease in tensile shear strength than the deviation of the strength data 
(45.3 N and 110.4 N for the unaged and aged samples respectively). This 
demonstrates that the 24-day ageing behaviour had negligible effect on 
the performance of the joined GFPA6-epoxy-AA6082 and that from 
mechanical test perspective, the ageing process in joined materials is 
effectively eliminated. 

4. Discussion 

The μPlasma treatment has been demonstrated to be able to both 
physically and chemically modify the polymer surface, as indicated by 
the measurement of roughness and surface wettability. The increase in 
roughness can be attributed to the process of ablation in which 

polymeric material is lost from the surface [24]. While increasing the 
number of treatment scans clearly increased the roughness, the effect 
was relatively limited for a single treatment scan (a 15.6 % increase in 
RMS roughness). Studies have shown that a change in roughness on a 
sample surface plays an important role in determining its wettability 
[25,26]. However, in this study, it was found the change in wettability of 
the GFPA6 surface (using contact angle, surface free energy and wetting 
envelope measurements) did not increase in proportion to the change in 
surface roughness (as shown in Fig. 16). Although the contact angles 
were found to substantially reduce (61.5 %) following one μPlasma 
treatment scan, further decreases in the measured contact angle were 
limited for 10 and 20 μPlasma treatment scans despite their significantly 
greater surface roughnesses. Similar trends were also observed in sur-
face free energy and wetting envelope. 

The addition of functional groups on solid substrate surfaces has 
been shown to be able to enhance the adhesion properties of surfaces 
[27,28]. A study by Ahmed et al. [29] demonstrated enhanced adhesive 
bonding between polyether ether ketone (PEEK) and aluminium alloy 
surfaces following the plasma introduction of polar functional groups on 
the PEEK. This confirmed the positive impact that polar functional 
groups can play on the chemical interactions of the surface with adhe-
sives. In this present study, μPlasma treatments have been measured to 
result in increased peak intensities corresponding to the numerous polar 
groups, including C = O and N–H bonds. As shown in Fig. 16, the largest 
increase of intensity of the C = O group developed following a single 
μPlasma treatment (with increases to 10 and 20 scans showing more 
subdued increases), which also corresponds with the wettability find-
ings. Therefore, given the above observations it is apparent that in this 
instance, wettability appears to be primarily controlled by the presence 
of polar functional groups on the surface and not by the surface 
roughness. 

The results from the tensile lap-shear tests indicated that the bonding 
strength of GFPA6-epoxy-AA6082 increased significantly following 
μPlasma treatment of the GFPA6 surface. The measured tensile shear 
strength was found to progressively increase up to 10 treatment scans, 
with no discernible improvement in bonding strength when the number 
of scans were increased to 20. Given the significant increases of both 
surface energy and surface functional groups (as indicated by the in-
tensity of the C = O in Fig. 16) up to 10 scans, it can be implied that 

Fig. 15. Comparison of untreated GFPA6-epoxy-AA6082, 10 scans of μPlasma 
treated GFPA6-epoxy-AA6082, and 10 scans of μPlasma treated GFPA6-epoxy- 
AA6082 aged in the air for 24 days. 

Fig. 16. Comparison of the change in C = O intensity, surface energy, tensile shear strength and RMS of untreated and μPlasma treated (with 1, 10 and 20 
scans) GFPA6. 
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surface wettability and the presence of functional groups correlate with 
the final bonding strength. Therefore, as the maximum intensity of the 
surface functional groups was found with 20 treatment scans, the 
expectation was that the strongest and most intimate bonding would 
develop for these surfaces. However, both 10 and 20 μPlasma treated 
surfaces were measured to have similar tensile shear strengths, which 
suggests that other parameters also influence the final bonding strength. 

Under small (or negligible) roughness changes (i.e., going from un-
treated to 1 μPlasma treatment scan), it appears that it is possible to 
significantly enhance the bonding strength predominantly from the 
formation of surface functional groups and the enhanced wettability. 
Similarly, under large roughness changes (i.e., going from 10 to 20 
μPlasma treatment scans), it appears that surface roughness either does 
not positively influence the bonding strength or appears to have a 
negatively impact. Given the strong etching of the GFPA6 surface with 
20 treatment scans, as evidenced by the exposure of the fibres on the 
surface and the formation of distinct grooves between them (as shown in 
Fig. 3 d), it is possible that this radical change in surface morphology 
may have negative influence on the bonding strength with the epoxy 

adhesive (potentially by forming crevices that have tendencies to trap 
air). However, further investigations are necessary to explore the in-
fluence of surface conditions on the intimacy and strength of bonding 
with the epoxy adhesive to determine the cause. 

The analysis of the surface morphology of GFPA6 after fracture 
confirms that μPlasma treatments can enhance the surface bonding of 
GFPA6-epoxy-AA6082, as can be seen the failure modes illustrated in 
Fig. 17 and the surface morphology observed in Fig. 14. It was shown on 
the untreated GFPA6 surface that the majority of the adhesive had been 
completely removed following the tensile lap-shear test, which is 
consistent with adhesive failure and some (limited) cohesive failure 
mode and suggests poor bonding. The degree of adhesive remaining on 
the material surface increased substantially with increasing numbers of 
μPlasma scans. A mix of light-tear adhesion and thin-layer cohesion 
failure modes were observed after single μPlasma treatments of the 
GFPA6 surface, which suggested stronger bonding with the epoxy resin. 
Moreover, the portions of the surface which were composed of intact 
adhesive with a smooth surface indicated the initiation of adhesive 
failure between the epoxy surface and the aluminium surface. After 10 

Fig. 17. Illustration of failure mode that happened when broken: (a) adhesive failure of GFPA6, (b) cohesive failure, (c) thin-layer cohesive failure, (d) light-tear 
failure, (e) adhesive failure of Al and (f) different failure modes distributed on GFPA6 surface after fracture. 
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and 20 μPlasma treatment scans, broken adhesives and stretching of the 
GFPA6 substrate was observed, accompanied by more complex mixtures 
of failure modes, including adhesive, cohesive, thin-layer cohesive, 
light-tear and fibre-tear failure modes, which also imply substantial 
enhancement of the bonding strength. Additionally, significantly greater 
coverage of smooth intact epoxy resin could be observed on the 10 and 
20 scanned surfaces, which also indicate that the load at failure of the 
tensile lap-shear test was more strongly related to the strength and 
quality of adhesion between the aluminium surface and the epoxy-resin. 
This shift in failure mode supports the measured enhancement of surface 
functionality and wettability. 

Interestingly, as the number of μPlasma treatment scans increased 
from 10 to 20, no significant change in the tensile shear strength could 
be measured and the fracture surface morphology was not significantly 
altered, which are both consistent with the observed changes in wetta-
bility. The 10 μPlasma treated surface reveals largely homogeneous 
coverage of the epoxy resin on the GFPA6 surface, which implies that the 
bonding between the GFPA6 and the epoxy resin did not contribute to 
the dominating failure modes of the GFPA6-epoxy-AA6082 joint. 
Instead, the most prominent failure modes appear to be adhesive failure 
with the aluminium surface (smooth intact epoxy resin) and cohesive 
failure within the resin (fractured and rough epoxy surface). Interest-
ingly, the 20 μPlasma treated surface does not present with significant 
increase in the adhesive failure from the aluminium surface, but instead 
presents with the return of adhesive failure on the GFPA6 surface. As 
shown in Fig. 3 d (exposure of the glass fibres under AFM imaging) and 
Fig. 16, the significant change in surface morphology of the 20 treatment 
scanned surfaces appear to negatively impact the bonding state with the 
epoxy adhesive. This is further supported by the Raman mapping of the 
C = O and N–H bonds of the surfaces (Fig. 10), which reveal the for-
mation of regions with significantly greater presence of functional 
groups. It is possible that these regions correspond to the exposure of the 
fibres (following the repeated plasma etching of the surfaces following 
20 scans) and therefore changing of the bonding environment. In 
addition to changing the surface morphology, there is potential for the 
exposed glass fibres to disproportionately load the interface and nega-
tively impact the bonding strength. Overall, the indicates that the ho-
mogeneity of the polar groups on the surface is more essential than 
higher intensity of the peaks for enhancing the bonding strength of 
GFPA6-epoxy-AA6082, which supports that the bonding strength cor-
relates closely with the water wettability (that relates to polar functional 
groups). This can explain why the increase in the homogeneity of polar 
groups plays an important role in enhancing the tensile strength when 
the μPlasma treatment increased from 1 to 10 scans. 

Once adhered, a storage period of 24 days did not appear to signif-
icantly influence the bonding strength of the of GFPA6-epoxy-AA6082 
sample. This suggests that the epoxy adhesive can form permanent 
bonds with the functional groups introduced on the surface after 
μPlasma treatment, thereby preventing the reorientation or diffusion of 
polar moieties back to into the bulk of the GFRPA6 sample (hydrophobic 
recovery [30,31]). 

5. Conclusion 

This study has shown that μPlasma surface treatment of glass fibre 
reinforced polyamide 6 is highly beneficial in terms of the effectiveness 
of the adhesive bond with aluminium. Bond strength was found to in-
crease with the number of treatment scans, but no more than ten scans 
was found to be the optimum. The increase in bond strength was 
attributed to increases in the following material characteristics; surface 
energy, polarity and roughness, but the dominant factor that affected the 
bond strength was deemed to be the increased polarity of the polymer 
surface. Of key importance in this study was the immediate fabrication 
of the test sample post-treatment. This approach ensured the effects of 
post-treatment ageing were minimised and that the maximum benefit 
available from the surface treatment was realised. From a commercial 

perspective, the study has shown that μPlasma surface treatment is 
sufficiently effective when a relatively low number of treatment scans 
are employed. This, coupled with the atmospheric nature of the tech-
nique, points to great potential as a low-cost, on-line, polymer surface 
treatment technique. 
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