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Abstract

This thesis presents work declared in the publications section. The abstracts have

been collated below:

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 overcome this challenge through functionalisation
of the polymer surfaces, and thereby enhance the bond strength between dissimilar
materials. In this study, glass fibre reinforced polyamide 6 (GFPA®6), high-density
polyethylene (HDPE), polyamide 12 (PA12) and polyamide 6 (PA6) was modified using
a novel pyPlasma surface treatment technique. The physical and chemical changes
following pyPlasma surface modification of the polymer surfaces were characterised
using Atomic Force Microscopy (AFM), Fourier Transform Infrared Spectroscopy
(FTIR), and Raman Spectroscopy. These techniques confirmed an increase in surface
polarity, roughness, and surface energy following pPlasma treatment. Following single
pMPlasma treatment scan of GFPA6 samples, a substantial enhancement in wettability
(with contact angles decreasing by 46.3°, 47.3°, 42.6°, and 50.1° for GFPA6, HDPE,
PA12, and PA6 respectively) was observed. However, the effect of the pyPlasma
modification was subject to a rapid ageing phenomenon in 5 hours. The ageing process
was slower when the GFPA6 material was pre-dried and stored in low humidity
conditions, thereby demonstrating the importance of the presence of moisture on the
rate of ageing. The ageing process of three polymers (HDPE, PA12, and PA6) with
different hydrophilicity over five hours was modelled using a modified stretched

exponential function Kohlrausch—-Williams—Watts (KWW) model, and it was found to



be dependent on the hydrophilicity of the polymers, with higher hydrophilicities
resulting in faster ageing. The effectiveness of the adhesive bond of GFPA6-epoxy-
aluminium joint with GFPA6 being treated by pPlasma was evaluated. Significant
increases in the tensile shear strength of the joint from 1kN to 2.3kN were observed,
with no ageing phenomenon after 24 days. 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.



Acknowledgement

I would like to express my deepest gratitude to my supervisors, Dr Mike Jenkins and
Prof Hanshan Dong, for their unwavering support and guidance throughout this study.
Without our regular meaningful discussions, coped with their invaluable advice, this
project would not have been possible. | would also like to thank Dr Xiaoying Li, who

has acted more than my supervisor and given me continuous assistance and support.

| am grateful to all members from Surface Engineering group, special thanks go to Dr
Behnam Dashtbozorg for his patient and valuable contribution to my project. | would
also like to express my gratitude to other members in School of Metallurgy and

Materials, especially Dr Dan Reed for his assistance in performing Raman tests.

| am thankful to everyone involved in the Innovative Metal Processing (IMPaCT) Centre
for Doctoral Training, including staff and students. | would also like to send my
appreciations to the Engineering and Physical Sciences Research Council (EPSRC),
grant reference EP/L016206/1, and the ESIF/ERDF Smart Factory Hub (SmartFub)

programme in West Midlands, for their financial support throughout this study.

Finally, | wish to express my sincere appreciation to my family, especially my parents
and grandparents for their precious support, as well as my friends, especially Dr Gareth
Sheppard, Yuean Ma and Huize Fan, for their patient help and encouragement

throughout this project over the years.



Publications

Published: Chang Che, Behnam Dashtbozorg, Xiaoying Li, Hanshan Dong, and Mike
Jenkins, "Effect of yPlasma Modification on the Wettability and the Ageing Behaviour
of Glass Fibre Reinforced Polyamide 6 (GFPAG6)," Materials, vol. 14, no. 24, p. 7721,
2021.

Author Contributions: Conceptualization, M.J. and H.D.; methodology, B.D. and C.C.;
validation, C.C.; formal analysis, C.C.; investigation, C.C.; resources, M.J. and H.D.;
data curation, C.C.; writing—original draft preparation, C.C.; writing—review and
editing, C.C., B.D., M.J., H.D. and X.L.; visualization, C.C.; supervision, M.J.; project
administration, M.J. and H.D.; funding acquisition, H.D. and X.L.

Submitted: Chang Che, Behnam Dashtbozorg, Sahojun Qi, Matt North, Xiaoying Li,
Hanshan Dong, and Mike Jenkins, “The ageing of yPlasma modified polymers: the role
of hydrophilicity.”

Author Contributions: Conceptualization, M.J. and H.D.; methodology, C.C., and
M.J.; validation, C.C.; formal analysis, C.C.; investigation, C.C.; resources, M.J. and
H.D.; data curation, C.C., S.J. and M.J.; writing—original draft preparation, C.C.;
writing—review and editing, C.C., B.D., M.J. and S.J.; visualization, C.C.; supervision,
M.J.; project administration, M.J. and H.D.; funding acquisition, H.D. and X.L.

Submitted: Chang Che, Xueqi Zhu, Behnam Dashtbozorg, Xiaoying Li, Hanshan
Dong, and Mike Jenkins, “Enhancing the bond strength between glass fibre reinforced
polyamide 6 and aluminium through pPlasma surface modification.”

Author Contributions: Conceptualization, M.J. and H.D.; methodology, C.C., and
M.J.; validation, C.C. and X.Z.; formal analysis, C.C., X.Z. and B.D.; investigation, C.C.,
and X.Z.; resources, M.J. and H.D.; data curation, C.C. and X.Z.; writing—original draft
preparation, C.C.; writing—review and editing, C.C., M.J., and B.D.; visualization, C.C.
and X.Z.; supervision, M.J.; project administration, M.J. and H.D.; funding acquisition,
H.D. and X.L.



Table of Contents

Y 013 = Lo PP [
ACKNOWIBAGEIMENT ... et e e e e e e e e e eeaba e e e e eeeeeenees iii
U o] [ T0F= 4o o RPN \Y
Table Of CONTENTS ....cceiiiieieeee e %
LISE O FIQUIES ..t e e e e et e e e e e e e e e eeann s IX
LISt Of TADIES ... Xil
List Of ADDIeVIAtioNS ........cooiiiieeeeeee e Xiii

R 1110 Yo [ o 1o o 1
AIMS aNd ODJECHIVES ... ..o e e e e e e e e e 3

2 LILErature REVIEW ....ccooee e 5
2.1 POIYMEIS i 5
2.1.1 Molecular Weight DIStribUtion ..............ouuiiiiiiiieiieeecce e 7
2.1.2  POlymer MOIPNOIOQY .......uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiii e 8
2.1.3  ThermOPIASHCS ....cccceeieeeeeecc e 10
2.1.4 Effect of Water in Polyamides and Polyethylene ............cccccoviiennn. 14

2.2 POlYMEr SUIMACES ......coiiiiiiiiiiiiiiiee e 15
2.2 1 CONLACT ANGIES ...ttt 16
2.2.2  SUIMACE FIeE ENEIQY.....uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiibiebeseeaeeeebeeneaeenenaanees 17
2.2.3  WettiNg ENVEIOPE. ....cccoiieeeeei e 20

2.3 Surface MOdIfICAtIONS .........coeeieiiiiie e 22
2.3.1 Wet Chemical MOdIfICAtION ............uuuuuuiiuiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeaees 23
2.3.2  Physical MOIfICALION ..........uuuiiiiiiiiiiiiiiiiiiiiiiiiiie e 23
2.3.3 Ultraviolet (UV) Surface ModifiCatioN ...............uueeueimiiieiiiiiiiiiiiiiiiiiiiiinnnns 24
2.3.4 Plasma Treatment (LOW Pressure) ........ccouiiiiiiiiiiieceeie e 25
2.3.5 Dielectric-barrier Discharges (DBD)............uuuuuuuiriimimiiiiiiiiiiiiiiiiiiiinnnnannns 28
2.3.6 pPlasma Surface Modification (ambient pressure) ...........cccccvvvvvvnnnnnnns 30

2.4 Interaction Between Plasma and Polymers............cccoooiviiiiiiiiciec e, 33
2.5 Permanence of the Effect of Plasma Treatment............cccooooeeiiiiiiiiiiiinenee. 37
2.5.1 Non-degradative Process — Hydrophobic Recovery ............ccccccvvuinnnnnns 37

2.5.2 Degradative Processes — Oxidation, Chain Scission and Crosslinking..39



2.6 The Factors Affecting the Permanence of Plasma Treatment...................... 40

2.6.1 The Effect of Crystallinity on the Permanence of Plasma Treatment.....40
2.6.2 The effect of humidity and temperature of the environment on the
permanence of plasma treatMent.............oovviviiiiiiiiiiiiiiiiiee e 41

2.7 Modelling the AgeINg PrOCESS......cciiieeiiiiieiiie e 43

P2 S T o V| [0 = 1Y [ To [ T 44

3 Effect of yPlasma Modification on the Wettability and the Ageing Behaviour of
Glass Fibre Reinforced Polyamide 6 (GFPAB) ...........cvviiiiiiiieieeeeiee e 46
ADSIIACT. ... 46

G 70 A [ 01 {0 o 111 10 48
3.2 Materials and MethOdS ............uuuuiuiiiiiiiiiiiiiiiiiiii e 51
0 A |V = (=1 - N 51
3.2.2 pPlasma ModifiCation..............uuuuiuiiiiiiiiiiiiiiiiiiiiiiiii s 52
3.2.3 Scanning Electron Microscopy (SEM) ....ccoviiviiiiiiiiiiiiieeeeeee e 53
T2 S OTo 0] 7= Tod Y g o | (=T =] 1] Vo 53
3.2.5 Wetting Envelope and Surface Free Energy.........cccceeeveeeiiiiiiiiiiiinneeeenn, 54

3.3 ReSUlts and DiSCUSSION .......cuuuuiiiiiieeeeiiiieiiiie e e e e e e e e e e e e e eeenen e e e e e 56
3.3.1 pPlasma Modification Process Optimisation...............cccccocoeiiiiiniiinn 56
3.3.2 Ageing of GFPA6 Surface after yPlasma Modification .......................... 59
3.3.3 Optimisation of the Contact Angle Measurement Procedure.................. 61
3.3.4 Wetting Envelope and Surface ENErgy ..........cccceeveeueiemmmiimmeiiiiiiiiiiinnennns 68
3.3.5 Storage of Treated GFPABG ...........uuuuuiiiiiiiiiiiiiiiiiiiiiii e 71

S @0 o 11 ] o] o - 72

4  The Ageing of yPlasma Modified Polymers: the Role of Hydrophilicity. ............. 75
ADSITACT. ..o 75
T 101 0 To [ o3 1o o 76
4.2  Materials and MethOUS ..........oiiiii i e e e eeaeees 78
N T Y/ = 1 =1 = Y 78
4.2.2 Sample Preparation and Crystallinity Control .............ccccooviiiiiiiiiiineennnn, 78

4.2.3 Measurement of Crystallinity Using Differential Scanning Calorimetry
(DSC) 80

4.2.4 pPlasma Surface Modification ............ccovuiiiiiiiiiiii e 81
4.2.5 Atomic Force MIiCroSCOPY (AFM).......uuuuumuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiineeeeanes 82
4.2.6 Measurement and Analysis of Contact ANgle ............ccccuvveieiiiiiiiiiiinnnnnns 83
4.2.7 Phenomenological Modelling the Post-Treatment Ageing Process ....... 83

Vi



4.2.8 Fourier Transform Infrared Spectroscopy (FTIR).......cccovvvvvieiiiieeeneeennnn, 84

v IC T S (ST U] | KS3= T [ B IS Tod U 1= (o] 85
4.3.1 Characterisation of the Hydrophilicity of PA6, PA12 and HDPE ............ 85
4.3.2 Surface Morphology of yPlasma Modified PA6, PA12 and HDPE.......... 87
4.3.3 Chemical Analysis of the Polymer Surfaces Using FTIR. ...................... 90
4.3.4 Variation of Contact Angle with Time Post-treatment ..................c.ccc... 93

N ©o ] [ 11153 (o] 1 S UURPPPRRRRN 97

5 Enhancing the Bond Strength between Glass Fibre Reinforced Polyamide 6 and
Aluminium through pPlasma Surface Modification. ..., 98

ADSTITACT. ..o 98

o0 R [ 01 (o To [FTox 1 o] o 100

5.2  Materials and Methods ............uoiiiiiiiiiiiii e 102
SNt R |V = (= = | 102
5.2.2 pPlasma Treatment ...........ooiiiiiiiiiii e 103
5.2.3 Atomic Force Microscopy (AFM)........uuiiiiiiiiiiieeeiee e 104
5.2.4 Contact Angle MEaSUIEMENTS. ........uuuuuuuuuiiiiiiiiiiiiiiiiiiiiieieeieiineeeeeeeeeaaees 104
5.2.5  JoINING MO .......ccoiiiieiiie e e 105
5.2.6 Tensile Lap-shear TeSt.......ccccoviieiiiiiiiiiiii e 105
5.2.7  IMage SegMENTALION. ......uuuuiitiiiiiiiiiiiiiieiiiieibbebbb bbb 106
5.2.8 Scanning Electron Microscopy (SEM) .......ccooriiiiiiiiiiiiieeieeeeee e 107
5.2.9 RamMan SPECIIOSCOPY ...cevuiiiiriieirieeitiieeeiieeeeiieeeeieeeaieeerin e eae e e e 107

5.3 RESUIS ... 107
5.3.1 Effect of yPlasma Modification on the Surface Morphology of GFPA6 107
5.3.2  Surface Wettability .............uuuuuuummiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeees 110
5.3.3  RamManN SPECIIOSCOPY ...cvvuiiiiiiiiiieeiiiieeeiie et e et e e e e e e e e e eennns 113
5.3.4 Adhesive Bonding Of GFPABG ...........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeiiinaees 118

oI A I T[S o1 1 11 o] o 123

oI T o ] o 113 o] o 130

6  Conclusion and FUtUre WOrK............uuuuiiiiioie e 131

G0 R @0 o od 1] o o SR 131

6.2 FULUIE WOTK ...t e e e e e e e e e e e e eeaannas 133
6.2.1 Further Improvement of the Bonding Strength of GFPAG6-epoxy-aluminium
X0 | 1T = To I Lo T | £ RPN 133
6.2.2  pPlasma Patterning ...........cooiiiiiiiiiiiii e 134

vii



7

References

viii



List of Figures

Figure 2-1. The repeat unit of polyethylene. ... 5
Figure 2-2. Schematic of linear, branched and cross-linked polymers (a) linear, (b) branched
aNd (C) CroSS-lINKE.........ooiiiii 6
Figure 2-3. Schematic of spherulite that contains lamella and amorphous [36]. ..................... 9
Figure 2-4. The repeat unit of polyamide 6..............ccoiiiiiiiiiiiiiie e 13
Figure 2-5. Example of wetting envelopes based on the equations and experimentally
obtained contact angles for the known liquids [71]. .........ooviiiiii i 21

Figure 2-6. Schematic diagram of plasma formation, which consists of electrons, ions and
energy-rich neutrals as excited states, by means of a direct current (DC) voltage power

0] 0] 0112 £ 77 PP PP PP PPPPPPPPPPPP 25
Figure 2-7. Schematic of samples in active screen chamber with sample on an electrical
TR = (o] g 2GS 27
Figure 2-8. Schematic diagram of the configuration of the DBD system in a circuit [85]. ...... 29
Figure 2-9. The schematic of the yPlasma modification setup that consists of 24 needle
electrodes on the print head, a polymer sample and a substrate table [92].......................... 32

Figure 2-10. Schematic diagram of the response of polyethylene to plasma with vacuum-UVv
irradiation or energy rich particles (new introduced functional groups are represented by X)

[ LT oo 35
Figure 2-11. Schematic diagram of C-C scission, and the formation of C=C, crosslinking,
degradation and OXidation [LL7]. ....uuceeiieeiiieiiiie s e e e et e e e e e e e e e e e aanee 36
Figure 2-12. Schematic of hydrophobic recovery of chain rotation and diffusion back into the
UL [ L 7] e 38
Figure 2-13. Schematic of O-H surface functional groups interacting with water [117]. ........ 38
Figure 2-14. Schematic of failure modes for joining materials [126]. ..........coooeeeeeiieiieeeeeeenn. 45
Figure 3-1. Image of HPIasma SYStem........ccooo oo 52
Figure 3-2. (a) Schematic of pPlasma modification setup. (b) pPlasma discharges pattern
generated by 24 needle electrons from tOP VIEW. ..........ccvvviiiiiiiiiiiiiiiieee 53
Figure 3-3. pPlasma modification Pattern...............cceiii i 53

Figure 3-4. Contact angles of an untreated sample and yPlasma treated samples with
different processing parameters (printing rate, working distance and accelerating voltage). 58
Figure 3-5. Contact angles of untreated and treated (with accelerating voltage of 7 kV,
printing rate of 20 mm/s, and working distance of 100 ym) GFPAG from 1-10 treatments. .. 59
Figure 3-6. Change of contact angles with ageing following pPlasma modification for: (a) 5 h,

(b) 4 weeks (The curves were fitted using PYthon)...........coooviiiiii 60
Figure 3-7. (a) SEM image of GFPAG6 surface morphology, and (b) image of GFPA6 surface
covered with @ 6 L water droplet. ... 61
Figure 3-8. Graph displaying the effect of water droplet volume on the number of fibres
covered on the untreated sample SUIMTACE. .........uueiii e 62
Figure 3-9. Schematic diagram of water contact angles measured parallel or perpendicular to
the orientation Of the fIDrES.......... i e 63

Figure 3-10. Contact angles distribution represented by different colours on the untreated
sample (5 x 10 cm?) when measured at different fibre orientations: (a) parallel, (b)

perpendicular 10 the fIDrES.......coooo e 64
Figure 3-11. Ageing of dried and undried GFPAG surface represented by contact angles after
MPIasma ModifiCatioN. .......ccooieee e 65



Figure 3-12. Ageing of GFPAG6 surface represented by water and diiodomethane contact

angles on the same locations after pPlasma modification. ..., 67
Figure 3-13. Ageing of GFPA6 surface represented by water, glycerol and diiodomethane
contact angles on different locations after yPlasma modification. ..............ccccccciiieiii i, 68
Figure 3-14. Wetting envelopes of untreated GFPAG6 surface and pyPlasma treated as a
function of time (0-5 h after the treatment). ... 69
Figure 3-15. Total, polar and dispersive surface energy of untreated and treated GFPAG
AGBING. e 70
Figure 3-16. Ageing when store the pPlasma treated GFPAG at different conditions. .......... 72
Figure 4-1. Cross-section showing the hot-press arrangement (not to scale)...................... 79
Figure 4-2. The thermal responses of HDPE, PA12 and PAG6 recorded using DSC at a
heating rate of 50 CC/MIN. ......ii e e e e e e e e e e e r e e eaes 81
Figure 4-3. (a) Schematic of pPlasma modification setup, (b) yPlasma discharges pattern
generated by 24 needle electrons from top VIEW [27]. ...uuveeiiiiiiiiiiiiiieee e 82
Figure 4-4 . yPlasma modification pattern [27]. ... 82

Figure 4-5. (a) Wetting envelopes for liquids that should completely wet (i.e., O ° contact
angle) untreated PA6, PA12 and HDPE surfaces, (b) enlarged cross section of PA6 and

Figure 4-6. AFM 3D-view images of (a and b) untreated and pyPlasma treated HDPE, (c and
d) untreated and treated PA12, and (e and f) untreated and treated PAG6 surface

(ppTo] o] aTo] (o] [{= TSP 89
Figure 4-7. Root mean square roughness (Sq) of untreated HDPE, PA12 and PAG6 surfaces
and pPlasma treated sample surfaces with different treatment scans. ...................... 90
Figure 4-8. FTIR spectra of the untreated and pPlasma treated (0-5h aged) HDPE thin films.

Figure 4-9. FTIR spectra of the untreated and treated 10 uPlasma scans in 0-5h ageing time:
(a) PA12 3800-2500 cm™, (b) PA12 2000-700 cm™, (c) PA6 3800-2500 cm™, (d) PA6 2000-

700 CIM L ettt e e e e e et e e et e e e et e e e et te e e e raeearraeeanreas 92
Figure 4-10. Variation of the contact angles of HDPE, PA12 and PA6 with ageing over 5h
following pPlasma mModifiCation. ...............uuuueiiieiiiiiiiiiiii e 95
Figure 5-1. An illustration of the yPlasma printing head with 24 needle electrodes. ........... 103
Figure 5-2. A schematic illustration of (a) the joining method and sample size, and (b)the
specimen for tensile lap-shear test after JoiNING. ...........covvviiiiiiiiiiiiiiieeee 106
Figure 5-3. 3D AFM images of surface morphology of (a) untreated, and pPlasma treated
different times: (D) 1, (C) 10 @Nd (d) 20. .....cevviiiiiiiiiiiiiiiiiieeee e 108
Figure 5-4. Root mean square (RMS) roughness of untreated GFPAG, uPlasma treated once,
O J= g o 2O 1] T ST 110
Figure 5-5. Variation of the contact angle of the GFPA6 surface with the number of yPlasma
TFEALMENT SCANS. .. ettt ettt e ettt e e ettt e e et et e e e e etb e e e erb e eaennanas 111
Figure 5-6. Surface energy (total, polar and dispersive) of untreated GFPA6 and uPlasma
treated GFPAG with different treatment SCaNS. ............coeiiiieiiiiiiice e 112
Figure 5-7. Wetting envelope of untreated and pPlasma treated GFPAG surface with different
TFEALMENT SCANS. ...ieeiiiiie ettt ettt et et e et e e e e et e e et e e et e e et e e ea e e et s e eta e e et e aeennas 113
Figure 5-8. Raman spectra of untreated GFPA6 and yPlasma treated GFPA6 with different
(1, 10, 20) treatMENT SCANS. ... eeeeieeeeiteae e e e e e e et e e e e aaeeeaaet e e e aaeeeeesan e e eaaeeeennnnnnaaaaaaens 114

Figure 5-9. Raman spectra of GFPAG in (a) wavenumber 3307 cm (N-H stretching), and
wavenumber 1646 cm (C=0 stretching) untreated and pyPlasma treated GFPA6 with
different (1, 10, 20) trealMeENt SCANS. .....coeeeiiieeiiiiaae e e et e e e e e e e e 115



Figure 5-10. Distribution of the (a) C=0 stretching in the wavenumber of 1646 cm™, and (b)
N-H stretching in wavenumber of 3307 cm on the untreated and pyPlasma treated sample
surfaces (with 1, 10 20 treatment scans) with size of 2550 x 2550 ym represented by heat

COIOUI MAPPING. e 117
Figure 5-11. Average intensity and standard deviation of the amide band on the untreated
and pPlasma treated (with 1,10 and 20 treatment scans) on the sample surface............... 118

Figure 5-12. The tensile shear strength of the bond between GFPA6 and aluminium in
different conditions (untreated and yPlasma treated with 1, 10 and 20 treatment scans) and
AA-6082 USING EPOXY AUNESIVE. ......ccciiieeeeee e 119
Figure 5-13. Image of distribution of adhesive residue on the Untreated GFPA6 and pPlasma
treated 1, 10 and 20 scans after tensile lap-shear test failure. .............cccccovviiiiiiiiiiiiiiinnnn. 120
Figure 5-14. SEM images of tensile fracture GFPAG surfaces of (a) untreated, and pPlasma
treated different scans: (b) 1 scan, (c) 10 scans and (d) 20 SCaNS. .............eeevmemmmmmmrnnnnnnnnns 122
Figure 5-15. Comparison of untreated GFPA6-epoxy-AA6082, 10 scans of yPlasma treated
GFPAG6-epoxy-AA6082, and 10 scans of yPlasma treated GFPAG6-epoxy-AA6082 aged in the
=TI g (0] g2 o F- | £ TR 122
Figure 5-16. Comparison of the change in C=0 intensity, surface energy, tensile shear
strength and RMS of untreated and pPlasma treated (with 1, 10 and 20 scans) GFPAG.... 125
Figure 5-17. lllustration of failure mode that happened when broken: (a) adhesive failure of
GFPAG, (b) cohesive failure, (c) thin-layer cohesive failure, (d) light-tear failure and(e)
AdNESIVE TAIIUIE OF Al e e e e e e aaar e e eaes 126
Figure 5-18. lllustration of failure mode that happened when broken: (a) adhesive failure of
GFPAG, (b) cohesive failure, (c) thin-layer cohesive failure, (d) light-tear failure and (e)
adhesive failure Of Al........oooo i 127

Xi



List of Tables

Table 4-1. Materials utilised in thiS StUAY...........cooviiiiiiiiiiiii 78
Table 4-2. Cooling regimes adopted for crystallinity CONtrol. ............cooovvviiiiiiiiiiiiiiiiiiiiiiieee, 79
Table 4-3. Degree of crystallinity in HDPE, PAG and PAL2. ... 80
Table 4-4. Moisture absorption of PA6, PA12 and HDPE after immersing in water .............. 85
Table 4-5. Contact angle measurements of untreated PA6, PA12 and HDPE surfaces. ...... 86
Table 4-6. Surface free energies of untreated PA6, PA12 and HDPE. ...............ccccooeoeen, 87
Table 4-7. Contact angle measurements of yPlasma modified PA6, PA12 and HDPE

LS = Lo < SRR 93
Table 4-8. Kinetic parameters describing the relaxation of the contact angle during post-
TFEALMEIT AGBING. ...ttt 96
Table 5-1. The observed assignments of major Raman peaks of GFPAG in different
WaVENUMDETS [L67, LB8]....ceeiiiiiiiii i e e e e e e et s e e e e e e e ettt e e e e e e e eeereaaanaas 115
Table 5-2. Average intensity and range of intensity across the area. ...........cccccceeeeeeeninnnnn, 117
Table 5-3. Area covered by the residual adhesive on the sample surface.......................... 120
Table 5-4. Summary of residual adhesive coverage on the sample surface and failure modes
following different treatMENT SCANS. ........uuuuiuiiiiiiiiiiiiiiii it eaeeeene 128

Xii



List of Abbreviations

AC
AFM
APTMS
CFRP
DBD
DC
DSC
FTIR
GFPAG6
HDPE
KWW
LDPE
LLDPE
PA12
PAG6
PC
PEEK
PEN
PES
PET
PMMA
PP

PS
RMS
RO
SEM
Tg

Tm

TPC
UHMWPE
uv

XPS

Alternating Current

Atomic Force Microscopy
3-Aminopropyl Trimethoxysilane
Carbon Fibre Reinforced Plastics
Dielectric-Barrier Discharges
Direct Current

Differential Scanning Calorimeter
Fourier Transform Infrared Spectroscopy
Glass Fibre Reinforced Polyamide 6
High-Density Polyethylene
Kohlrausch—Williams—Watts
Low-Density Polyethylene

Linear Low-Density Polyethylene
Polyamide 12

Polyamide 6

Polycarbonate
Polyetheretherketone
Polyethylene Naphthalate
Polyethersulfone

Poly (Ethylene Terephthalate)
Polymethylmethacrylate
Polypropylene

Polystyrene

Root Mean Square

Reverse Osmosis

Scanning Electron Microscopy
Glass Transition Temperature

Melting Temperature

Thermoplastic Composites

Ultra-High Molecular Weight Poly (Ethylene)
Ultraviolet

X-Ray Photoelectron Spectroscopy

Xiii



1 Introduction

The use of lightweight materials such as thermoplastic composites (TPCs), which are
composed of thermoplastics matrices with additional reinforced fibres, have attracted
significant interest in the automotive industry due to their excellent combination of good
mechanical properties, ease of manufacture, low density and their ease of recycling [1,
2]. Among them, glass fibre reinforced polyamide 6 (GFPAG) has also gained extensive
attention in the automotive and aerospace areas, owing to its good thermal stability
and high tensile strength [3, 4]. Thermoplastic composites are typically used in
applications where they are required to be bonded or joined with metals or other
composites, such as load bearing components in automotive applications [5]. This
design provides an ideal combination of desirable properties of different materials,
such as excellent strength, stiffness, and resistance to crack-induced physical damage,

as well as weight reduction when joining with metals [6].

Various technologies have been developed for the joining of two components such as
polymers and metals, including mechanical fastening, welding and adhesive joining [7].
Adhesive joining, in particular, has been found to offer better seals while forming a
defect-free connection, and is suitable for joining dissimilar materials [6]. To achieve
good structural bond, an epoxy adhesive which exhibits high strength and temperature
resistance when compared to other adhesives was selected for this study. Furthermore,
it was found to offer a substantial improvement on the bonding strength between

polymer and metal surfaces [8].

Prior to the bonding process, surface modifications are typically required to improve

the surface adhesive properties of the thermoplastic surface [9]. Thermoplastic



surfaces normally exhibit low surface free energy, resulting in poor adhesive properties
[10]. A range of studies have established that plasma treatments can improve the
wettability of polymer surfaces [11-14]. Additionally, it has been reported that plasma
treated surfaces can enhance the bonding strength between polymers and metals [15,
16]. Unlike conventional plasma treatment systems, that require low-pressure
conditions (typically 50-400 Pa) [17], new pPlasma surface modification can be
performed under atmospheric pressure. Consequently, the need for vacuum systems
can be eliminated, thereby significantly reducing the treatment costs and increasing
the flexibility of the treatment. In addition, yPlasma modifications allows precise,
localised, multi-axial modification of samples, resulting in enhanced energy efficiency.
Conventional plasma surface treatment on different kinds of polymers has also been
reported, including polyamide materials, such as polyamide 12, polyamide 6,6 and
polyamide 6 [18-22]. However, to the best knowledge of the authors, no previous
studies have explored the bonding between glass fibre reinforced polyamide 6 (GFPAG)
and aluminium, especially following plasma surface modification of the GFPA6 material.
Therefore, it is critical to explore the feasibility of plasma treatment, especially yPlasma
modification on modifying and improving the properties on GFPA6, as well as the

underlying mechanism.

Although plasma treatments are well-established to induce exceptional changes to the
surface of polymers, they are not permanent modifications. Polymer surfaces following
plasma treatment are often accompanied by ageing phenomenon, including
hydrophobic recovery (with chain reorientation and diffusion towards to the bulk), chain
scission, crosslinking, and oxidation [23, 24]. Studies have demonstrated that the aging

of polymers have a negative influence on the properties introduced by plasma



treatment, particularly associated with surface wettability. However, aging data, which
can be documented by contact angle measurements, are usually reported on a daily
or weekly basis. The initial dynamic changes in the first minutes or hours after plasma
treatment are rarely reported. Therefore, it is essential to systematically study the initial
ageing behaviour following plasma treatment to enable better understanding of this
phenomenon. Moreover, a modified stretched exponential Cowie and Ferguson model
[25], was utilised in this study to aid in the comprehension of the wettability aging

process of polymers after yPlasma modification.

In addition, while investigations have revealed a variety of factors that contribute to the
impact of the ageing behaviour, such as temperature [26], storage conditions [27],
crystallinity [28], none has decoupled the effect of crystallinity and hydrophilicity on the
ageing process. Therefore, given that polymers such as polyamides are more prone to
moisture absorption, while polyethylene (PE) is a hydrophobic material that does not
absorb moisture, it is necessary to explore the influence of hydrophilicity (i.e., moisture
absorbance ability) on the ageing behaviour of the polymers after pPlasma

modification.

Aims and Objectives

The aim of this project is to investigate the role of pyPlasma surface modification on
thermoplastic composites surfaces to enhance the adhesive bonding between
thermoplastic and metal surfaces. To achieve this goal, the study can be broken down

into the following objectives:



The first part is to investigate the effect of pyPlasma modification on the wettability of
glass fibre reinforced polyamide 6 (GFPAG) surfaces, and their short-term (minutes to
hours) and long-term (days to weeks) ageing behaviour. To optimise pPlasma surface
modification parameters, including printing rate, working distance and accelerating
voltage. To develop a more reliable systematic protocol for measuring the contact
angle of plasma treated fibre reinforced polymers to better characterise their surface
wettability and ageing behaviour. In addition, to develop an approach to hinder or

prevent complete hydrophobic recovery of the treated surfaces.

The second part is to explore the effect of pPlasma treatment on the surface
morphology, wettability and surface chemistry of three thermoplastic polymers,
including high-density polyethylene (HDPE), polyamide 12 (PA12) and polyamide 6
(PA6) with different hydrophilicities. To explore the effect of the different polymer
hydrophilicities on the ageing process after yPlasma surface modification using the

Cowie and Ferguson model [25].

The third part is to investigate the bonding strength of GFPA6-epoxy-aluminium after
pMPlasma surface modification through tensile lap-shear testing and to analyse the
failure modes of the bond. To characterise the physical and chemical changes
following surface modification of the on GFPAG6 surface, as well as the influence of
increased treatment repetitions (1, 10 and 20 yPlasma treatment scans) on the sample
surface. To explore the ageing behaviour of the bonding strength of the joined GFPAG-

epoxy-aluminium component.



2 Literature Review

2.1 Polymers

A polymer is a long chain molecule (which can also be termed a macromolecule),
consisting of a sequence of repeating units, or monomers. For example, the repeating

unit of polyethylene is shown below in Figure 2-1.
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Figure 2-1. The repeat unit of polyethylene.

The backbone of a polymer is composed of covalently bonded carbon atoms, other
constituent atoms may also be present, for example, nitrogen, oxygen, sulfur and
chlorine among others. Depending on the chemical constituents of the polymer,
secondary interactions may also be present, e.g., hydrogen bonds occur in polyamides

[29].

Polymer chains can be linear, branched or cross-linked; schematic diagrams

displaying these polymer structures are shown in Figure 2-2.
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Figure 2-2. Schematic of linear, branched and cross-linked polymers (a) linear, (b)
branched and (c) cross-linked.

Branched polymers have side chains attached to the main backbone. The chain
architecture of cross-linked polymers is a three-dimensional network. Cross-links are
usually composed of covalent bonds between two molecular chains that are formed

during or after polymerisation, but ionic cross-links can be found e.g., Surlyn ionomer.

The properties of polymers such as thermal stability, tensile strength, viscosity and
toughness are highly dependent on both the chain length and the chemistry of the
repeat unit. Chain length is generally characterised in terms of a molecular weight and
polymers exhibit a distribution of molecular weights [30]. Therefore, an average

molecular weight is calculated.



2.1.1 Molecular Weight Distribution

Usually, as the molecular weight of a polymer increases, as do certain mechanical
properties, such as tensile strength and stiffness [31]. Therefore, measuring the

molecular weight is essential for understanding the behaviour of polymeric materials.

The two most common measures of the average molecular weight are number average

molecular weight, M,,, and the weight average molecular weight (M,,).

The M, average is an arithmetic mean and is defined as follows:

i NiM; (2-1)
Mn = il

Where, M; is the molecular weight of a chain, N; is the number of chains, and i is the

number of polymer molecules [32].

The M,, average is a weighted mean and is defined as follows:

= ZiNiME (2-2)
Yo NN M;

Where M; is the molecular weight of a chain, N; is the number of chains, and i is the

number of polymer molecules [32].

Unlike M,,, M,, takes into account the mass of individual molecules. The larger the

molecules, the greater contribution they make towards the average molecular weight.



2.1.2 Polymer Morphology

Polymer morphology is the overall form of the structure and arrangement of the
molecules in a polymer. It plays an important role in determining the properties of

polymers. There are amorphous and crystalline states in a polymer.

The amorphous state in a polymer has randomly distributed polymer chains without
any order. The structure of the amorphous chains can be compared to spaghetti, and
the term ‘spaghetti model’ is often used to describe amorphous polymers [33]. The
unoccupied volume in an amorphous polymer is called free volume, which originates
from poor packing of the polymer chains. On the contrary, the crystalline state has a
highly ordered structure in which the chains are distributed in a repeating pattern.
Unbranched linear polymers such as HDPE can potentially possess a crystallinity of

up to 70%.

Polymers can be amorphous or semi-crystalline. Semi-crystalline polymers contain
spherulites (shown in Figure 3), which are composed of repeating amorphous and
crystalline phases. The crystalline phases within spherulites take the form of lamellae,
which exhibit thicknesses of 10 nm to one centimetre [34]. The molecular chains,
which are much longer than the thickness of the lamellae, can fold back and forward
regularly on the surface of the lamella [35], but chain loops of various sizes also form.

In addition, chains can link adjacent lamella, and these are known as tie-molecules.
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Figure 2-3. Schematic of spherulite that contains lamella and amorphous [36].

On heating, amorphous state in a polymer exhibit a glass transition temperature. Most
of the amorphous chains exist in a rigid state at room temperature. Upon heating, the
molecular chains absorb a certain amount of energy, providing them with increased
mobility. At a certain temperature known as the glass transition temperature (Tg), the
amorphous regions experience a transition from the rigid glassy state to a more flexible
rubbery state, upon which the free volume of the system increases by approximately

2.5 times [30].

The glass transition temperature is present in both amorphous and semi-crystalline
polymers, whereas only semi-crystalline polymers possess a melting temperature (Tm).
Semi-crystalline polymers start to undergo softening above the Tg, and the crystalline
regions begin to flow after the Tm is reached. The system exists in the rubbery state
between the two temperatures Tq and Tm, in which the material present exhibits better

elongation when a low load is applied. The transformations that occur between



different temperatures lead to changes in the morphologies of polymers, resulting in a
change in physical properties. Therefore, it is important to identify and investigate the

morphology of a polymer.

2.1.3 Thermoplastics

Polymers can be categorised into two groups: synthetic polymers and natural polymers.
Synthetic polymers are produced via polymerisation, and can be further categorised
into thermosets and thermoplastics. Thermosets polymers possess a three-
dimensional crosslinking structure, which makes them highly resistant to deformation
and heat. However, thermosets cannot be reshaped and remelted once processed,

making recycling these polymers extremely difficult.

Typically, thermoplastics are a type of polymer that can be melted and reshaped
multiple times without losing its original properties such as strength and flexibility,
which makes them easier to recycle and therefore more environmentally friendly.
Engineering thermoplastics are a group of thermoplastics that are characterised by
high strength, stiffness, impact and chemical resistance, thermal stability, low weight,
low cost, and ease of manufacture. This subset of thermoplastics are widely used in
automotive and aerospace industries [37]. Some engineering thermoplastic examples
are polyamide (PA), polyethylene (PE), polypropylene (PP) and polyetheretherketone
(PEEK). The strength and stiffness performance of thermoplastics can be enhanced
by the addition of reinforced fibres such as glass or carbon fibres [38]. Glass fibre
reinforced polyamides are widely used in the automotive, construction, and electrical

industries due to their high strength, stiffness, impact resistance and low cost [39].
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Carbon fibre reinforced polyamides are used in automotive, aerospace, civil, and

structural engineering due to their high strength, thermal stability and low weight [39].

One of the most versatile thermoplastics is polyethylene (PE). It is a semi-crystalline
polymer with a relatively high crystallinity. PE possesses a simple molecular structure,
which consists of long chains of repeating units of ethylene (Cz2H2). It is extensively
used in flexible packaging applications due to its low cost, excellent electrical insulation,
low coefficient of friction, chemical and fatigue resistance, and ease of processing [40,
41]. It is also often used in the automotive sector to produce laminates, membranes,
and foams [40, 42]. However, PE is a hydrophobic thermoplastic polymer with low

adhesion properties due to its nonpolar nature, which has limited its applications.

There are three main categories of polyethylene, which are low-density polyethylene
(LDPE), linear low-density polyethylene (LLDPE) and high-density polyethylene
(HDPE). HDPE is a polymer with highly regular packed chains, and a low degree of
branching, typically less than 7 branch points per 1000 carbon atoms on the chains.
The highly regular arrangement gives HDPE a high degree of crystallinity, which leads
to high strength, low moisture absorption and high impact resistance. LDPE has an
increased number of branched chains with approximately 60 branch points every 1000
carbon atoms, which imparts a lower degree of crystallinity compared to HDPE.
Resultantly they are soft and flexible with good elongation, and this has led to their
widespread use in packaging [43]. Additionally, the excellent chemical and corrosion
resistance has led to their use as a protection coating [44]. LLDPE is a polymer that
has been processed with a controlled number of short chain branches, and has

properties such as tensile strength and density between HDPE and LDPE.
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Another common thermoplastic is polyamide (nylon). Polyamide is a semi-crystalline
linear thermoplastic polymer that consists of the amide (-CONH-) repeat linkage in the
polymer backbone with a low glass transition temperature (Tg) [45]. When the
temperature is below Tg, the material exhibits a relatively low strength and low
toughness due to the lower mobility of the chains, whereas the material has increased

toughness and reduced strength when the temperature is above Tg.

Polyamides were first invented in the 1930s, and first employed in industry in the 1950s
[46]. They are widely utilised in the automotive area due to their excellent properties
such as flexibility, toughness, resistance of abrasion and thermal stability [47]. They
have been used as synthetic textile fibres, thermoplastic sheet composites, tapes,
cable insulation and in medical applications such as orthopaedic implants and
biosensors [48]. The most popular types of polyamides include polyamide 6, polyamide
6,6, and polyamide 12. Fibre reinforced polyamide composites are also used in
engineering products in industry due to a combination of low cost and high

performance [39].

Among polyamides, polyamide 12, which has a relatively lower melting temperature
due to its longer aliphatic (-CH2) chains, exhibits many exceptional properties. These
includes low moisture absorption, high notched impact, high resistance to ultraviolet
(UV), high chemical resistance (oils, solvents, alkalis), high resistance to pressure and
abrasion, and high processability [49-51]. However, it is more expensive than

polyamide 6 and polyamide 6,6.

Polyamide 6 is one of the few engineering polymers that can be used in the aerospace

and automotive industries, due to its excellent abrasive wear resistance and
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mechanical properties such as strength and toughness [52]. Polyamide 6 consists of 6
carbon atoms in its repeat unit. Among them, five of the carbon atoms belong to - (CH2)
- linkages, and the last one is part of a carbonyl C=0 bond belonging to the (-CONH-)
amide group. In the production process (polymerisation and crystallisation) of
polyamide 6, hydrogen bonds form between amide hydrogen atoms and carbonyl
oxygen atoms within the amide group as the chains open and extend. These hydrogen
bonds can exist between adjacent chain units, or within a single chain, leading to the
closely packed crystalline structure that gives polyamide 6 its outstanding properties

[53].

Figure 2-4. The repeat unit of polyamide 6.

To enhance the strength and stiffness of a material, it is common to add fibres such as
glass and carbon fibres to a thermoplastic matrix, resulting in what are known as
thermoplastic composites (TPCs). Glass fibres, for example, can improve the stiffness,
strength, abrasion resistance, heat and chemical resistance of the composites [54].
Among glass fibre reinforced polymer composites, glass fibre reinforced polyamides
exhibit excellent mechanical and thermal properties, which is attributed to the
combination of properties from the glass fibres and polyamides. The remarkable
performance of glass fibre reinforced polymers is highly dependent on suitable

compositions, orientation, and interfacial strength of the matrix and fibres [55]. In terms
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of applications, glass fibre reinforced polyamides are mainly used in the automotive
industry (car bonnet, interior parts and under the hood) due to the weight reduction

they provide.

2.1.4 Effect of Water in Polyamides and Polyethylene

Although polyamides possess excellent properties, they are also hygroscopic materials
that absorb moisture from the air due to their large number of hydrophilic amide groups

[56].

When the polyamide is exposed to a humid environment, the transport of water through
the polyamide can affect the properties of the polymer. This is because water
molecules can interact with the oxygen and hydrogen in the amide group in polymer
chains and form hydrogen bonds, leading to an increase in the free volume of the
polymer, thus causing swelling of the polyamide. The mobility of the chains can
therefore be increased as the chains have more space to move. The increase in free
volume can also weaken the hydrogen bonds between the polymer chains, as well as
lower the glass transition temperature Tg4, leading to a decrease in mechanical
properties such as strength and stiffness [56]. This is also dependent on the different
types of polyamides and the crystallinity. Studies have shown that the absorption of
water has less effect on the polyamides with higher crystallinity [57, 58]. For example,
Litvinov et al. [59] has pointed out that the water mainly diffuses into the amorphous

phase in polyamide 6, which increases the chain mobility of the material.
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Conversely, polyethylene is a hydrophobic material, which is resistant to hydrogen
bonding due to its non-polar molecular structure [60]. This makes it difficult to interact

with water, thus resulting in a low affinity for water [61].

2.2 Polymer Surfaces

The molecules in the polymer bulk are generally stable as they experience balancing
forces from the molecules around them. However, the surface molecules only
experience a force from the layer of molecules directly beneath them. Due to the
uneven force, the free energy of the surface layer is higher than that of the bulk. The
molecular chains tend to arrange randomly in the bulk. Conversely, the chains near to
the surface have less freedom to move around compared to the chains in the bulk, and
therefore tend to align parallel on the surface with separated chain ends to avoid
reflection. Therefore, the free energy of the whole system is reduced. This is known as
surface induced ordering [62]. The molecular chains in the bulk have a lower mobility
than those on the surface due to the more ordered configuration of the bulk chains
compared to the surface material. The glass transition temperature (Tg) of the polymer
on the surface was determined to be lower than in the bulk [63]. This has been
evidenced by measuring the Tg of polymer thin films by Forrest at al. [64], who found

that Tg decreases linearly with film thickness.

The surface chains can also react with the environment when they are given sufficient
mobility. Therefore, the surface functional groups are not permanently fixed. They can
slowly diffuse and reorient from the outer surface to the bulk, even entire polymer
chains with functional groups. This is called surface dynamic or hydrophobic recovery.

Diffusion of the molecules from high concentration to lower concentration regions is
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the driving force behind the recovery. The interaction between the surface functional
groups and the polar or nonpolar environment is another driving force that can arrange
the orientation of functional groups. For instance, the O-H groups change their
orientation toward the surface and form hydrogen bonds if the air environment is
replaced by water [65]. This is because the interaction of the energy of the polar groups
with the polar environment compensates the dilution tendency [66]. The chain ends
can enhance the surface mobility according to Kajiyama et al. who studied the surface

mobility of Polystyrene (PS) [67].

Notable properties of polymer surfaces include surface energy and surface wettability,
which influence the applications of the polymers. Therefore, the characterisation of the

surface properties is essential.

2.2.1 Contact Angles

Contact angle measurement is one of the most important characterisation methods for
determining the surface wettability. Contact angles are measured when the three-
phase boundary is horizontally stable. When a drop of liquid is placed on a solid, the
interaction between the solid and liquid can give information about the wettability of the
solid material surface. If the contact angle of water on a solid surface is lower than 90
°, the solid material is considered hydrophilic. When the contact angle is higher than
90 °, the material is hydrophobic. The increase of the contact angles of the water with
time is a good indication of hydrophobic recovery [68]. Generally, the contact angle
depends on the roughness, chemical and topographical heterogeneity and

arrangement of the surface [69].
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2.2.2 Surface Free Energy

Since polymer surfaces experience an unbalanced force, they therefore always try to
minimise the free energy in the whole system. The surface free energy is an evaluation
of the interaction between the surface and the surroundings. It is the energy required
to reach thermodynamic equilibrium, which can be used to describe wettability of the
material. It is called surface tension on a liquid surface. The molecules within a liquid
with a high surface tension attract to each other so they stick together on a solid surface
with low energy, whereas the molecules with low surface tension tend to spread out
on a solid surface with high energy. However, the value of surface free energy is not
fixed, it depends on the liquids chosen for contact angle testing. Generally, the higher
the surface free energy calculated with the same liquid, the higher the wettability of a

solid material, therefore resulting in a lower contact angle on the surface.

The results of contact angles of two or more different liquids can be used to calculate
the surface free energy using Fowkes theory [70]. The total surface free energy
consists of dispersive surface energy and polar surface energy (as shown in Equation
(2-3), where gy is the total solid surface energy, o” is the polar components of solid
surface energy, and o5 is the dispersive component of solid surface energy). The
dispersive surface energy is the component of dispersion of the electrons in the
molecules on the material surface, whereas the polar surface energy is the component
of surface energy that results from the attraction of electrons in the molecules on the

material surface.

P

Og = Oy + O'SD

(2-3)
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Similarly, the total surface tension of a liquid consists of the dispersive component of
the surface tension and the polar component of the surface tension, as shown in
Equation (2-4), where g, is the total surface tension of the wetting liquid, o? is the
dispersive component of the surface tension of the wetting liquid, of is the polar

component of the surface tension of the wetting liquid.

O-L = O'LP + O-LD

(2-4)
Mathematically, Fowkes theory is combined with two Equations, Young’s Equation and

Good’s Equation.

Young’s Equation is shown as below in Equation (2-5), where yg, is the interfacial
tension between the solid and the liquid and 6 is the contact angle of the solid-liquid

interface.

0s =Yg, + 0, cos O (2-5)

Good’s Equation is as below in Equation (2-6):

VsL =US+0L—2'<JG£'U£+\/U§'05> (2-6)

Fowkes' surface energy theory is the combination of Young’s Equation and Good’s

Equation above, as shown in Equation (2-7).

gy, (cos6+1)

(@)% (@) 2 + (0P)V/? - (o)1= 222 (2-7)

This Equation is mathematically the same as Owens/Wendt theory. However,

Owens/Wendt theory often time-consuming, requiring the use of many probe liquids in
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contact angle testing of the solid being analysed. In contrast, the Fowkes theory only
requires two wetting liquids, one of which has a surface tension of only the dispersive
component. This makes it easier due to the fact that when the polar component o/ =
0, total surface tension g, = ¢ according to Equation (2-4). This simplifies Equation
(2-7) to Equation (2-8), allowing ¢ to be calculated directly from Equation (2-8), with

the value of the liquid contact angle on a solid surface.

oy, (cos 8+1)2
gP= L ( )

S 4 (2-8)

Diiodomethane is usually recommended in Fowkes theory. This is because
diliodomethane, due to its molecular symmetry, has only the dispersive component
without the polar component. The total surface tension of the diiodomethane o, = o

=50.8 mN/m.

After achieving the value of a2, the next step is to apply the value of the dispersive
component ¢ to and the polar component ¢/ of the surface tension of the liquid to the
Fowkes theory Equation (2-7). The only unknown parameter of can be calculated with
the value of the liquid contact angle on the solid surface using Equation (2-7). The
other commonly used test liquid is deionised water, which has a polar component of
the surface tension ¢/ = 46.6mN/m, and dispersive component of the surface tension

ol = 26.4/m.

The total surface free energy can then be calculated through Equation (2-3) by adding

a? and of together.
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2.2.3 Wetting Envelope

Wetting envelope is a graphical representation of the contact angle of a liquid droplet
on a solid surface as a function of the surface energy of the solid. Liquids with surface
energy of polar and dispersive components within the envelope exhibit a smaller
contact angle than the set value. On the contrary, liquids with surface energy outside
the envelope exhibit a bigger contact angle. The wetting envelope can be used to
predict the wetting status of a liquid with certain polar and dispersive components on
a solid surface, as the relationship between the contact angle and surface energy can
be shown visually on the graph. The wetting envelope is a curve with dispersive
component P and polar component o of liquid surface tension (an example is shown

in Figure 2-5).

The derivation of wetting envelope Equation (2-12) is also based on the Young’'s
Equation (2-5) and Fowkes theory (2-7). In this case, a complete wetting curve is
generated, i.e., 8 = 0°, therefore cos 8 =1. The next step is to simplify Fowkes theory

by applying cos 6 =1 to the Equation (2-7).

Equation (2-9) shown below represents a cylindrical coordinate system. Any point in
the coordinate system is determined by the values of the x and y axes, where they are
the dispersive component ¢ and polar component of of liquid surface tension
respectively. R is the absolute value of the vector of the point to the origin of the
coordinate. In the system, ¢ is the angle of the vector with respect to the x-axis,

therefore 6P = R - cos¢ and f = R - sing, as shown in Equation (2-10) and (2-11).
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R? = (of)? + (oP)

(2-9)
P =R - cos¢ (2-10)
of =R sing (2-11)

Through substituting Equation (2-9), (2-10) and (2-11) into Equation (2-7), it gives
Equation (2-12). By plotting the value of R as a function of ¢ (change angles to radius),

the wetting envelope can be achieved.

afsing + /aPcosep :
R = (F J

cos¢ + sing ) for 0" < ¢ < 90° (2-12)
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Figure 2-5. Example of wetting envelopes based on the Equations and
experimentally obtained contact angles for the known liquids [71].
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Each wetting envelope represents the wettability of a different solid surface. They can
be used to predict the wetting effect of different liquids on the surface. Vélkermeyer et
al. [71] used this wetting envelope to show clearly and distinctly the variation in
wettability of laser surface modified carbon fibre reinforced plastics (CFRP) at different
powers of laser in Figure 2-5. Generally, the larger the wetting envelope, the better the
wettability on the solid surface. If liquids with different polar and dispersive components
are within the enclosed area, it implies that these liquids can completely wet the solid
surface, while on the contrary, if the liquids are outside the enclosed area, these liquids

cannot achieve complete wetting of the surface.

The analysis of contact angles, surface free energy and wetting envelope of the surface

helps to provide a better understanding of the wettability of a material surface.

2.3 Surface Modifications

However, the poor adhesion properties of polymers have largely limited their
applications due to their low surface energy. Numerous surface modifications have
been introduced to modify the printability, adhesion and wettability of the polymer

surface without affecting the bulk properties.

Surface modification can be used for a range of purposes, such as surface
functionalisation, surface deposition, surface cleaning and surface deposition. There
are various different kinds of surface modification methods including surface coating,
laser treatment, mechanical treatment, wet chemical treatment, plasma treatment, ion
beam, ion implantation, etc. However, some drawbacks have also been found in these

treatments. The efficiency of the mechanical treatment has been found to be limited.
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Wet chemical treatment is considered to display a lack of uniformity and reproducibility
in the finished product, and there are also environmental and safety problems with this

technique. Flame treatment is also environmentally unfriendly [72].

2.3.1 Wet Chemical Modification

Wet chemical treatment is treatment that involves the reaction between the chemicals
in a solution and a surface. It can be used for improving polymer surface properties by
spraying, dipping, or coating with chemicals. Through penetrating solvent into the
polymer matrix, the contaminants can be removed from the surface and new functional
groups can be introduced to modify the polymer surface. It is suitable for large scale
treatment, low cost, and selective areas [73]. Regis et al. [74] investigated chemical
treatment on polypropylene, and with the use of sodium hydroxide (NaOH), the cell
attachment of biomolecules on polyethylene was improved. It was also found in the
study of Marchand-Brynaert et al. [75] that carboxylic functional groups were
introduced on poly(ethylene terephthalate) (PET) film after hydrolysis in aqueous

acetonitrile followed by permanganate oxidation in sulfuric acid.

However, wet chemical treatment normally produces chemical waste which poses a
risk to the environment, and has the potential to degrade the polymer surface, leading

to lower mechanical strength and faster wearing [13].

2.3.2 Physical Modification

Physical surface modification is a simple, low cost, environmentally friendly treatment
that can be performed to enhance polymer surfaces. Physical surface modification can

only modify the surface wettability by physically increasing the surface roughness. It
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does not change the inherent properties such as the chemistry of the polymers, and
therefore does not cause ageing problems. A study by Encinas et al. [76] found that
the roughness of polymeric materials such as polyethylene and polypropylene was
increased by surface mechanical abrasion using grinding paper , leading to an
increase in surface wettability. However, the change of surface wettability was limited
compared to the result in the study of Moghadamzadeh et al., [77] who have found that
mechanical abrasion with a further corona discharge treatment improved the adhesive
property significantly. However, physical modification is almost impossible to apply on

fibres and powders [73].

2.3.3 Ultraviolet (UV) Surface Modification

UV surface modification is a treatment that can be used to modify the surface of photo
(light-sensitive) polymers using UV light. It is a low temperature, non-contact treatment
that can be operated under atmospheric pressure. The UV light can penetrate the
surface to induce crosslinks on the polymer surface by initiating a photochemical
reaction, thus changing the properties of the polymer surface. UV surface modification
can modify the polymer surface without affecting the bulk because UV light can only
penetrate into the surface by tens of micro meters. It can also modify the polymer
surface physically by hardening the surface, and chemically by introducing new
functional groups on the surface. It is a high-speed chemical free process, which is
efficient, simple to operate and environmentally friendly. For example, Breuer et al. [78]
has improved adhesive bonding strength between polypropylene and epoxy adhesive

using UV laser radiation.
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However, the polymers that are suitable for the treatment are limited as they must be
photo active to the UV light, and there is potential that the UV light can deteriorate the
polymer surface [73]. Eve et al. [79] investigated the relationship between the UV light
and degradation of PolyMethylMethAcrylate (PMMA), it was found that a decrease in
strength and Young’s modulus was related to the increase of the UV irradiation dose.
It was also found in a study of Kaczmarek et al. [80] that the process of improving

wettability by UV treatment is slower compared to plasma treatment.

2.3.4 Plasma Treatment (Low Pressure)

Among the surface modification techniques, plasma treatment has been proven to
have many excellent advantages, as it is clean, fast, environmentally friendly, solvent
free, and can be used to modify the surface area of heat-sensitive materials like

polymers without affecting the bulk [81].
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Figure 2-6. Schematic diagram of plasma formation, which consists of electrons, ions
and energy-rich neutrals as excited states, by means of a direct current (DC) voltage
power supply [82].
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Plasma is the fourth state of matter in universe that possesses high energy. In plasma
surface modification, the plasma is created by exposing gases such as oxygen and
nitrogen to a high energy flow such as an electric field, therefore turning them into
excited particles include electrons, ions, atoms, photons, radicals and other species
(as shown in Figure 2-6) [73]. Generally, plasmas can be categorised as thermal (hot)
and non-thermal (cold) plasmas. Thermal plasmas such as lightning and electrical arc
generally possess a temperature of 10000K, while non-thermal plasmas such as low-
pressure plasma generally possess temperatures in an order of 100K. In non-thermal
plasmas, the electrons are at a high temperature (over 10,000 K). However, the density
of electrons is very low and the majority of neutrons are at room temperature, resulting

in the low temperature of the non-thermal plasma.

Low pressure plasma is a type of plasma that discharges under low pressure (< 1 Torr
=133 Pa) and high frequency (= 1 MHz). In this discharge, the electrons have enough
energy to break the covalent bonds, while the ions and gas molecules remain at
ambient temperatures. Therefore, the plasma reaction that occurs at ambient

temperatures is suitable for thermally sensitive materials such as polymers [72].
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Figure 2-7. Schematic of samples in active screen chamber with sample on an
electrical insulator [83].

Polymers cannot be treated using direct current (DC) plasma treatment, because the
sample, as one of the electrodes in this technique, needs to be conductive to sustain
the discharge. In addition, DC plasma treatment has the potential to cause damage to
the material, through effects such as arcing, edge effects, and hollow cathode. To allow
polymers to be treated by plasma without the risk of damage, active screen (AC)
plasma treatment has been utilised [81]. Instead of directly applying the cathode
potential to the samples like the DC plasma, the sample is designed to remain in a
floating position surrounded by an active screen (as shown in Figure 2-7), which makes

the plasma treatment of nonconductive polymers possible. During the AC process, a
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perforated metal cage surrounds the sample, transferring the intense plasmas from the
sample to the active screen system. Since the cathode is the mesh instead of the
sample itself, the polymer samples can be treated more uniformly, and the damage to
the samples is also avoided [83]. Fu et al. [81] has investigated the effects of active
screen plasma treatment on polyurethane, the results of which showed that the surface
roughness was increased, and new functional groups were introduced after the
treatment, leading to the increase in wettability and cell attachment ability on the
polyurethane surface. Kaklamani et al. [84] also found that active screen plasma
nitriding improved the adhesive property of ultra-high molecular weight poly(ethylene)

(UHMWPE).

2.3.5 Dielectric-barrier Discharges (DBD)

Dielectric-barrier Discharges (DBD) are a type of non-thermal plasma that is generated
under atmospheric pressure. Shown in Figure 2-8 is a schematic diagram of one of the
common configurations of the DBD system. Two dielectric materials are connected to
electrodes with a high alternating current (AC) voltage (top electrode) and ground
(bottom electrode). The dielectric barrier in the DBD structure is usually glass or silica
glass. The dielectric materials act as barriers to prevent arcing and the generation of
high temperatures. An alternating voltage is applied on the two dielectric materials and

the discharge is created between them.
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Figure 2-8. Schematic diagram of the configuration of the DBD system in a circuit
[85].

In order to transmit an electric current, the electric field must be strong enough so as
to breakdown the gas. The alternating current (AC) voltage is required to maintain a
continuous discharge tunnel between the two dielectric materials [86]. During the
positive half cycle of the applied voltage, the electric field between the two materials is
strong enough to break the dielectric materials and form a discharge tunnel. At
atmospheric pressure, the gases undergo electrical breakdown, leading to the
formation of a large number of discharges. Each of these discharges has a nearly
cylindrical plasma channel with a radius of about 100 pm and forms a large surface
discharge on the surface of the dielectric. During the negative half cycle of the applied
voltage the discharge tunnel collapses due to the switch of the voltage polarity. With
the application of the alternating current, the process continues. When a direct current
(DC) is applied rather than an AC voltage, the powerful electrical field is constantly
present, which leads to a continuous high current discharge, causing damage to the
electrodes and dielectric materials. Therefore, to avoid the damage to the configuration
and to keep an appropriate discharge flow, an AC voltage is required in the DBD

system. The discharge generated between the dielectric materials depends on the
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thickness of the dielectric and the applied voltage. When the power is increased, more

discharges per unit time and per unit area are added [87].

The DBD systems can be used to modify the surfaces of polymers. For example,
Kostovthe et al. [88] found that the surface of polycarbonate became more hydrophilic
due to the introduction of polar oxygen and nitrogen containing groups by DBD plasma
treatment. Nastuta et al. [89] modified the surface wettability of polyethylene

terephthalate (PET) by using different DBD configurations.

2.3.6 pPlasma Surface Modification (ambient pressure)

pPlasma is a plasma of small dimensions down to the micrometre scale containing
reactive electrons, ions, photons and radicals. The design of the electrode
configuration and dimensions of the discharge region can help with reducing the size
of the discharge, and therefore can maintain stability of the plasma tunnel and operate
under atmospheric pressures [90]. yPlasma surface modification can be operated
under atmospheric pressure, and the non-thermal properties make it particularly
suitable for thermally sensitive materials such as polymers. It is less expensive to
operate as vacuum conditions are no longer required and energy and gas consumption
is reduced compared to low pressure plasma treatment. yPlasma devices that operate
under atmospheric pressure are more convenient and portable [91]. Another important
advantage of yPlasma modification is that the technique allows for localised treatment
of materials, thus reducing the energy waste. In addition, in many surface patterning
processes, such as low-pressure plasma treatment and chemical vapour deposition, a
physical mask is usually required, however in yPlasma patterning processes, a mask

is not necessary. The pPlasma modification process is computer controlled and the
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pattern of the treatment can be designed. However, this technique can not be applied

on metals.

Figure 2-9. Shows the schematic of yPlasma modification setup. The pPlasmas can
be generated between the needle electrode tips that are connected to a high voltage
AC power supply and the grounded substrate. When the power supply is switched on
with a suitable distance between the needles and the sample, the plasma is ignited.
After activating the electrodes, the distance between the needle tips and the substrate
is adjusted until the electric field becomes high enough that the charged particles in
the air (or gas supplied) will be accelerated by the electric field. In this process, the
accelerated particles can collide with atoms in the air, causing the ions and electrons
to separate from each other. As a result, plasma streams are generated. The design
of the needles in the configuration allows the plasma streams to be small and stable.
The dielectric material silicon between the two electrodes is used for preventing the
direct flash over. It is also worth noting that the distance between the needles and the
substrate table needs to be controlled carefully to allow the plasma to ignite when the

needle electrode is activated.
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Figure 2-9. The schematic of the pPlasma modification setup that consists of 24
needle electrodes on the print head, a polymer sample and a substrate table [92].

It has been proven that plasma surface modification can improve the surface properties
of polymers such as wettability and adhesive properties under different plasma
treatment conditions [93-98]. However, despite all the advantages of yPlasma, limited
publications studied the uPlasma treated polymers with this configuration [92, 99]. To
the best knowledge of the author, only two papers mentioned uyPlasma treated
polymers. In the study of Schalken et al. [92], the plasma polymerisation of amine-
containing films from 3-aminopropyl trimethoxysilane (APTMS) on fluorocarbon
polymers was carried out by pPlasma, and with the needle configuration, dot-wise
patterning and area selective functionalisation were achieved. Verkuijlen et al. [99]
compared the effect of yPlasma treatment and UV-ozone on polycarbonate (PC) and

polyethylene naphthalate (PEN). The results showed that more wettable surfaces with
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higher oxygen containing groups were produced by microplasma treatment. Therefore,

an investigation into the effects of yPlasma treatment on polymers is valuable.

There are also studies on the plasma treatment of engineering thermoplastics [100-
107], such as the plasma treatment of carbon fibre reinforced polymers in PEEK, PP
and PA6 composites [108-111]. However, there has been no study on the plasma
modification of glass fibre reinforced polyamide 6. Therefore, the surface modifications

caused by pPlasma on glass fibre filled PA6 is worth investigating.

2.4 Interaction Between Plasma and Polymers

Plasma can modify polymer surface properties physically and chemically, by removing
the surface contaminants, increasing surface roughness, breaking chemical bonds and

introducing new functional groups on the polymer surfaces [112].

Firstly, plasma treatment can clean the polymer surface by removing organic
contaminants to prevent potential adhesion problems. Usually, the contaminants on
the polymer surface are extremely difficult to remove, which could reduce the strength
of the bond between the substrate and adhesive when joining dissimilar materials. The
existence of the contamination layer might react and bond to the adhesives, providing
loose bonding, leading to a negative effect on the polymer surface and subsequent
experimental results. Therefore, it is necessary to remove the contaminants on the
polymer surface. Plasma can remove the contaminants and the impurities on the
surface layer by sputtering, ablation of the plasma particles and etching, and produce

a clean surface for further surface modification.
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Other than this, the plasma treatment process of the sputtering, ablation and etching
on the surface can also change the roughness of a polymer surface. This is because
amorphous materials are usually easier to remove than crystalline and filled materials
due to their weakly ordered structure, thus producing surface textures and roughening
the surface [113] . For example, a study by Pal et al. showed that plasma increased
the roughness of polyethersulfone (PES) [114]. The increase in surface roughness
provides a higher specific surface area and higher surface energy, which means
bonding properties are improved. When joined with another material such as a metal
through adhesive bonding, this can result in improved mechanical anchoring and

mechanical interlocking stabilities [115].

Furthermore, plasma treatment can break chemical bonds and introduce new
functional groups on the polymer surfaces. For instance, plasma treatment can
introduce polar functional groups such as hydroxyl (-OH), carbonyl (C=0) and carboxyl
(COOH) groups that contain oxygen on the surface [116], which contribute to the
increase of surface energy. The change in chemical composition on the surface plays
an important role on improving the hydrophilicity of the polymer. As a result of the
physical and chemical modifications on the polymer surface, the surface energy and

surface wettability can be improved, and therefore as can the adhesive properties.

There are some issues with plasma treatment such as ageing, degradation, oxidation
and over etching, which can occur when the polymer is exposed to plasma for too long.
During the etching process, the degraded fragments can be vaporized to form carbon
dioxide, CO, H20, etc [117]. Although the etched structure of the surface is usually

rougher than the original structure, leading to a surface with higher energy, over
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etching can result in excessive removal of the material. For example, when fibre
reinforced polymers are exposed to plasma for too long, over-etching exposes the fibre
to the surface of the matrix, thus separating the fibres from the substrate and causing
a reduction in mechanical properties include strength and stiffness.
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Figure 2-10. Schematic diagram of the response of polyethylene to plasma with
vacuum-UV irradiation or energy rich particles (new introduced functional groups are
represented by X) [117].

It is not only the collision of the plasma on the polymer that causes the reaction and
etching, but also the plasma vacuum ultraviolet (UV) irradiation with extremely short
wavelengths [118]. As shown in Figure 2-10, plasma with energetic particles and UV
radiation can break the C-H bond and introduce new functional groups, as well as
breaking the C-C backbone in polyethylene, which is known as chain scission. When
the two C radicals formed after C-C bond scission cannot be immediately recombined,
this leads to degradation of the polymer, as the bond strengths between C-C and C-H

are similar.
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Figure 2-11. Schematic diagram of C-C scission, and the formation of C=C,
crosslinking, degradation and oxidation [117].

Plasma treatment of polymers is also associated with crosslinking. The collisions of
plasma can break the molecules on a polymer surface into numerous active species
such as ions, electrons, photons, and free radicals. The formation of free radicals on
the surface and near-surface layers can occur, undergoing radical to radical or radical
to molecule reactions. The interaction between these free radicals can cause
restructuring (as illustrated in Figure 2-11), leading to the generation of heat within the
polymer, the formation of C=C bonds, cross-linking and degradation. The crosslinking
traps the radicals in the near surface layers, and therefore oxidation can occur in the

presence of oxygen. However, the formation of crosslinking can also create a very

cohesive surface, which improves the heat resistance and bond strength of the
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polymer [72]. Therefore, it is important to control the exposure time of polymers to

plasma.

2.5 Permanence of the Effect of Plasma Treatment

Although plasma treatment can modify polymer surface wettability significantly, the
changes tend not to be permanent. The polymer surface experiences an ageing
behaviour that results in a decrease in wettability as a function of time. The ageing

behaviour can be explained in several ways:

2.5.1 Non-degradative Process — Hydrophobic Recovery

Plasma treatment of polymer surfaces can introduce polar functional groups and
thereby increase the surface energy of the material. To minimise the free energy of the
system, the polar functional groups tend to reorientate or diffuse towards the bulk of
the material, leading to a decrease in the hydrophilicity of the polymer surface when
the modified polymer surface is exposed to non-polar environments such as air. This
phenomenon is referred to as hydrophobic recovery, which is a non-degradable (a
process does not cause degradation) process. The smaller molecules or species with
lower molecular weight can diffuse into the near surface or bulk region, which is driven
by the energy difference and the concentration of polar groups between the modified
surface layer and the bulk material. The larger polymer chains that cannot easily diffuse
instead undergo a reorientation process. As illustrated in Figure 2-12, the X functional
groups rotate around the C-C bond towards the bulk, and the segments diffuse towards

to the bulk.
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Figure 2-12. Schematic of hydrophobic recovery of chain rotation and diffusion back
into the bulk [117].

water drop

Figure 2-13. Schematic of O-H surface functional groups interacting with water [117].

If the air environment is replaced by a polar environment such as water, the polar

functional groups remain on the surface. This is because the polar groups interact with
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water and form chemical bonds such as hydrogen bonds with water molecules, which
lock the polar functional groups onto the surface [119]. As shown in Figure 2-13, rather
than rotating or diffusing back into the bulk, the polar O-H functional groups remain on

the surface within the water droplet, forming hydrogen bonds with the water molecules.

2.5.2 Degradative Processes — Oxidation, Chain Scission and Crosslinking

In addition to hydrophobic recovery, a number of degradative processes such as
oxidation, chain scission and crosslinking can also be attributed to the ageing of the
polymer after plasma treatment. For example, Borcia et al, [120] has found during
dielectric barrier discharge (DBD) plasma treatment, there were plasma-induced
oxidation, chain scission and crosslinking happened on polymers with aromatic and

non-aromatic structures, causing material degradation from surface to the bulk.

As mentioned above in section 2.4, plasma can break the C-H bond and introduce new
functional groups, as well as breaking the C-C backbone and causing chain scission.
Additionally, plasma can introduce free radicals into the surface and near-surface
regions. The recombination of the two C radicals after chain scission can thereby lead
to the crosslinking of the polymer. The free radicals are then trapped between the
cross-linked lattices, undergoing a slow reaction with oxygen, thus allowing the
polymer surface to degrade and age over time after plasma treatment. The higher the

crosslink density, the higher the concentration of free radicals trapped near the surface.
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2.6 The Factors Affecting the Permanence of Plasma Treatment

Studies have also shown that the wettability of polymer surfaces after plasma
treatment is strongly dependent on the storage temperature and humidity, and the

crystallinity of the material.

2.6.1 The Effect of Crystallinity on the Permanence of Plasma Treatment

The polymer ageing process after plasma treatment can be affected by the crystallinity
of the polymer. The surfaces of polymers are highly mobile compared to those of
metals and ceramics. This means that polymer solids can adapt to different
environments with different surface configurations, thus minimising the total free
energy of the system. However, after entering a new environment, the reorientation
and change in equilibrium through the relaxation of the polymer surface will largely

depend on its physical properties, such as surface crystallinity and density [121].

Within the amorphous region, molecular chains have high mobilities. Conversely,
within the crystalline region the movement of chains is hindered due to the close
packing of crystalline lamellae structure. In highly crystalline polymers, the rotating and
penetrating motions of the molecular chains on the surface after plasma treatment are
limited, therefore the hydrophobic recovery process is reduced. As a result, more polar
functional groups remain on the polymer surface for a period after the plasma treatment,

thus keeping surface wettability consistent.

As shown in the work of Kim [12], the crystallinity of LDPE is increased by annealing,
and the change in surface hydrophilicity and functional groups present were

investigated by contact angle measurement and X-ray photoelectron spectroscopy
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(XPS). It was found that the quenched LDPE with lower crystallinity aged faster than
the annealed LDPE with higher crystallinity, and it was suggested that the high
crystallinity reduced the diffusion rate of the polar groups during ageing. In the study
carried out by Hyun [121] different crystallinities of polymers were achieved by
annealing for different time periods. It was found that the hydrophobic recovery time
was also longer for samples with longer annealing times after plasma treatment,
therefore indicating that higher crystallinities impeded the ageing process. The authors
also proposed that the difference in the contact angle between the untreated and
hydrophobic recovered surface represents the remaining polar functional groups on

the surface, which is proportional to the crystallinity of the polymer.

Different crystallinities not only affect aging, but also lead to different interactions
between polymer surfaces and plasmas. As shown in the study of Junkar et al. [122],
the amorphous regions on a polymer surface are preferentially degraded and uniformly
etched and melted by plasma, Therefore, amorphous materials can only withstand
shorter plasma treatment times. Semi-crystalline polymers can withstand plasma
treatment for much longer, resulting in an increase in surface roughness compared to

amorphous polymers, leading to a better surface wettability.

2.6.2 The effect of humidity and temperature of the environment on the permanence

of plasma treatment

Polymer ageing is also highly dependent on the storage conditions such as humidity

and temperature of the environment.
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The treated polymer surface is in a non-equilibrium state, and the chain segments tend
to rearrange and recover to an equilibrium state with a minimal surface energy. The
higher the temperature in the environment, the higher the energy the chains have,
leading to an increase in their mobility. As a result, the surface of the polymer becomes
less wettable when aged at higher temperature, as the increased mobility of the chains
causes a more rapid decrease in wettability. Occhiello et al. [123] investigated the
aging behaviour of polypropylene surfaces at different temperatures (77, 293, 333, 363,
393, 413, and 428K in air) after plasma treatment. The results show that the wettability

of the polymers is time-dependent and decreases more rapidly at higher temperatures.

The relative humidity if the storage environment can also play a critical role in
accelerating the ageing process. When the humidity of the surroundings increases, the
polymer absorbs more water, leading to an expansion in the free volume between the
polymer chains, therefore increasing the mobility of the polymer chains. As a result,
the movement of the polar functional groups can be facilitated and they can reorientate
or diffuse back to the bulk material easily [124]. Geyter et al. [124]studied the influence
of relative humidity on the ageing of plasma treated polyethylene terephthalate (PET)
films. The results showed that as the relative humidity increased, the water contact

angle increased at a faster rate, demonstrating a faster ageing process.

In conclusion, an environment with a high temperature and humidity can accelerate

the ageing behaviour of plasma treated polymers.
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2.7 Modelling the Ageing Process

The energy that is distributed on the polymer surface experiences a fluctuation when
exposed to a chemical or physical reaction by plasma treatment. Plasma treatment can
disturb the polymer surface by introducing new functional groups and changing the
surface morphology. Such disturbances can lead to non-degradative and degradative
ageing behaviour including hydrophobic recovery, chain scission, crosslinking, and
oxidation. In order to minimise the total free energy of the system, the chains, side
chains, and functional groups undergo rearrangement, leading to a continuous slow

relaxation from the non-equilibrium state to the final thermodynamic equilibrium state.

The investigation of the ageing behaviour of plasma treated polymers can be enhanced
through the use of modelling techniques, which can provide a quantitative and
predictive understanding of the process. By employing such modelling methods, it is
possible to optimise plasma treatment parameters, thereby achieving a desired
performance outcome. Mortazavi et al. [125] developed a combined model, including
diffusion and molecular reorientation, along with the Cassie Equation, in order to
describe the hydrophobic recovery process of plasma-treated polymers. The authors
utilised curve fitting to derive cos6 as a function of time by curve fitting, which enables
changes in the water contact angle during the recovery process to be calculated. The
model was able to effectively fit experimental data obtained from a range of polymers,
including (polyethylene) PE, (polypropylene) PP, (polystyrene) PS, (polyethylene
terephthalate) PET and (Polymethyl methacrylate) PMMA. Furthermore, the model
was used to quantify the impact of various parameters, such as temperature and

treatment time on the hydrophobic recovery process.
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h -t
cosf = C, (Clerf— + CzeT) (1 — cosBy) + cosBy

2Dt (2-13)

The model Equation in question is shown in Equation (2-13), where C, is the initial
concentration of modified molecules in the modified layer, h is the thickness of the
modified layer, €, and C, are the contribution of the diffusion and the reorientation term,
t is the recovery time, 7 is the relaxation time, D is the self-diffusion coefficient of

modified chains, 6 is the contact angle, 8 is the contact angle of the untreated surface.
2.8 Failure Modes

The adhesive bonding strength is normally determined by tensile lap-shear test. The
failure modes after tensile lap-shear test are dependent on bonding strength and
quality; therefore, it is necessary to analyse the bonding failure. According to ASTM
D5573 — 99 (2019) standard [126], failure modes include adhesive failure, cohesive
failure, thin-layer cohesive failure, fibre-tear failure, light-tear failure, and stock-break

failure, as shown in Figure 2-14.
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Figure 2-14. Schematic of failure modes for joining materials [126].

As illustrated, the adhesive failure is a failure that happens at the interface of the
adhesive and the substrate material, it usually occurs when the adhesive bonding
between the substrate material and adhesive is very weak, which is usually caused by
insufficient or no surface preparation. The cohesive failure is a failure of the adhesive
when the tensile lap-shear strength is not high enough. Substrate failure that occurs at
the substrate instead of the adhesive can happen when the adhesive bonding between
the substrate material and adhesive is stronger. The substrate failure includes fibre-
tear failure, light tear failure and stock-break failure. A mixed failure can also happen

when high tensile strength increases and cracks propagate in the adhesive [8].

The failure modes of bonded metal-composites and composites-composites by
Araldite adhesive after tensile lap shear test failure was studied by Seyyed et al. [127].
In metal-composites failure, a mixed failure of cohesive failure and bond line failure
(adhesive failure) were observed, while adherend failure (substrate failure) mode was

only observed for composites-composites joints.
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3 Effect of pPlasma Modification on the Wettability and
the Ageing Behaviour of Glass Fibre Reinforced

Polyamide 6 (GFPAG)

This work is presented in "Effect of yPlasma Modification on the Wettability and the
Ageing Behaviour of Glass Fibre Reinforced Polyamide 6 (GFPAG)," Materials, vol. 14,
no. 24, p. 7721, 2021. The authors contributiona are defined as: Conceptualization,
M.J. and H.D.; methodology, B.D. and C.C.; validation, C.C.; formal analysis, C.C.;
investigation, C.C.; resources, M.J. and H.D.; data curation, C.C.; writing—original
draft preparation, C.C.; writing—review and editing, C.C., B.D., M.J., H.D. and X.L,;
visualization, C.C.; supervision, M.J.; project administration, M.J. and H.D.; funding
acquisition, H.D. and X.L.

Abstract

Glass fibre reinforced polyamide 6 (GFPAG6) thermoplastic composites (TPCs) are
promising materials with excellent properties, but due to their low surface free energy
they are usually difficult to wet, and therefore, possesses poor adhesion properties.
pPlasma modification offers potential solutions to this problem through
functionalisation of the GFPAG6 surface. In this study, the effect of yPlasma on the
wetting behaviour of GFPA6 surfaces was investigated. Following single yPlasma
treatment scans of GFPA6 samples, a substantial enhancement in wettability was
observed. However, the effect of the pPlasma modification was subject to an ageing
phenomenon, although the enhancement was still partially maintained after 4 weeks.
The ageing process was slower when the GFPA6 material was pre-dried and stored in
low humidity conditions, thereby demonstrating the importance of the storage
environment to the rate of ageing. Orientation of the fibres to the observed contact

angle was found to be crucial for obtaining reproducible measurements with lower
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deviation. The influence of testing liquid, droplet volume and surface texture on the

repeatability of the measured contact angle were also investigated.

Keywords: microplasma; thermoplastic composites; polyamide 6; wettability; ageing;

contact angles
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3.1 Introduction

Thermoplastic composites (TPCs) are a class of polymers that have attracted much
attention due to the desirable combination of good mechanical properties, ease of
manufacture, low density and their ease of recycling [1, 128]. In recent years, the
industrial demand for glass fibre reinforced polyamides has increased, especially in
the automotive sector, due to their excellent thermal stability, high toughness and
stiffness [4, 129-132]. For example, Polyamide 6 with glass fibre reinforcement offers
good thermal stability, and higher tensile strength [1, 133], which makes it an attractive
material for the automotive industry. Often there is a requirement that the TPC is
bonded to other structural materials, such as metals or other composites. However,
due to the typically low surface free energy, poor chemical reactivity, polymers and
TPCs are usually difficult to wet, and therefore, possess poor adhesion properties [134,
135]. A potential solution to this problem is through surface modification of the
polymers or TPCs to improve their surface properties, while still retaining their

desirable bulk properties.

A number of studies have demonstrated that surface treatments, such as laser
treatment, chemical treatment, plasma treatment, ion beam and ion implantation [136-
141], can enhance the wettability of different materials. In particular, plasma treatment
of polymer materials has been shown to modify the surface by removing contaminants,
introducing functional groups, and improving the surface free energy without affecting
the substrate material [72]. Consequently, plasma surface modification of polymers
has become an attractive solution to overcome the challenges associated with the poor

wetting and adhesion of these materials. However, plasma-based techniques, such as
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active screen plasma nitriding, are usually operated at low pressures, and therefore,
require costly treatment chambers capable of achieving low pressures coupled with
sufficiently powerful vacuum systems necessary to reach the desired pressures [72,
81, 142]. In addition, it is difficult, if not impossible, to achieve continuous treatment
using the active screen plasma technique. To overcome these limitations, atmospheric
plasma treatments have been explored, an example is a yPlasma modification. These
plasma treatment techniques offer the ability to perform localised treatments under
atmospheric conditions and thus demonstrate great promise for future industrial uptake

[99, 143, 144].

Numerous studies have demonstrated that plasma surface treatment can modify the
wettability of polymer surfaces significantly [93-98], however, despite its great potential,
only two publications reported yPlasma modification on polymers [92, 99]. Plasma
surface treatment on different kinds of polymers has also been reported, including
polyamide materials, such as polyamide 12, polyamide 6,6 and polyamide 6 [18-22],
however, there are no studies that report on the plasma treatment of glass-fibre

reinforced polyamide 6.

While plasma treatments are effective in improving polymer surface wettability, it is
well established that these enhancements are not permanent [145, 146]. A pronounced
increase in wettability is typically observed immediately following plasma treatment,
with a gradual decrease over time, to the point where the wettability of the surface
almost matches the untreated polymer [135, 147]. This decay of the wettability over
time is known as the hydrophobic recovery or ageing of the surface [119], and studies

have reported these phenomena with different forms of plasma treatments, including
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low-pressure plasma treatment of polyamide 6 rods [135] and polyamide 6 sheets [148],
NHs plasma treatment of polyamide 6 foil [47], and atmospheric pressure plasma
treatment of polyamide 6 fibres [149]. However, the ageing data was typically reported
on a daily or weekly basis, with minimal focus on the initial changes within the first few
minutes or hours after the treatment. Therefore, given the dynamic nature of the
surface following plasma treatment, it is critical to investigate and characterise the
initial wettability fluctuations and ageing behaviour following plasma treatment to
enable a better understanding of this phenomenon, as well as approaches to prevent

or slow this ageing behaviour.

To characterise the change in surface wettability after plasma treatments, many
studies rely on the measurement of the contact angle. However, the reliability and
validity of these measurements on hydrophilic, and potentially roughsurfaces have
proven to be challenging. The measurement of contact angle is affected by numerous
factors including the liquid used, the volume of the drop, ambient humidity and surface
flatness. Studies by Baek et al. [150] and Li et al. [151] considered the effect of the
external conditions on the measured contact angle in reverse osmosis (RO) membrane
surfaces. It was established that using different droplet sizes, measuring times, liquid
type and humidity can affect the contact angles of the material. However, there are no
comparable studies involving polyamides (either filled or unfilled). In the case of
polyamide 6, the measurement will be complicated because of the hygroscopic nature
of the material [1], which can influence the accuracy of the contact angle measurement
when using water. Moreover, the existence of fibres in fibre-reinforced polymer
composites significantly increases the roughness of the material surface, which can

also affect the contact angles. Therefore, it is clear that there is a need for systematic
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investigation of the contact angle measurement procedure on GFPA6 materials,
including characterisation of the effect of variables, such as the liquids used,
orientation used to measure the angle, the location on the sample surface and the

volume of the droplets.

Hence, the aims of this study were two-fold. The primary aim was to investigate the
effect of yPlasma modification on the wettability of GFPA6 surfaces, and their short-
term (minutes to hours) and long-term (days to weeks) hydrophobic recovery. The
secondary aim was to develop a more reliable systematic protocol for measuring
contact angles on GFPAG6 to better characterise the surface wettability and ageing
behaviour after the treatment. Finally, approaches that will hinder or prevent complete

hydrophobic recovery of the treated surfaces are briefly explored.

3.2 Materials and Methods

3.2.1 Material

Celstran® CFR-TP PA6 GF60-03 tape (GFPAG, Celanese Corporation, Dallas, USA),
which is a polyamide-6 matrix (40 wt%) reinforced with continuous unidirectional glass
fibre (60% by weight), was used for all testing within this study. The sample was
processed by injection molding into sheets, witha thickness of 0.3 mm, and a each
sheet was cut to a size of 10cmx10cm. Thermal analysis was carried out using a
differential scanning calorimeter (PerkinElmer DSC-7, PerkinElmer Inc., Waltham,
USA), and the melting temperature (Tm) and glass transition temperature (Tg) were
found to be 222.0 °C and 49.8 °C, respectively. The measured heat of fusion and

calculated degree of crystallinity was found to be 43.88 Jg~* and 19.08%, respectively.
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3.2.2 pPlasma Modification

The untreated GFPAG6 was initially cleaned using ethanol to remove any contaminants
on the surface, and then the surface was dried in air. The cleaned sample was then
MPlasma treated using a Roth & Rau Pixdro LP50 plasma inkjet printer (InnoPhysics,
Eindhoven, Netherlands) (Figure 3-1) fitted with an InnoPhysics POD24 print-head (as
illustrated in Figure 3-2a). There are 24 needles placed in two rows on a movable print
head (as shown in Figure 3-2), which is connected to a high voltage alternating current
power supply. The plasma within this study was ignited using a single row of 12
needles. The different combinations of parameters, including accelerating voltage,
printing rate, and working distance were tested systematically by changing one of them
at a timecoupled with results of material wettability (i.e., contact angle measurements)
to optimise the treatment parameters. The optimal settings were determined 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 um. Patterns were
designed as 20 x 20 mm? squares, where the plasma spots overlap with each other

(shown in Figure 3-3), to produce uniform treatment coverage.

Figure 3-1. Image of yPlasma system.
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Figure 3-2. (a) Schematic of yPlasma modification setup. (b) yPlasma discharges
pattern generated by 24 needle electrons from top view.

Figure 3-3. yPlasma modification pattern.

3.2.3 Scanning Electron Microscopy (SEM)

A JEOL 7000F SEM (JEOL, Japan, Tokyo manufacturer) with an ac-celerating voltage
of 5 kV was used to characterise changes in the surface morphology following
treatment of the GFPA6 material. Before SEM imaging, samples were gold sputter-
coated using an EMITECH K550 set (EMITECH, Kent, UK) at a current of 25 mA and

for a duration of 2 min.

3.2.4 Contact Angle Testing

Contact angle measurements were carried out using the sessile drop method with an
experimental apparatus that complied with the 1ISO 19403-2:2020 standard [152].

Samples were placed on a height (z-axis) adjustable laboratory jack, while a light
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source and a camera connected to a monitor were used to obtain a clear image of the
droplet. The light source, sample surface and camera were placed in a straight line
and at the same horizontal plane (i.e., same height/z-axis) to ensure contact angle
measurements were obtained from the same viewpoint across different samples.
Three repeats were performed on each sample to allow for average and standard
deviation calculations of the measured contact angles. The measurements were
carried out under ambient temperature and humidity conditions, where deionised water,
diliodomethane, and glycerol were used as the liquids for the tests. To limit the potential
influence of gravity, droplets were carefully deposited on the sample surface using a
calibrated pipette. The average of the left and right contact angles was obtained for
each individual droplet. The samples were oven dried at 80°C for 3h prior to the contact

angle measurements during the optimisations.

The initial ageing process was tested every ten minutes for five hours, and was
represented by measuring the wettability, i.e., the contact angles. The data was curve
fitted using Cowie and Ferguson model [25]. For both wettability and ageing testing of
sample surfaces, the overall average contact angle was calculated from the three
repeat droplets on the same sample. The captured images were analysed using the

contact angle plugin on ImageJ to obtain contact angle values.

3.2.5 Wetting Envelope and Surface Free Energy

To better understand the wettability changes following the pPlasma modification,
surface free energy values were calculated, producing wetting envelopes to evaluate
the changes in the surface free energy and predict the wetting capabilities against

different liquids. Surface free energies of the surfaces were calculated based on
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Young’s Equation (3-1), which describes the relationship between the surface energy
of a solid (0s), the surface tension of a liquid (o1), the solid-liquid interface tension (ysi),
and the contact angle formed at the solid-liquid interface (8), as well as Fowkes theory
of splitting the total surface energies (both solid surfaces and liquids) into a
combination of a dispersive, o®, and a polar, 6”, component. Equation (3-3), which was

used to calculate the surface energies, forms from the combination of Equations (3-1)

and (3-2).
0s = yg, + 0, cos 0 (3-1)
ySL=05+0L—2-<\/a§)-a£+\/a§-af> (3-2)
0+1
(o) - (G£)V/2 + (P )12+ (o2 20D (3:3)

Where o.P is a polar component of the liquid surface tension, osP is the polar
component of solid surface energy, o.P is a dispersive component of the liquid surface
tension, osP is the dispersive component of solid surface energy, and oy is the total
liquid surface tension. The dispersive and polar components of solid surface energy,
osP, were calculated by applying two different liquids, diiodomethane (o.° = 50.8 mN/m,
o.P = 0) and deionised water (o.° = 46.4 mN/m, o = 26.4 mN/m) to Equation (3-3).

Therefore, the total surface energy of the solid, os, was calculated as os = osP + osP.

When the polar and dispersive components of a standard liquid are brought into a
coordinate system as a function, a wetting parameter R can be obtained using
Equation (3-4), with polar (R.cos¢) and dispersive (R.sing) component contributions to

the total magnitude of the surface energy being calculated using the formed angle (¢).
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R? = (o{)* + (a)? (3-4)
P =R - cos¢ (3-5)
0{ =R- Sind) (3-6)

Substituting these Equations (3-4)—(3-6) into Equation (3-7), which describes the
surface energy contributions for a solid and liquid under complete wetting (i.e., cosB =
1 or contact angle = 0), forms Equation (3-7). In this Equation, R, which is the absolute
vector, can be calculated for different ¢ angles between 0 and 90°, to form a wetting
envelope that describes the polar and dispersive surface tension limits for theoretical
complete wetting of the surface. Comparisons of the area within the produced wetting
envelope can give information related to the wetting capabilities of a surface, with
larger wetting envelopes indicating greater surface wettability (i.e., more liquids are

expected to be capable of fully wetting the surface).

R = (Ja_fsinqb + JaPcos¢p ’

cos¢p + sing ) for 0" < ¢ < 90" (3-7)

3.3 Results and Discussion

3.3.1 pPlasma Modification Process Optimisation

To optimise the pPlasma modification settings, the contact angles of untreated and
pPlasma treated samples under different settings, including printing rate, the working
distance (from the sample surface to the tips of the printing needles) and accelerating

voltage, were measured (as shown in Figure 3-4). When keeping the voltage and
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working distance constant, but changing the printing rate, the contact angles do not
demonstrate substantial change. Although not significantly different, the biggest
reduction in contact angle was found under 20 mm/s printing rate, and therefore, this
was chosen for the following optimisation tests. When the voltage and printing rate
were kept constant and the working distance was adjusted, the biggest reduction of
contact angle was observed with a working distance of 100 um. Therefore, a working
distance of 100 um (and printing rate of 20 mm/s) was chosen for the final process
optimisation test (influence of accelerating voltage). A trend of continuously reducing
contact angles was observed with increasing accelerating voltage, with an accelerating
voltage of 7 kV demonstrating the largest reduction. This reduction in water contact
angles was measured to be significant, going from 78.8 + 3.1° (untreated) to 32.5 £
4.7° following uPlasma modification at 7 kV. This indicates that the accelerating voltage
is the dominating parameter of the yPlasma modification process for controlling final
sample surface wettability. A higher accelerating voltage of 8 kV was also attempted;
however, issues with the stability of the plasma prevented the further use of this setting

(plasma remained active in between treatment scan lines).
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Figure 3-4. Contact angles of an untreated sample and pPlasma treated samples
with different processing parameters (printing rate, working distance and accelerating
voltage).

The increase in wettability can be attributed to the increase of the total surface energy
and the formation of new polar groups following pPlasma modification (a more detailed
explanation can be found in Section 3.2.5). The contact angles of untreated and
MPlasma treated samples (1-10 treatment scans) are displayed in Figure 3-5. It was
observed that no discernible enhancement or synergetic improvement could be
observed in the surface wettability with increasing treatment numbers, i.e., it was found
that a single treatment scan on the sample surface was sufficient to modify the
wettability to the same degree as multiple scans. Similar results have been previously
reported by Karoly et al. [153], whereby no significant further enhancement in
wettability of unfilled polyamide 6 surfaces was found with increasing plasma treatment
time. Therefore, since increasing treatment numbers did not significantly enhance the
wettability of the surfaces when compared to single treatment scans, all other tests

performed within this study were carried out with surfaces subjected to a single
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treatment scan. In summary, one treatment was found to induce enough modification

of the surface to approximately reduce the contact angle by 50°.
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Figure 3-5. Contact angles of untreated and treated (with accelerating voltage of 7
kV, printing rate of 20 mm/s, and working distance of 100 ym) GFPA6 from 1-10
treatments.

3.3.2 Ageing of GFPAG6 Surface after yPlasma Modification

Although pPlasma modification can significantly improve the wettability of GFPAG6
surfaces, the effect was found to not be permanent when the sample surface was
exposed to air. A sharp increase in the measured contact angles was observed
immediately following pPlasma modification (0—80 min), revealing a fast-ageing
mechanism. Figure 3-6a shows the increase in surface contact angle of yPlasma
treated GFPAG6 samples left to age in the air for 5 h. The value of the measured contact
angle rose from 32.5° to 40.6° within the first 10 min, with a further increase to 53.7°
after 80 min. This decrease in hydrophilicity is known as hydrophobic recovery, which

is typically attributed to the reorientation and diffusion of the polar functional groups
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that are produced, and introduced onto the surface of the samples, during the yPlasma
modification. The increase in contact angles is much less significant between 80 min
and 3 h, with gradual plateauing of the measured contact angles. Despite the ageing
process, the measured contact angle did not return to values comparable to untreated
(78.8 £ 3.1°) samples; the wettability modification of the sample surface partially
remained, even up to 4 weeks of ageing (as shown in Figure 3-6b). This may develop
due to the interaction between the polar groups formed on the GFPAG6 surface and the
water molecules on the top surface, with the absorption of moisture from the air acting
to provide a polar environment that protects the decay of the polar groups. In summary,
the yPlasma treated sample age and loses much of the wettability introduced onto their
surfaces within the first two hours following treatment, and then levelled off in the next

4 weeks.
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Figure 3-6. Change of contact angles with ageing following yuPlasma modification for:
(a) 5 h, (b) 4 weeks (The curves were fitted using Python).
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3.3.3 Optimisation of the Contact Angle Measurement Procedure

3.3.3.1 Optimisation of the Contact Angle Measurement Protocol

The glass fibre reinforcement was clearly visible in the composite samples, and this is
illustrated in Figure 3-7a. To ensure that a sufficiently large and representative surface
area was covered by the water droplet, the contact angle was recorded as a function
of droplet size in the range of 2 to 20 pL. The number of fibres covered by each droplet
was measured using ImageJ from SEM images, as shown in Figure 3-7a. Figure 3-8
shows the calculated number of fibres covered by each droplet size. The number of
the fibres covered by the droplet increases with the droplet size. A 2 uL droplet has
been calculated to cover approximately 103 fibres, which is assumed to be sufficient
to reduce the contact angle error associated with the deviations introduced due to the
fibre protrusions on the surface. Since all tested droplet sizes were found to be
sufficient, 6 yL droplets were used within this study as they also correspond to the ISO
standard (ISO 19403-2:2020), which enables clearer and more accurate droplet

contours to be mapped during software angle measurements.

Figure 3-7. (a) SEM image of GFPAG6 surface morphology, and (b) image of GFPA6
surface covered with a 6 pL water droplet.
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Figure 3-8. Graph displaying the effect of water droplet volume on the number of
fibres covered on the untreated sample surface.

As shown in Figure 3-9a, two observer directions are possible when measuring contact
angles, either parallel or perpendicular to the fibres, with the alignment of the fibres
potentially influencing the measured value of the contact angles (as illustrated
schematically in Figure 3-9). Therefore, contact angle mapping of the surfaces was
performed using 50 deionised water droplets produced on a 5 x 10 cm? untreated
sample surface, with measurements being recorded from both a parallel (a) and
perpendicular (b) perspective to the fibres. The distribution of the contact angles of the
50 droplets are represented using colour heat mapping in Figure 3-10. The result
demonstrates that the standard deviation is larger when the contact angles are

measured perpendicular (£4.3°), rather than parallel (x3.1°), to the fibres. It can be
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seen that the colour distribution is more uniform when measuring parallel to the fibres,
this difference may arise due to the superficial fibres present in the perpendicular
direction acting as walls to impede the spread of the droplet. This can, therefore,
promote increased cohesion of the water molecules, thereby forming larger angles
against the surface, or alternatively, when the force of water droplet is great enough to
break beyond the wall, the angle returns to normal, or even smaller. Ultimately, this
results in the incorrect measurement of contact angles, and increased variation in
measured data, in comparison with measurements parallel to the fibres. Hence, all
other contact angles measurements in this experiment were recorded parallel to the
fibres, to enable accurate and reliable data to be recorded for the fibre reinforced

polymer surface.

Contact angle (64) parallel to the fibres

Fibre —»

Contact angle (6,)
perpendicularto the fibres

Figure 3-9. Schematic diagram of water contact angles measured parallel or
perpendicular to the orientation of the fibres.
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Figure 3-10. Contact angles distribution represented by different colours on the
untreated sample (5 x 10 cm?) when measured at different fibre orientations: (a)
parallel, (b) perpendicular to the fibres.

3.3.3.2 Optimisation of the Wettability Ageing of GFPA6 Samples

Given that polyamide 6 is hydrophilic, the water content in the sample may influence
the ageing behaviour. To investigate this, the post-treatment time-dependence of the
contact angles of untreated material was determined. Samples were either stored in
the air prior to treatment or had been oven dried at 80°C for 3 h, contact angles were
then recorded every 10 min for 5 h following pPlasma modification. It was observed
that when the sample was dried before the treatment, the ageing process was impeded
(Figure 3-11). The measured contact angle was found to plateau at 59.3° after 5 h of
ageing, while the undried sample reached a plateau at 71.2°, with signs of further
ageing still in progress. This suggests that the pre-existing moisture in the untreated
material plays a significant role in facilitating the ageing process. This can potentially
be attributed to the hydrated material providing a polar environment for the polar

groups generated by the pyPlasma modification, therefore, facilitating the reorientation
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process of the polar groups and diffusion back into the bulk, which results in a less
polar surface. Additionally, the moisture is mostly absorbed in the amorphous phase
of the polymer, which can induce a reorganisation of the hydrogen bond structure of
the material, leading to an expansion of the free volume and increased mobility of
surface chains. Therefore, drying of the samples prior to yPlasma modification is

necessary to slow down the ageing process.
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Figure 3-11. Ageing of dried and undried GFPAG6 surface represented by contact
angles after yPlasma modification.

As the pPlasma modification is highly sensitive to the working distance (distance
between needle tips to sample surface), the roughness caused by the fibres in the

surface of the material can affect the uniformity of the pPlasma modification, and
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therefore, the resulting contact angle tests are prone to fluctuations. To optimise the
measurement, and eliminate the inconsistencies, measurements of the contact angles
on the same location are potentially more reliable. However, since the material is
hydrophilic, it can absorb water during the measurements process, and this will
influence the spreading of subsequent droplets on the surface (and also promote the
ageing process as described above). Therefore, a different liquid diiodomethane,
which is not absorbed by the material and vaporises quickly in the air, was used for
contact angle tests on the same locations. It can be seen in Figure 3-12 that although
the contact angles measured using diiodomethane show a similar trend to those made
using water, large fluctuations compared to water measurements are observed and
this masks the early stages of the ageing process. Therefore, it is not feasible to test
contact angles on the same sample location using either water or diiodomethane, and
different sample locations must be used for subsequent contact angle measurements.
Results of contact angles of different liquids including water, diiodomethane and
glycerol are shown in Figure 3-13. Among them, deionised water was found to give

relatively lower fluctuations.
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Figure 3-12. Ageing of GFPAG surface represented by water and diiodomethane
contact angles on the same locations after yPlasma modification.

In summary, there are two features of the GFPA6 material that need to be considered
during the contact angle measurements for GFPAG, the absorbance of water into the
matrix and the roughness caused by fibres on the surface. Using water droplets as
small as 2 yL is sufficient to cover enough fibres to reduce errors. In this study, we
used 6 pL, as recommended in the ISO standard, for increased consistency during the
testing. The water can facilitate the ageing process; therefore, the samples need to be
dried before the treatment, and testing on the same locations should be avoided. For
a hydrophilic material, diiodomethane is more suitable for testing on the same locations;

however, there is far more variability in comparison to water.
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Figure 3-13. Ageing of GFPAG surface represented by water, glycerol and
diiodomethane contact angles on different locations after pPlasma modification.

3.3.4 Wetting Envelope and Surface Energy

The wetting envelope (shown in Figure 3-14) can be used to extrapolate the wettability
of the untreated and treated surfaces, to hypothetical liquids with varying surface free
energies, using the calculated surface free energies obtained with the Fowkes
Equation. When the polar (o°) and dispersive components (a®) of a liquid are within
the enclosed area of the produced wetting envelope, complete wetting (i.e., Cosf =1
or contact angle = 0 °) of the surface can be expected. As shown in Figure 3-14, the
total area of the wetting envelope was the smallest for the untreated sample, before

significantly increasing following the pPlasma modification (at 0 h). This indicates a
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significant enhancement of the overall surface wettability of the GFPAG6 following the
initial treatment of the surface. The total area of the wetting envelope was then found
to have a sharp, but smaller, decrease after one hour of ageing, with minimal changes
over the following 2-5 h, therefore, indicating relatively stable surface wettability.
However, it should be noted that, in all cases, the surface wettability of the treated

surfaces was found to increase in comparison to the untreated surfaces.
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Figure 3-14. Wetting envelopes of untreated GFPAG surface and pPlasma treated as
a function of time (0-5 h after the treatment).

To better understand the wettability, the surface energy of untreated GFPA6 and
treated GFPAG aged for 5 h were measured using two different liquids (deionised water

and diiodomethane). It can be seen from Figure 3-15 that the total surface free energy
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increased from 42.2 mN/m to 67.6 mN/m. This increase can be attributed to the change
in the polar component of the surface free energy, which significantly increased from
6.4 mN/m to 34.5 mN/m, and the decrease of the dispersive component of the surface
free energy, from 93.6 mN/m to 65.5 mN/m. The total surface free energy decreased
by 10.6 mN/m one hour after the treatment, with the polar and dispersive components
decreasing and increasing by 2.5 mN/m each, respectively, therefore, indicating a
slight reduction in surface wettability. All three surface free energies values (total,
dispersive component, polar component) plateaued in the following three hours,
remaining significantly higher than the total surface free energy of the untreated
surfaces. This demonstrates that the pPlasma modification can both, significantly

enhance the surface wettability, and retain elevated wettability following 5 h of ageing.
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Figure 3-15. Total, polar and dispersive surface energy of untreated and treated
GFPAG ageing.
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The results of the surface energy were consistent with the wetting envelope. The
increase of wetting property of the GFPAG right after the pPlasma modification was
due to the increase of polar groups produced by the plasma. Although the treated
sample recovered its property fast even in the first one hour, the wetting property was

still partially remained when the surface energy levelled off over the next three hours.

3.3.5 Storage of Treated GFPA6

Figure 3-16 shows the variation of the water contact angle of yPlasma treated GFPA6
surfaces stored under different conditions in the air (with a humidity of 50-60%), in a
desiccator (with humidity of 10-20%), and under vacuum for 4 weeks (with assumed
humidity of 0%). It can be seen that all samples experienced hydrophobic recovery,
but to varying degrees under different conditions. The ageing process was faster when
the samples were stored in higher humidity environments. This could be due to the
higher humidity causing plasticisation of the polymer, thus decreasing the glass
transition temperature [154] and leading to an increased free volume on the surface,
and higher mobility of the polymer chains at, or near, the surface, which accelerated
hydrophobic recovery [124]. Furthermore, the hydrophilic groups generated by plasma
may have been patrtially dissolved by water that was absorbed into the material from
the environment. It was observed that the ageing process was slowed down
significantly when the sample was stored in the vacuum, which suggests water was
not the only variable facilitating ageing, but also the air. This could be due to the
radicals that are produced by plasma treatment being trapped on or near to the material

surface, which can then continuously react with the oxygen in the air after the treatment

71



[47]. Therefore, storing the yPlasma treated samples appropriately can largely inhibit

the ageing process after yPlasma modification.
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Figure 3-16. Ageing when store the yPlasma treated GFPAG at different conditions.

3.4 Conclusions

This study has shown that the novel technology of yPlasma modification can effectively
improve the wettability of the GFPA6 surfaces and benefits are achieved after only a
single treatment scan (water contact angles decreased from 78.8° to 32.5°). However,
hydrophobic recovery is observed (contact angle recovered to 53.7° after 80 min) and
there is a lack of permanence in these benefits. It was apparent that the sample

environment strongly influenced the timescale and extent to which hydrophobic
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recovery could take place with dry atmospheres and dried samples clearly hindering
the recovery process. The study has also shown that it is more reliable to measure
contact angles on different locations of the surface due to the hydrophilic nature of the

material.

The contact angle measurements were optimised for the untreated GFPAG6 surfaces
and for representing the ageing behaviour after the pPlasma modification. Regarding
the increase of roughness on the surface caused by the fibres, even with 2 uL it was
found to sufficiently minimise the error caused by the varying fibre coverage. The
orientation of the fibres was found to affect the accuracy of the contact angle
measurements, with measurements parallel to the fibres demonstrating higher
consistency compared to measurements perpendicular to the fibres. High surface
roughness influences the uniformity of the pPlasma modification due to the high
sensitivity of the device to the working distance between the needles and the specimen
surface. As it is not absorbed by the material, evaporates quickly in air, and does not
facilitate the accelerated ageing of the surface, diiodomethane was used to test on the
same location of the sample surface to reduce the inconsistency of the contact angle
measurements. However, the result demonstrated that the diiodomethane contact
angles fluctuated greatly, making it difficult to see clear trends of the ageing behaviour.
Consequently, contact angle testing on the different locations was found to give
relatively more accurate results. Different liquids were used to test ageing on the
treated surface of different locations. All three liquids tested (deionised water,
dilodomethane and glycerol) showed similar trends of ageing. Among them, deionised
water was found to give relatively lower fluctuations. Therefore, deionised water on

different locations on the pPlasma treated GFPA6 surface was deemed the most
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appropriate approach. The results of contact angles of deionised water and
diiodomethane were used to calculate the surface free energies of the samples and to
plot their wetting envelopes. The change of surface free energy was consistent with
the wetting envelope. The increase of wettability of the GFPA6 was attributed to the
relative increase in the polar component content following pPlasma modification.
Although the treated samples initially recovered their total surface free energy within

the first hour, the wetting properties were still partially retained over the next 4 weeks.
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4 The Ageing of yPlasma Modified Polymers: the Role of

Hydrophilicity.

Abstract

Thermoplastic polymers exhibit relatively limited surface energies and this results in
poor adhesion when bonded to other materials. Plasma surface modification offers the
potential to overcome this challenge through the functionalisation of the polymer
surfaces. In this study, three polymers of differing hydrophobicity (HDPE, PA12 and
PAG) were subjected to a novel, atmospheric pyPlasma surface treatment technique
and its effectiveness at increasing the surface energies was evaluated via
measurement of the contact angle. To characterise the physical and chemical changes
following pPlasma surface modification, the surface morphology was observed using
atomic force microscopy (AFM) and the functionalisation of the surface was evaluated
using infrared spectroscopy. Immediately after treatment, the contact angle decreased
by 47.3° (HDPE), 42.6° (PA12) and 50.1° (PA6), but the effect was not permanent in
that there was a pronounced relaxation or ageing phenomenon in operation. The
ageing process over five hours was modelled using a modified stretched exponential
function Kohlrausch—-Williams—Watts (KWW) model and it was found that the ageing
rate was dependent on the hydrophilicity of polymers, with polyamides ageing more

rapidly than polyethylene.

Key words: pPlasma; thermoplastics; polymers; wettability; ageing; contact angles;

modelling
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4.1 Introduction

Thermoplastic polymers are deployed in a multitude of applications ranging from
single-use packaging to their use in the automotive and aerospace industries.
Engineering polymers such as polyamides (PAs) have gained widespread use in the
automotive sector due to their desirable physical properties, such as high toughness,
good thermal stability, mechanical strength, and impact resistance [45, 47]. However,
some polyamides are more prone to moisture absorption which can cause degradation
during processing [1]. Commodity polymers such as polyethylene (PE) are extensively
used as a flexible packaging material due to adequate flexibility and strength coupled
with low cost [40]. Unlike polyamides, it is a well-established that PE is a hydrophobic
material with non-polar characteristics, thus making it a challenging polymer to wet or
print on [41]. In general, polymeric surfaces are often characterised by poor wettability
[155], which limits their potential in certain applications such as joining dissimilar

materials using adhesives.

To overcome this challenge and improve the versatility of polymeric materials in
applications that require adhesive bonding, various surface modification techniques
are commonly employed. Numerous studies have shown that plasma treatments are
some of the most promising surface modification methods. These techniques are
capable of altering the physical and chemical properties of a material surface, thereby
significantly enhancing the surface wettability and adhesion properties without
influencing the bulk properties of the material [83, 93, 94, 156]. Among the plasma
treatments currently available, pPlasma surface modification is particularly interesting,

because unlike traditional plasma treatments that require low-pressure conditions
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(typically 50-400 Pa) [17], uPlasma modifications can be performed under atmospheric
conditions, thus significantly reducing the processing costs [157]. Given these
advantages over conventional plasma treatment methods, pyPlasma technology may
enable future integration with robotic systems, thereby enabling precise, localised, and
multi-axially adjustable pPlasma modification of geometrically complex industrial

components.

Although it is well established that plasma surface treatment can change the surface
morphology of a polymer and enhance surface wettability via the formation of new
functional groups on the surface, it is not a permanent modification. Instead, the
polymer surface is subject to post-treatment ageing phenomena. These ageing
phenomena can be sub-divided into degradative and non-degradative processes.
Degradative processes may involve chain scission, crosslinking, and oxidation [23, 24],
whereas non-degradative processes may involve hydrophobic recovery that involves
chain reorientation and diffusion back towards the bulk of the material. Previous
studies have shown that post-treatment ageing is affected by temperature [26], relative

humidity [27] and polymer crystallinity [28].

In this study, pPlasma surface modification of HDPE, PA12 and PAG is explored.
These polymeric materials were selected in order to assess the effect of hydrophobicity
on the post-treatment ageing process. This study extends previous work via a
decoupling of the effects of crystallinity and hydrophilicity on the ageing process. It also
develops the characterisation of the ageing process via the application of a stretched

exponential function to analyse and characterise the ageing data.
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4.2 Materials and Methods

4.2.1 Materials

The materials utilised in this study are listed in Table 4-1. All were supplied in sheet

form and were dried in a desiccator for 7 days prior to processing.

Table 4-1. Materials utilised in this study.

Materials Producer

PA6 sheet Goodfellow Cambridge Ltd, UK
PA12 sheet Aldrich, Merck Life Science UK Ltd, UK
HDPE sheet Aldrich, Merck Life Science UK Ltd, UK

4.2.2 Sample Preparation and Crystallinity Control

The crystallinities of the polymers were varied via a controlled cool from the melt. This

was carried out in a heated press (George E. Moore & Sons Ltd, Birmingham, UK).

The polymer samples were placed into a polyethylene terephalate (PET) mould that
was composed of three Sections. There was PET spacer of thickness 0.3 mm and
either side of this was a sheet of PET that functioned as a release film. This assembly
was then placed in the preheated hot press, as shown in Figure 4-1. The polymers
were heated for 3 minutes to initiate melting. Then a load of 10 tonnes was applied via
the platens for a further 5 minutes causing the polymer melt to flow and then fill the
mould. The polymers were then recrystallised by cooling from the melt under different
cooling regimes, these are listed in Table 4-2. The melting temperature of the ‘as
received’ materials was determined using differential scanning calorimetry (DSC) as

described in Section 4.2.3. The melting regions of each material are shown in Figure
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4-2 and this informed the selection of the hot-press temperatures which were as follows;
HDPE - 160 °C, PA12 - 200 °C and PAG6 - 240 °C. The heat of fusion and degree of
crystallinity for each recrystallised sample were then determined via DSC (as per
section 4.2.3). Samples with comparable crystallinities were then selected for yPlasma

treatment, and these are listed in Table 4-3.

# | | #dl—Metal platen
Spacer
thickness JF [ | PET sheet
0.3mm 4
| [«—— Metal
L 1
T T

Sample

Figure 4-1. Cross-section showing the hot-press arrangement (not to scale).

Table 4-2. Cooling regimes adopted for crystallinity control.

Cooling rate Description

CR1 Rapid extraction from the press and quenching into ice water.

CR2 Cooling in press with a flow of tap water circulating in the
platens.

CR3 Removal from the press and cooled in air.

CR4 Cooling in press with open platens.

CR5 Cooling in press with closed platens.

79



Table 4-3. Degree of crystallinity in HDPE, PA6 and PA12.

Crystallinity of

‘ Resulting

Polymers the ‘as Cooling regime  crystallinity post-

received’ .

. cooling

material
HDPE 42.9% (+1.8) CR1 34.3% (+1.7)
PA12 22.6% (+1.6) CR5 32.3% (+ 2.0)
PA6 25.4% (+0.8) CR4 33.8% (+ 0.8)

4.2.3 Measurement of Crystallinity Using Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (PerkinElmer DSC-7, PerkinElmer Inc. Waltham,
MA, USA) was used for determining the melting point and degree of crystallinity of the
cooled polymers. Disc-shaped samples were placed in aluminium pans and
encapsulated with lids (Aluminium 40 pL flat DSC pans and lids, Thermal Instruments
Ltd, Lancashire, UK). Sample weight was 5 + 0.1 mg. The samples were heated at 50
K min™, and the melting point and heat of fusion were calculated. The resulting
degrees of crystallinity were determined from the melting region, according to a method
described previously [158]. It is displayed in Figure 4-2 that the Tm values for HDPE,

PA12 and PA6 were 143 °C, 183 °C and 225 °C, respectively.
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Figure 4-2. The thermal responses of HDPE, PA12 and PAG recorded using DSC at a
heating rate of 50 °C/min.

4.2.4 pPlasma Surface Modification

Both the plaque and film polymer surfaces were cleaned using ethanol before pPlasma
modification. The pPlasma modification was carried out using a Roth & Rau Pixdro
LP50 plasma inkjet printer (InnoPhysics, Eindhoven, The Netherlands) with an
InnoPhysics POD24 print-head. A printing rate of 20 mm/s, a working distance from
the sample surface to the tips of the printing needles of 100 um, and an accelerating
voltage of 7 kV were chosen as the pPlasma modification parameters, which had

previously been reported to induce the most significant enhancement in wettability [27].
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Additionally, in this study, the polymer surfaces were modified using a single treatment

scan.
@ °o® 090y L I
—— Needle . . . ‘
electrodes
. O (]
Working —— WPlasma o o [ ) o o i
distance ® o0 @
—— Polymer
N — substrate

table

(@) (b)

Figure 4-3. (a) Schematic of yPlasma modification setup, (b) uPlasma discharges
pattern generated by 24 needle electrons from top view [27].

Figure 4-4. pPlasma modification pattern [27].

4.2.5 Atomic Force Microscopy (AFM)

Surface morphology was examined using an atomic force microscope (Bruker
Multimode AFM) operating with a silicon cantilever (Nanosensors PPP-NCHR, tip
radius <10 nm, length 125 pm, resonant frequency 330 kHz) under a “tapping mode”.
Before use, the cantilever was cleaned by rinsing with ethanol and exposure in a UV-
ozone chamber for 10 minutes. Images were generated across an area of 17 um x 17

pum, with a minimum 3 different positions recorded for each type of surface. 3D height
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profiles, average roughness and root mean square (RMS) roughness data were
obtained from the AFM data using an open-sourced image processing tool (Gwyddion,

SourceForge, San Diego).

4.2.6 Measurement and Analysis of Contact Angle

The contact angles of the untreated and treated polymer surfaces were measured in
accordance with the ISO 19403-2:2020 standard [152] using an experimental
apparatus under the sessile drop method. The apparatus was adjusted to allow for
samples to be placed in line with the camera and light source to ensure a clear and flat
view of the droplet, which therefore enabled comparable measurements between
polymers. An optimised measuring technique was utilised from our previous work [27].
6 uL ionised water droplets were formed on sample surfaces using a calibrated pipette.
Averages and standard deviations of contact angle values were obtained using three
repeat droplets for each sample type. Both left and right contact angles were measured
for each droplet using the Ossila contact angle measurement software (Ossila Ltd,

Sheffield, UK).

4.2.7 Phenomenological Modelling the Post-treatment Ageing Process

A stretched exponential function was used as the basis of a phenomenological model
of the post-treatment ageing (or relaxation) process. The Kohlrausch—Williams—Watts
(KWW) function has been applied to various relaxation phenomena in polymers
including dielectric relaxation [159], and in a slightly modified form, to enthalpy
relaxation (or physical ageing) [25]. The basic stretched exponential function is shown

in Equation (4-1), where the relaxation of the quantity @(t) is given by,
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P(t) = exp [_ G)ﬁl (4-1)

Where tis time, t is the characteristic relaxation time constant, and g is the stretching
exponent with a value between 0 and 1, which determines the shape of the ageing
curve. To characterise the post-treatment ageing process, a modified KWW function
was employed in which the change in contact angle (A8) varied with time according to

Equation (4-2).

£\ B
AB(t) = Ab,, {1 — exp l— (;) l} (4-2)

The three unknown parameters 7, 6, (the contact angle when t approaches «) and
B were determined using non-linear least square fitting. The modification shown in

Equation (4-2) is after that of Cowie and Ferguson [25].

4.2.8 Fourier Transform Infrared Spectroscopy (FTIR)

The infrared (IR) spectra were obtained using a Nicolet MAGNA 860 FTIR
spectrometer (Thermo-Scientific, USA) fitted with an attenuated total reflectance (ATR)
accessory (Golden Gate ATR, Specac, UK). The samples were pPlasma treated 10
times and then transferred instantly to the ATR (treated surface in contact with the ATR
crystal). The spectral range was between 500-4000 cm. 100 scans were recorded at

a resolution of 2 cm1.
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4.3 Results and Discussion

4.3.1 Characterisation of the Hydrophilicity of PA6, PA12 and HDPE

To measure moisture uptake in the polymer samples listed in Table 4-1, they were
dried in a desiccator for a period of one week and then the weight was measured.
Samples were then immersed in distilled water for 24 hours and the weight measured
once more. It can be seen in Table 4-4 that HDPE exhibited no water absorption (0%
gain), revealing the hydrophobic nature of the material. Whereas the weight of PA6
and PA12 increased 6.674% and 3.070%, respectively, indicating higher moisture

absorption capability and a higher degree of hydrophilicity in the polyamides.

Table 4-4. Moisture absorption of PA6, PA12 and HDPE after immersing in water

Weight (water

Polymers Weight (dry) immersed for 24h) Percentage increase
+0.001g
+0.001g
HDPE 0.730g 0.730g 0.000%
PA12 0.0228g 0.0235g 3.070%
PAG6 0.0959¢ 0.1023g 6.674%

To support the above observation, the surface contact angles of three untreated
polymer surfaces were measured and the values are listed in Table 4-5. It is notable
that HDPE exhibited a contact angle higher than 90 ° (92.9 + 2.6 °), indicating its
hydrophobic surface, whereas the polyamides were found to have hydrophilic surfaces,
as their contact angles were both lower than 90 °. PA6 exhibited the lowest angle (75.9
* 2.2 °), suggesting the highest degree of hydrophilicity. Between HDPE and PAG, the
surface contact angle of PA12 was measured to be 82.3 £ 1.8 °, which also indicated

a hydrophilic surface.
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Table 4-5. Contact angle measurements of untreated PA6, PA12 and HDPE surfaces.

Diiodomethane contact

Polymers Water contact angles
angles
HDPE 929+26° 55.1+2.8°
PA12 823+18° 41.1+£2.4°
PA6 759+22° 30.7£2.6°

Using the Fowkes Equation, the surface free energies of the three untreated polymers
were determined from the measurement of the contact angles formed with two liquids:
deionised water and diiodomethane (shown in Table 4-5). As shown in Table 4-6,
HDPE exhibited a total surface free energy of 32.1 mN/m, which was lower than both
PAG6 (40.6 mN/m) and PA12 (40.4 mN/m). Although the total surface free energies of
PA6 and PA12 were found to be similar, the ratio of the polar components to the total
surface free energy of PA6 was significantly higher (11%) than that of both PA12 and
HDPE (4.7%) and (2.2%). The wetting envelopes shown in Figure 4-5 were determined
using these surface free energy values (the associated method is described in detail
elsewhere [20]). Complete wetting (where the contact angle = 0 °) can be expected
when the values of polar and dispersive components of the liquid surface energy lie
within the enclosed area of the wetting envelope. As shown in Figure 4-5, PA6 is clearly
the most hydrophilic material in this study, but is interesting to note that a liquid with
higher polar surface energy is more likely to completely wet PA6, while a liquid with

higher dispersive surface energy is more likely to completely wet PA12.

The moisture absorption capability and the calculated wettability data that is
represented by total surface free energy and wetting envelope for the three polymers

was in accordance with the water absorption capability. This is because the polyamide
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materials are inherently polar owing to the presence of polar amide groups (-C(=0)
N=), which enables hydrogen bonding with water. As a result, polyamides exhibit a
greater hydrophilicity. Polyethylene, on the other hand, is inherently nonpolar due to

the presence of C-H and CH2 groups in the backbone.

Table 4-6. Surface free energies of untreated PA6, PA12 and HDPE.

Polymers Total(mN /m) Polar (mN / m) Dispersive (mN / m)
HDPE 32.1 0.7 (2.2%) 31.4(97.8%)
PA12 40.4 1.9 (4.7%) 38.5 (95.3%)
PAG6 40.6 4.5 (11%) 36.1 (89%)
20 1
Polymers 5
— ——TT . Polymers
; — PA12 (E s
E 151 —— PAG E 4 ——PAS |
5 10 L",:Ij
8 @
< £
s° 3
I=) ‘—; 14
o o
0 T T T T T T T T T T T T T T T T T 1 o T T T T 1
0 5 10 15 20 25 30 35 40 45 36 37 38 39 40 41
Dispersive Surface Energy s® (mN m™") Dispersive Surface Energy s (mN m™)
(a) (b)

Figure 4-5. (a) Wetting envelopes for liquids that should completely wet (i.e., 0 °
contact angle) untreated PA6, PA12 and HDPE surfaces, (b) enlarged cross section
of PA6 and PA12.

4.3.2 Surface Morphology of pPlasma Modified PA6, PA12 and HDPE.

The surface morphology of untreated and pPlasma treated materials (HDPE, PA12
and PA6) were investigated through the use of AFM, and the topographical images of

the three polymer surfaces are displayed in Figure 4-6. It was apparent that following
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MPlasma treatment, the surfaces became more textured (more rough). To quantify the
effect of yPlasma modification on polymer surface roughness, the root mean square
roughness (Sq) of three polymers was calculated, this is illustrated in Figure 4-7. It was
observed that the roughness of the HDPE surface increased following one treatment
scan, increasing from an Sq of 11.6 nm (untreated) to 12.5 nm (7.8% increase). Similar
findings were observed for the polyamides, with Sq increasing of 20.2% (from 9.8 nm
to 11.78 nm) and 16.0 % (from 21.2 nm to 24.6 nm) for PA12 and PAG, respectively,

following pyPlasma modification.

The increase in roughness after yPlasma modification is possibly due to the higher
ablation rate of the amorphous phase compared to the crystalline phase on the
semicrystalline polymers surfaces [160]. However, the changes were relatively
insignificant, withs RMS increases of 7.8% for HDPE, 20.2% for PA12 and 16.0% for
PAG6. This is attributed to the short duration of the single pPlasma modification, which
was insufficient in producing a substantial difference in the roughness of the polymer

surface.
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Figure 4-6. AFM 3D-view images of (a and b) untreated and pPlasma treated HDPE,
(c and d) untreated and treated PA12, and (e and f) untreated and treated PAG
surface morphologies.
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Figure 4-7. Root mean square roughness (Sq) of untreated HDPE, PA12 and PA6
surfaces and pPlasma treated sample surfaces with different treatment scans.

4.3.3 Chemical Analysis of the Polymer Surfaces Using FTIR.

The ATR-FTIR analysis revealed notable changes to the chemical composition of the
polymer surfaces following pPlasma modification. Figure 4-8 shows the spectra of
untreated HDPE and pPlasma treated HDPE sampled every hour for 5 hours. A broad
band in the region of 3200-3500 cm™ corresponding to hydroxyl groups (-OH)
appeared following yPlasma modification. Two relatively narrow bands in the region of
1600-1750 cm™, corresponding to the carbonyl group (C=0), and the region of 1085 -
1225 cm, related to the ether group (C-O), were also observed. Moreover, all the new
peaks that appeared on the HDPE surface after the pPlasma modification were

attributed to oxygen-containing polar groups, indicating that the functional groups on
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the HDPE surface reacted with the oxygen in the plasma during the treatment process.
These newly formed polar functional groups are known to give higher hydrophilicity to
the polymer surface [161]. However, over a period of five hours post-treatment, there

was a decrease in intensity of all treatment-associated bands.
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Figure 4-8. FTIR spectra of the untreated and pyPlasma treated (0-5h aged) HDPE
thin films.

FTIR spectra of untreated and pPlasma treated polyamides aged for 5 hours are
presented in Figure 4-9 (a and b) for PA12 and Figure 4-9 (c and d) for PA6. Similar
trends to HDPE were found following pPlasma modification, including the formation of
a hydroxyl band (-OH) in the region of 3200-3500 cm~ and carbonyl band (C=0) in
the region of 1600-1750 cm~2. In addition, there was increased intensity of the amide
bands (N-H) in the region between 3000-3400 cm™ and -OH bands in the region
between 1330-1440 cm=!. This indicates a higher surface hydrophilicity of the
polyamides following pPlasma modification, as all the increased bands are polar

groups. The intensity of the peaks decreased over the 5 hours of ageing (but over the
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timescale of this experiment, these new bands were retained albeit at reduced
intensities for all three materials). However, notably for PA6, the carbonyl (C=0) band

increased with ageing time, rather than decreasing like other bands (as shown in

Figure 4-9 (d)).
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Figure 4-9. FTIR spectra of the untreated and treated 10 pPlasma scans in 0-5h
ageing time: (a) PA12 3800-2500 cm~', (b) PA12 2000-700 cm~, (c) PA6 3800-2500
cm™, (d) PA6 2000-700 cm™.
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4.3.4 Variation of Contact Angle with Time Post-treatment

Following a single yPlasma treatment scan, immediately after treatment, the measured
contact angle was found to decrease for all three polymers (shown in Table 4-7). A
reduction of 47.3° (50.1%), 42.6° (51.8%) and 50.1° (66.0%) for HDPE, PA12 and PA6
was found respectively confirming an immediate enhancement in wettability of the

polymers.

Table 4-7. Contact angle measurements of yPlasma modified PA6, PA12 and HDPE

surfaces.
Polymers Contact angles Contact angles
(Untreated) (Treated Oh)
HDPE 929+26° 45.6+1.8°
PA12 823+1.8° 39.7t2.5°
PAG6 759+22° 25.8t2.1°

It was noted in Section 4.3.3 that new polar functional groups were formed and their
intensity increased substantially immediately following yPlasma modifications for all
three polymers. Conversely, the increase in roughness on the polymer surfaces were
limited with only 18.3% for HDPE, 25.9% for PA12, and 2.4% PA6 as mentioned in
Section 4.3.2. These findings indicate that the change in roughness is unlikely to be
the dominant variable for the enhanced wettability of the polymers. In contrast, the
effect of yPlasma on the chemical compositions were clear, especially for PAG.
Therefore, it can be concluded that the change in chemical compositions that attributed
to the generation of the polar functional groups through pPlasma modifications are

likely to play the dominant role for the change in wettability of the polymer surfaces.
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However, it was found that the initial improvement in the wettability was not permanent
(at least under ambient atmospheric conditions), as the contact angles were found to
increase significantly following pPlasma modification of all three materials, indicating
a reduction in wettability. The variation of contact angle with time (ageing time) for each
material is shown in Figure 4-10. The intensity of the polar groups including hydroxyl -
OH, carbonyl C=0, amide bands (N-H), and ether C-O groups all decrease, with
ageing time following uPlasma modifications for the three polymers. This also suggests
that the decrease in wettability corresponds to the decrease in polar functional groups.
The behaviour of all three materials was similar in that after an initial rapid increase,
the contact angle tended towards a plateau. Although it is noted that the
relaxation/recovery of the contact angle in HDPE was weaker than in either PA12 or
PA6. The contact angles eventually reach a plateau when hydrophobic recovery

behaviour develops a balanced equilibrium.
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Figure 4-10. Variation of the contact angles of HDPE, PA12 and PA6 with ageing over
5h following pPlasma modification.

To quantify these variations and yield a more accurate determination of the maximum
predicted change in contact angle, the contact angle data was fitted using Equation
(4-2) and the parameters 7, 6, and 8 were determined as shown in Table 4-8. It is
apparent that the stretched exponential function describes the ageing phenomenon

adequately well as evidenced by the R? values.

As shown in Table 4-8, the shortest relaxation time t was observed for PA6, followed
by PA12. The longest relaxation time was found for HDPE, which took almost twice as
long as PA6. The values of the predicted maximum contact angles 6., are also shown

in Table 4-8. Although the polymer surfaces had clearly aged on storage for five hours,
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the contact angles were not found to return to the original untreated values, indicating

that the modified wettability was at least partially retained on all three polymer surfaces.

Table 4-8. Kinetic parameters describing the relaxation of the contact angle during
post-treatment ageing.

Contact Contact . Stretching
Relaxation 2
Polymers angles angles time 1 exponent O R
(Untreated) (Treated Oh)
HDPE 92.9° 45.6 ° 62.7 min 0.54 58.2° 0.59
PA12 82.3° 39.7° 54.9 min 0.33 59.6° 0.71
PAG6 75.9° 25.8° 35.4 min 0.48 43.4° 0.77

It was also found using Equation (4-2) that the maximum contact angle (the region
where the curves reach a plateau and tend towards equilibrium values) increased by
27.6% for HDPE, 50.1% for PA12 and 68.2% for PA6 compared to their treated but
unaged equivalents. This result strongly suggests that the relaxation time of the
polymers is related to their hydrophilicities: the higher the hydrophilicity, the faster the
relaxation time after the pPlasma modification. This can be attributed to the increase
in chain mobility in the region of the surface caused by hydrogen bonding between

water and the newly formed polar groups in this region of the material [46].

Generally, the newly formed polar groups tend to reorientate or diffuse back the bulk
material to move away from a non-polar environment such as air, which is known as
hydrophobic recovery [117]. The higher hydrophilicity of a material facilitates the
process of hydrophobic recovery. This is because the increased hydrophilicity of a
material enhances the absorption of water molecules, which increase the free volume
of the area in the region of the polymer surface, thereby enhancing the mobility of the

chains and functional groups [124]. The increased chain mobility promotes the
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migration of these polar groups into the bulk of the sample and thereby results in an

increase in the contact angle.

It was also noted that in Section 4.3.3 the carbonyl (C=0) band in PAG6 increased rather
than decreasing like other polar groups with ageing time (as shown in Figure 4-9 (d)),
therefore suggesting oxidation facilitated the ageing process of PA6 [162]. This could

be another reason why PA6 experienced a faster ageing than the other polymers.

4.4 Conclusions

Surface contact angle measurements, moisture absorption capability measurements,
and calculations of wetting envelopes revealed that the hydrophilicity of the three
polymers was in an order of PA6 > PA12 > HDPE, with HDPE being identified as
hydrophobic. The wettability of the polymers was improved substantially through
pMPlasma modification, with increases in surface roughness and the introduction of
more polar functional groups. The change in chemical compositions of the polymer
surfaces were believed to be the dominant factor for the improvement in wettability.
Although the wettability enhancement of the three polymer surfaces following pPlasma
modification was significant, it was subjected to an ageing phenomenon. The contact
angle increased 27.6% for HDPE, 50.1% for PA12 and 68.2% for PAG6 following five-
hour ageing, compared to their treated but unaged equivalents. However, the
wettability was still partially remained. With the assistance of KWW modelling, it was
found that the ageing rate was dependent on the degree of hydrophilicity of the
polymers, i.e., the higher the hydrophilicity, the faster the ageing process. This finding
was further confirmed by FTIR through the reduction of the polar functional groups

including hydroxyl -OH, carbonyl C=0, amide bands (N-H), and ether C-O groups.
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5 Enhancing the Bond Strength between Glass Fibre
Reinforced Polyamide 6 and Aluminium through

MPlasma Surface Modification.

Abstract

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 pPlasma surface
treatment technique and the effectiveness of the adhesive bond with aluminium was
evaluated. The treated GFPA6 surfaces were characterised 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 with only one single treatment scan.
Significant increases in the tensile shear strength from 1kN to 2.3kN were observed
for 10 treatment scans, 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.

98



Key words: yPlasma; thermoplastic; wettability; bond strength; aluminium; ageing

99



5.1 Introduction

Reduction in CO2 emissions from motor vehicles is being achieved through a variety
of means, one of which is vehicle light-weighting which enhances fuel efficiency
through the replacement of structural metallic components in the vehicle with parts
made from long fibre glass reinforced polymer matrix composites [163]. The polymer
matrix can be a thermoset (e.g. an epoxy system) or thermoplastic (e.g. polyamide)
[164]. While both these matrices offer a route to a reduction in weight, thermoplastic
matrices offer significant advantages over thermosets in that they can be recycled and
the part production time is significantly reduced [2, 165]. In the context of the
automotive (and aerospace) industry, an important thermoplastic composite is glass
fibre reinforced polyamide 6 (GFRPAG), which exhibits good thermal stability and high

tensile strength [3, 4].

Often there is a need for thermoplastic composites to be joined with metals [5]. These
hybrid structures facilitate the design of parts that not only exhibit increased strength,
stiffness, and resistance to crack-induced physical damage, but yield a weight
reduction [6]. Numerous approaches have been developed for the joining of polymers
and metals, with mechanical fastening being the most traditional method [7]. However,
problems can arise because of the use of mechanical fastening methods, for example,
the drilling process concentrates stresses at the location of rivets or screws, which are
then prone to cracking when high loads are applied [166]. 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
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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 [6]. To achieve a good structural bond, epoxy-
based adhesives are often employed, but prior treatment such as surface 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 typically have low surface free energies, which makes them
difficult to wet, and therefore, they demonstrate poor adhesive properties [10]. A range
of studies have confirmed that plasma treatments can improve the wettability, and
therefore, adhesive properties of polymer surfaces [11-14]. In addition, it has been
reported that plasma treated surfaces can improve the bonding strength between
polymers and metals [15, 16]. Unlike conventional plasma treatment systems, which
require vacuum systems to operate, new yPlasma treatments can be performed under
atmospheric pressure. As a result, the need for vacuum systems is eliminated, leading
to increased treatment scalability, reduced treatment durations, and lower costs.
pPlasma surface modification also allows for the local treatment of polymers and the
design of surface patterns [167], which increases energy efficiency, as only the desired
regions are treated. However, it has been reported previously that as for other plasma
treatments the effects of yPlasma 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 minutes after yPlasma treatment [27].

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 (GFPAG6) and aluminium. Therefore, the aim of this study is to
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characterise the effect of yPlasma surface modification of GFPAG on the bond strength
of epoxy-adhered GFPAG6-aluminium joints. A tensile lap-shear test was selected for
the mechanical characterisation and the influence of treatment repetitions (1, 10 and
20 pPlasma 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 [27] and understand its implications for the

joining procedure.

5.2 Materials and Methods

5.2.1 Materials

The glass fibre reinforced polyamide-6 (GFRPA6) used in this study was a
Celstran@CFR-TP PA6 GF60-03 tape (GFPAG6, Celanese Corporation, Dallas, TX,
USA). The GFPAG is composed of 60 wt.% uniaxial long glass fibre reinforced and 40
wt.% polyamide 6 and has a tensile strength of 240MPa. A AA6082-T6 aluminium alloy
(London, Smiths Metal Centres Ltd, UK), with a yield tensile strength of 270MPa, 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, O-
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
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N/mmz2 (with aluminium). The protocol associated with the joining method is described

in detail in section 5.2.5.

5.2.2 pPlasma Treatment

The GFPAG6 surfaces were cleaned using ethanol and dried in air. After cleaning,

pMPlasma 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 Figure 5-1 . Previously published treatment settings for the
surface modification of GFPA6 surface were used within this study [27]. 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 ym.

[/
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—— Needle
electrodes
Working l —— pPlasma
distance
—— Polymer
I —— Substrate
table

Figure 5-1. An illustration of the yPlasma printing head with 24 needle electrodes.
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5.2.3 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, Nanosensor, 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 locations on each sample surface
with a scan area of 17 um x 17 um. 3D height profiles and root mean square (RMS)
roughness measurements were obtained using the (Gwyddion, SourceForge, San

Diego).

5.2.4 Contact Angle Measurements

The contact angles of GFPA6 surfaces were measured using the sessile drop method.
An experimental apparatus conforming to the 1ISO 19403-2:2020 standard [152] 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 pL were carefully deposited onto the sample surfaces using
a calibrated pipette. Ten repeat measurements were carried out on each sample, with
both left and right 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).
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5.2.5 Joining Method

The GFPA6 and AA6082 samples were cut into 100x25 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
minutes to remove loose debris. The GFPA6 material surfaces were treated using
MPlasma 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 Figure 5-2. The mixed adhesive was evenly
applied on the GFPA6 material surface immediately after yPlasma treatment, before
joining with the AA6082, with joining area (plasma treated) of 12.5 mm x 25 mm. The
joined materials were then cured in air at room temperature for 24 hours before tensile
testing was carried out. Expediting the joining process was deemed to be of significant
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 [27].

5.2.6 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 Figure 5-2 (a), which follows the EN ISO 4587 tensile lap-shear test
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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 yPlasma treated one, 10

and 20 treatment scans).

GFPAG tab
AA6082 AA6082
e
e
o
‘9 .
Micro-plasma Mixed
treated adhesive

(a)

(b) » * Pressing

25 mm

12.5
mm

Mixed
adhesive

/ A\

Resin Hardener

GFPAGB GFPA6

AAB082 tab

Figure 5-2. A schematic illustration of (a) the joining method and sample size, and
(b)the specimen for tensile lap-shear test after joining.

5.2.7 Image Segmentation

The coverage of the adhesive on broken GFPAG6 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 distinguished as two different classes by training classifier.

This was done by drawing freehand lines on the adhesive area and set as class 1,
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while the polymer surface area was as class 2. The percentage of total area was then

calculated using Image J.

5.2.8 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.

5.2.9 Raman Spectroscopy

Raman spectra were obtained using a Raman Microscope (InVia Raman Microscope,
Renishaw plc., Wotton-under-edge, UK) with a laser wavelength of A = 488 nm and an
excitation power of ~2 mW. A confocal microscope with x50 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 mapping (each spot
with a size of 150 x 150 ym) in a grid pattern over an area of 2550 x 2550 um on the
sample surface. The spectra were then deconvoluted and analysed using Casa XPS,

where the average of the 289 spectra was summarised.

5.3 Results

5.3.1 Effect of yPlasma Modification on the Surface Morphology of GFPA6

The 3D surface morphology of untreated and pPlasma treated GFPA6 was examined
using AFM. As shown in Figure 5-3, the surface morphology of the untreated GFRP6

appeared relatively smooth, and with a single uyPlasma treatment, the resulting surface
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was not discernibly different. However, the surface roughness of GFPA6 increased
significantly after 10 and 20 pPlasma treatment scans. It is notable that the material
surface after 20 yPlasma treatment scans exhibited an uneven surface with distinctly

raised fibres and pronounced grooves.

0.27 pm

0.00 pm

(a) (b)

0.18 pm

0.00 pm

(c) (d)

Figure 5-3. 3D AFM images of surface morphology of (a) untreated, and yPlasma
treated different times: (b) 1, (c) 10 and (d) 20.
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To quantify the observations in relation to surface roughness, the root mean square
(RMS) roughness (Sq) was calculated and the variations are illustrated in Figure 5-4.
Although no obvious roughness change can be observed in Figure 5-3b, the value of
Sq was revealed to increase with the increasing number of yPlasma treatment scans.
The value of Sq initially increased from 65.0 nm to 72.8 nm following one pPlasma
treatment scan, indicating a modest increase in surface roughness. More substantial
increases were observed for 10 pyPlasma treatment scans, with the value of Sq
increased to 140.9 nm following 10 yPlasma treatment scans. The most significant
increase in RMS roughness of the GFPA6 surfaces was observed for 20 yPlasma
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 pPlasma modification, with the magnitude of the effect rose with the number
of yPlasma treatments. Significant increase of Sq was observed following 20 yPlasma

tfreatment scans.
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Figure 5-4. Root mean square (RMS) roughness of untreated GFPAG, uPlasma
treated once, 10 and 20 times.

5.3.2 Surface Wettability

Substantial enhancement in surface wettability was found following one pPlasma
treatment, as evidenced by a 61.5% reduction in contact angle (decreasing from 78.8 °
to 30.3 °) as observed in Figure 5-5. Following 10 and 20 yPlasma treatment scans,
the contact angles decreased by 64.6% and 71.1% (going from 78.8 ° to 27.9 ° and
22.8 °) respectively, in comparison with the untreated surface. The results
demonstrated that, beyond a single treatment scan, further yPlasma 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 Figure 5-6, the total surface free energy increased from
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42.2 mN/m to 67.6 mN/m following a single pPlasma treatment, with increased
contribution from polar surface energy components and decrease of 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.
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Figure 5-5. Variation of the contact angle of the GFPAG6 surface with the number of
MPlasma treatment scans.
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Figure 5-6. Surface energy (total, polar and dispersive) of untreated GFPA6 and
pPlasma treated GFPAG with different treatment scans.

Similar trends were observed for the wetting envelopes of the different samples (as
shown in Figure 5-7). 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 [27]. When the liquid with surface dispersive o® and polar o components
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 wettability of a sample surface. Figure 5-7 revealed
that the enclosed area of the wetting envelope increased substantially following a
single pyPlasma treatment scan. However, only limited increases were found with

further increases of the number of yPlasma treatment scans. So clearly, the surface
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wettability was significantly improved following one pPlasma treatment scan (as
demonstrated by the contact angle, surface free energy and wetting envelope data);
however, although not detrimental, the influence of further (10 or 20) treatment

repetitions did not significantly improve the surface wettability of the GFPAG.
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Figure 5-7. Wetting envelope of untreated and pyPlasma treated GFPAG surface with
different treatment scans.

5.3.3 Raman Spectroscopy

Analysis of the chemical composition of untreated and pyPlasma treated GFPAG6 was
conducted using Raman spectroscopy, as illustrated in Figure 5-8. Three intense
peaks were observed in the untreated material between the Raman shifts of 2800 to
3000 cm™, which were assigned to symmetric and asymmetric vibrations of CH2

moieties of the polymer. The band centred at 1093 cm™ was attributed to C-C
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stretching, while the bands at 1450 and 1646 were attributed to CH2 bending and C=0
stretching in amide groups, respectively. N-H stretching of the amides was also
observed at a Raman shift of 3307 cm™. A list of the Raman shifts of the major peaks

and their assigned chemical vibrations are reported in Table 5-1.

Profound increases of the major bands were observed after yPlasma treatment, which
indicated that the chemical composition on the surface of the GFPA6 was altered by
the pyPlasma treatment. A significant increase of the intensity of the symmetric and
asymmetric CH2 peaks were observed with increasing numbers of pPlasma treatment
scans. The effect of the treatment on the polar amide group is shown in Figure 5-9,

where again, a pronounced increase with treatment number was apparent.
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Figure 5-8. Raman spectra of untreated GFPA6 and yPlasma treated GFPA6 with
different (1, 10, 20) treatment scans.
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Figure 5-9. Raman spectra of GFPA6 in (a) wavenumber 3307 cm™' (N-H stretching),
and wavenumber 1646 cm~' (C=0 stretching) untreated and pyPlasma treated GFPAG
with different (1, 10, 20) treatment scans.

Table 5-1. The observed assignments of major Raman peaks of GFPAG in different
wavenumbers [168, 169].

Wavenumber (cm™2) Assignments
1060-1129 C-C stretching
1450 CH; bending

1646 C=0 stretching

2865 Symmetric CH;

2912 Symmetric CH»

2936 Asymmetric CH;

3307 N-H stretching

The average intensity of the amide bands increases with the number of the pPlasma
treatment scans. The most significant intensity increase is found following the first

pPlasma treatment scan, with more subtle increases for 10 and 20 treatment scans.

Raman mapping was used to reveal the distribution of the amide band across a 2550

x 2550 um? area of the surface of each sample group. Colour heat maps in Figure 5-10
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and guantitative data (of the averaged intensities and ranges of each map) in Table
5-2 are used to 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 GFPAG6. As shown in Table 5-2, the average
intensity increased by 56.6% for C=0 stretching and 35.6% for N-H stretching following
one pPlasma 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 intensity range was observed to widen following one
pMPlasma treatment scan (Figure 5-10), going from 4201.6 to 7607.6 for C=0 stretching
and from 30746.4 to 51509.6 for N-H stretching, which indicate heterogeneous
distribution bands across the surface. However, when the number of scans was
increased to 10, the amide bands appeared to become homogeneous across the
majority of the surface, as the range of intensity decreased to 6342.4 for C=0
stretching and 43809.2 for N-H stretching. A significant segregation of the two bands
was then found after 20 pPlasma treatment scans, as evidenced by the significant

increased intensity range to 9552.6 for C=0 stretching and 76493.4 for N-H stretching.
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Table 5-2. Average intensity and range of intensity across the area.

Treatment Change in Average Standard Range of
Bands scans average intensity (a.u.) deviation () intensity
intensity (%)
0 5639.5 973.2 4201.6
Cc=0 1 56.6 8829.8 2204.9 7607.6
stretching 10 73.5 9787.3 1645.7 6342.4
20 99.3 11239.0 2724.2 9552.6
0 0 55906.0 7839.4 30746.4
N-H 1 35.6 75829.0 12560.8 51509.6
stretching 10 37.1 76636.9 12274.0 43809.2
20 54.5 86386.1 21030.1 76493.4

Untreated

(b)

Figure 5-10. Distribution of the (a) C=0 stretching in the wavenumber of 1646 cm™',
and (b) N-H stretching in wavenumber of 3307 cm™' on the untreated and pPlasma
treated sample surfaces (with 1, 10 20 treatment scans) with size of 2550 x 2550 uym
represented by heat colour mapping.
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Figure 5-11. Average intensity and standard deviation of the amide band on the
untreated and pyPlasma treated (with 1,10 and 20 treatment scans) on the sample
surface.

5.3.4 Adhesive Bonding of GFPAG

Figure 5-12 shows a comparison of the tensile shear strength of untreated and
pMPlasma treated GFPAG. Following a single yPlasma 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 yPlasma scans
(almost double the tensile shear strength of the untreated GFPAG). However, further
increases of the number of yPlasma 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 yPlasma treatments on the surface
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roughness, where the roughness increased substantially when increasing pPlasma

treatment scans to 20.
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Figure 5-12. The tensile shear strength of the bond between GFPA6 and aluminium
in different conditions (untreated and pPlasma treated with 1, 10 and 20 treatment
scans) and AA-6082 using epoxy adhesive.

lllustrative fracture surfaces are shown in Figure 5-13. In the untreated samples, due
to the weak bonding of the adhesive to the polymer surface, 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 following a single yPlasma treatment scan, the percentage coverage of
the residual adhesive on the polymer surface increased from 12.2% (untreated) to 29.8%
(shown in Table 5-3). Whole (or bulk) regions of adhesive were found to peel away

from the aluminium sheet, therefore indicating that the adhesive bonding between the
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GFPAG surface and epoxy adhesives had improved after yPlasma treatment. When
10 yPlasma treatment scans were performed 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

pMPlasma treatment scans were applied.

Figure 5-13. Image of distribution of adhesive residue on the Untreated GFPA6 and
pPlasma treated 1, 10 and 20 scans after tensile lap-shear test failure and (f) different
failure modes distributed on GFPAG surface after fracture.

Table 5-3. 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

Figure 5-14 shows the fracture surfaces as recorded by SEM. In the untreated samples,
there is little evidence of adhesion of the epoxy to the polymer surface (consistent 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).
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However, following a single yPlasma treatment scan of the GFPA6 surface, damage
of the surface became apparent coupled with some residual adhesive on the surface
(Figure 5-14 b). 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 (as shown in Figure
5-14 c and d), more extensive adhesive residue coverage was observed. Damaged
adhesive layers were observed on both 10 and 20 pPlasma 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, deformation was
revealed of the GFPA6 material surface as a result of strong pull forces, which indicate

that this part of bonding failure was due to substrate failure.
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Figure 5-14. SEM images of tensile fracture GFPAG6 surfaces of (a) untreated, and
pMPlasma treated different scans: (b) 1 scan, (c) 10 scans and (d) 20 scans.
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Figure 5-15. Comparison of untreated GFPA6-epoxy-AA6082, 10 scans of yPlasma
treated GFPAG-epoxy-AA6082, and 10 scans of pyPlasma treated GFPA6-epoxy-
AA6082 aged in the air for 24 days.

122



As noted above, the effects of yPlasma surface treatment have been found to be non-
permanent and post-treatment ageing occurs. Therefore, in this study, adhesive
bonding was expedited to ensure that little or no ageing had occurred prior to joining
the surfaces. However, to determine whether the ageing process could still occur in
the joined samples, joined GFPA6-epoxy-AA6082 samples were stored under ambient
conditions for 24 days prior to mechanical testing. Compared to the unaged GFPAG-
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. 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.

5.4 Discussion

The pPlasma 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 [170]. 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 [171, 172]. However, in this

study, it was found the change in wettability of the GFPAG6 surface (using contact
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angle, surface free energy and wetting envelope measurements) did not increase in
proportion to the change in surface roughness (as shown in Figure 5-16). Although
the contact angles were found to substantially reduce (61.5%) following one pPlasma
treatment scan, further decreases in the measured contact angle was limited for 10
and 20 pyPlasma treatment scans. Similar trends were observed in surface free
energy and wetting envelope. pPlasma treatment resulted in an increase in the peak
intensities corresponding to the polar groups, for example the C=0 stretching at 1646
cmL. One treatment brought the largest change of the intensity increase in C=0
group compared to 10 and 20, which is corresponding to the results of wettability.
Therefore, given the above observations it is apparent that in this instance, wettability
is controlled primarily by the presence of polar functional groups on the surface and

not the surface roughness.
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Figure 5-16. Comparison of the change in C=0 intensity, surface energy, tensile
shear strength and RMS of untreated and yPlasma treated (with 1, 10 and 20 scans)
GFPAG.

The results from the tensile lap-shear tests indicated that the bonding strength of
GFPAG6-epoxy-AA6082 increased significantly following pPlasma treatment of the
GFPAG surface. This finding correlated with the improved wettability after yPlasma
treatment (as shown in Figure 5-16), and indicates that the bonding strength is largely
determined by the material surface wettability rather than the surface roughness.
However, no discernible improvement in bonding strength was found when increasing
the number of treatments to 20. Similar findings were reported by Ku et al. [15], who
investigated the peel and shear strength between polypropylene and aluminium after

atmospheric plasma treatment of polypropylene, and reported that, 8 out of 2, 4, 6, 8
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and 10 treatment scans produced the strongest adhesion. However, there may be over
etching of the surface as the number of treatment scans exceeds 10, as evidenced by
the exposure of the fibres on the surface and the formation of distinct grooves between
them, as shown in Figure 5-3. During the joining process, the relatively high viscosity
of the epoxy adhesive could hinder flow into the sharp valleys of the grooves. Therefore,
this may have limited the overall interface area between the epoxy adhesive and the
GFPAG6 surface giving rise to weaker overall bonding. However, the increase in the
proportion of surface functional groups, which enable stronger localised bonding, may
have compensated for this leading to a bond strength that is comparable to that

recorded for 10 yPlasma treatments.
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Figure 5-17. lllustration of failure mode that happened when broken: (a) adhesive
failure of GFPAG, (b) cohesive failure, (c) thin-layer cohesive failure, (d) light-tear
failure and(e) adhesive failure of Al.
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Figure 5-18. lllustration of failure mode that happened when broken: (a) adhesive
failure of GFPABG, (b) cohesive failure, (c) thin-layer cohesive failure, (d) light-tear
failure and (e) adhesive failure of Al.

The analysis of the surface morphology of GFPAG after fracture confirms that pPlasma
treatments can enhance the surface bonding of GFPA6-epoxy-AA6082, as can be
seen the failure modes illustrated in Figure 5-17and the surface morphology observed
in Figure 5-14. It was shown on the untreated GFPAG6 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 yPlasma scans. As shown in Figure
5-18, a mix of light-tear, adhesion and thin-layer cohesion failure modes were observed
after single pPlasma 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 and 20 yPlasma
treatment scans, broken adhesives and stretching of the GFPA6 substrate was
observed, accompanied with a more complex mixtures of failure modes, including

adhesive, cohesive, thin-layer cohesive, light-tear and adhesive failure of Al failure
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modes, which also imply substantial enhancement of the bonding strength. Additionally,
significantly greater amount 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 failing surface supports the
measured enhancement of surface functionality and wettability. The residual adhesive
coverage on the sample surface and failure modes following different treatment scans
were summarised in Table 5-4.

Table 5-4. Summary of residual adhesive coverage on the sample surface and failure
modes following different treatment scans.

Treatment Residual adhesive Failure modes
coverage area%
Untreated (a) adhesive failure of GFPA6
12.2 (c) thin-layer cohesive failure
Treated 1 (a) adhesive failure of GFPA6

(b) cohesive failure

(c) thin-layer cohesive failure
29.8 (e) adhesive failure of Al
Treated 10 (a) adhesive failure of GFPA6

(b) cohesive failure

(c) thin-layer cohesive failure
(d) light-tear failure

83.9 (e) adhesive failure of Al
Treated 20 (a) adhesive failure of GFPA6

(b) cohesive failure

(c) thin-layer cohesive failure

(d) light-tear failure

81.2 (e) adhesive failure of Al
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Interestingly, as the number of pPlasma 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 wettability. The 10 yPlasma 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). Interestingly, the 20 yPlasma 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. This can be
explained by the heterogeneous surface modification (as shown by Raman mapping)
and increase surface roughness (as shown by AFM imaging and the exposure of the
glass fibre) of the 20 pPlasma treated surface. The combined action of these can act
to both reduce the usable surface area for adhesion (by creating narrow crevices) and
create disproportionate loading of the bonding interface by creating regions of
significantly stronger bonding that transfer the load towards the less strongly adhered
surfaces, thereby subjecting those regions to larger forces (and subsequently more
failure). This indicates that the homogeneity of the polar groups on the surface is more
essential than higher intensity of the peaks for enhancing the bonding strength of
GFPAG6-epoxy-AA6082, which supports that the bonding strength correlates closely

with the water wettability (that measured polar functional groups).
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Once adhered, a storage period of 24 hours did not appear to significantly 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 yPlasma treatment, thereby preventing the reorientation or diffusion
of polar moieties back to into the bulk of the GFRPA6 sample (hydrophobic recovery

[173, 174]).

5.5 Conclusion

This study has shown that pPlasma 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 increase 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 pPlasma surface treatment is
sufficiently effective when a relatively low number of treatment scans are employed.
This, coupled with the atmospheric nature of the technique, points to great potential as

a low-cost, on-line, polymer surface treatment technique.
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6 Conclusion and Future Work

6.1 Conclusion

This study investigated the effect of yPlasma surface modification on the surfaces of
thermoplastics including polyamide 6 (PA6), polyamide 12 (PA12) and high-density
polyethylene (HDPE), especially glass fibre reinforced polyamide 6 (GFPAG6). This
research has improved the bonding strength of the epoxy-adhered GFPAG-aluminium
joints. The joint can be used to replace the metal structural components of vehicles to
reduce weight, improve the fuel efficiency, and thereby reduce CO2 emissions from

motor vehicles.

In the first part of this study, it was found that the accuracy of contact angle on GFPA6
was influenced by various factors such as the alignment of the fibres on the polymer,
the liquid droplet size, orientations of the contact angles, types of test liquids, and most
interestingly, the dryness of the polymer. It was revealed that the ageing of the samples
following the pPlasma surface modification is slower when the samples were pre-dried
before the treatment. The treated samples were then stored in the environment with
different humidity, it was also discovered that the ageing rate was massively affected
by the humidity in the environment. The ageing rate was reduced by approximately 50%
when storing the samples in the vacuum (0% humidity) than in the air (50—-60%
humidity). This means that the ageing process of post-treated polymers can be

influenced by the exist of water.

Therefore, in the second part of the study, three polymers with different degrees of

hydrophilicity were investigated to discover whether the hydrophilicity of the materials
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themselves would have an influence on the ageing process. Building on the wettability
measurement on the sample surface using contact angle treatment, this part extended
the testing of surface morphology and chemical compositions before and after the

MPlasma surface modification.

Additionally, to quantify the ageing process in the first 5 hours and produce a more
accurate determination of the maximum predicted change in contact angle, the contact
angle data was modelled using a modified stretched exponential Kohlrausch—
Williams—Watts (KWW) model. It was confirmed that the degree of the hydrophilicity of
a polymer was directly related to the ageing rate. The greater the hydrophilicity of the

polymer, the faster the observed ageing rate.

The third part of the study gives practical significance to the first two parts. The
pPlasma surface treated GFPAG6 was bonded to Aluminium (AA6082-T6) using epoxy
adhesives. The bonding strength was improved by 2.3 times compared to the
untreated one. Based on the surface wettability represented by the contact angle,
surface free energy and wetting envelope data in the first part, study of the change in
surface morphology and chemical compositions were carried out on GFPAG in the third
part. The relationship between the surface morphology, surface chemical composition
and the increase in surface wettability on the sample surface before and after the
pMPlasma surface modification were concluded in this part. Although the parameters
used were based on the first part of the study, however, unlike the first part of this study
where one single yPlasma treatment scan was sufficient to reduce the contact angle
of the GFPAG surface, it was revealed that 10 yPlasma treatment scans improved the

bonding strength of GFPA6-epoxy-aluminium adhered joints more than 1 and 20 scans.
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As rapid ageing behaviour was observed for all materials including GFPA6, HDPE,
PA12 and PAG in the first and second parts of the study, the impact of ageing behaviour
on the bonding strength of the GFPAG6-epoxy-aluminium adherent joints was also
investigated. It was found that the bonding strength of plasma functionalised surfaces
did not deteriorate after 24 days of ageing, which suggests that, although the yPlasma
treated GFPAG6 surfaces experienced rapid initial ageing, GFPAG6-epoxy-aluminium
adherent joints were not subject to significant ageing when pyPlasma treated GFPAG6

surfaces were dried and immediately joined with aluminium adhered surfaces.

6.2 Future Work

6.2.1 Further Improvement of the Bonding Strength of GFPA6-epoxy-aluminium

Adhered Joints

The bonding strength of GFPAG6-epoxy-aluminium adhered joints was significantly
increased with the yPlasma modification of GFPAG in the present study. The highest
bonding strength was achieved when 10 pPlasma treatment scans were applied on
the surface of GFPAG, an improvement over the single scan experiment. Therefore, it
is still worth investigating whether a higher bonding strength can be achieved between
1 and 10 yPlasma treatment scans. To determine the optimal number of pPlasma
treatment scans required to achieve the highest bonding strength, the GFPA6 will be
treated for 2-9 scans before joining, and the bonding strength will be evaluated through

the tensile lap shear test.

Additionally, while GFPA6 was pPlasma treated before joining, the AA6082 was only

ground using roughened #120 grit SiC paper to increase the roughness on the surface.
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To further improve the bonding strength of the GFPA6-epoxy-aluminium adhered joints,
the aluminium can also be plasma treated before joining to GFPA6 using epoxy
adhesive. The pPlasma treated GFPA6 with the highest bond strength can then be
joined with yPlasma treated AA6082. If uPlasma treated AA6082 can further enhance
the bonding strength of GFPA6-epoxy-aluminium adhered joints, the number of
treatment scans of pPlasma on AA6082 will also be optimised, following the same
procedure used for pPlasma treated GFPAG6. To characterise the physical and
chemical changes following pPlasma surface modification of the AA6082 surface,

Atomic Force Microscopy (AFM) and Raman spectroscopy will be performed.

In summary, this future work aims to optimise the number of the pPlasma treatment
scans required to achieve the highest bonding strength of GFPAG-epoxy-aluminium
adhered joints, and to explore the potential of pyPlasma treatment on the surface of

AA6082 to further improve the bonding strength.

6.2.2 pPlasma Patterning

pMPlasma treatment enables the localised treatment of polymers and the design of
surface patterns, which increases energy efficiency. However, the present work has
applied the yPlasma treatment to the entire polymer surface. Therefore, in future work,
designing a pPlasma treatment pattern to modify the polymer surfaces to fully exploit
the pattern design function of the pPlasma device. In this regard, the pattern will be
designed as a cobweb. This is inspired by nature as the cobweb catch more small
bugs, therefore, pPlasma treated cobweb might improve the adhesive properties even

better).
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The physical and chemical changes of GFPAG following pPlasma surface modification
will be characterised using Atomic Force Microscopy (AFM) and Raman Spectroscopy.
The wettability of the treated and untreated GFPAG6 surface will be determined through
contact angle tests, accompanied by the calculation of surface energy and wetting
envelope. The bonding strength of GFPA6-epoxy-aluminium adhered joints (with
GFPAG treated with a cobweb pattern pPlasma) will be evaluated by tensile lap-shear
test. The results will be compared with those from the pPlasma modification of the
whole polymer surface to determine whether the patterned treatment enhances wetting

properties more effectively.

Overall, this future work aims to investigate the effectiveness of a patterned pPlasma
modification in enhancing the surface wettability of GFPA6, and the bonding strength

of GFPAG6-epoxy-aluminium adhered joints.
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