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Abstract

Graphene enhanced thermoplastic composites offer the possibility of conductive aerospace structures suitable for
applications from electrostatic dissipation, to lightning strike protection and heat dissipation. Spray deposition of
liquid phase exfoliated (LPE) agueous graphene suspensions are highly scalable rapid manufacturing methods suit-
able to automated manufacturing processes. The effects of residual surfactant and water from LPE on thin films for
interlaminar prepreg composite enhancement remain unknown. This work investigates the effect of heat treatment
on graphene thin films spray deposited onto carbon fibre/polyether ether ketone (CF/PEEK) composites for reduced
void content. Graphene thin films deposited onto CF/PEEK prepreg tapes had an RMS roughness of 1.99 um and

an average contact angle of 11°. After heat treatment the roughness increased to 2.52 um with an average contact
angle of 82°. The SEM images, contact angle, and surface roughness measurements correlated suggesting successful
removal of excess surfactant and moisture with heat treatment. Raman spectroscopy was used to characterise the
chemical quality of the consolidated graphene interlayer. Spectral data concluded the graphene was 3—4 layered with
predominantly edge defects suggesting high quality graphene suitable for electrical enhancement. Conductive-AFM
measurements observed an increase in conductive network density in the interlaminar region after the removal of
surfactant from the thin film. Heat treatment of the Control sample successfully reduced void content from 4.2 vol%
to 0.4 vol%, resulting in a 149% increase in compressive shear strength. Comparatively, heat treatment of graphene
enhanced samples (~ 1 wt%) reduced void content from 5.1 vol% to 2.8 vol%. Although a 25% reduction in shear
strength was measured, the improved electrical conductivity of the interlaminar region extends the potential applica-
tions of fibre reinforced thermoplastic composites. The heat treatment process proves effective in reducing surfactant
and thus void content while improving electrical conductivity of the interlayer in a scalable manner. Further investiga-
tions into graphene loading effects on conductive enhancement, and void formation is needed.
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Introduction
Cross-linked thermosetting carbon fibre reinforced poly-
mers (CFRP) are difficult to recycle, and thermoplastics
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that make it highly suitable for operation in aerospace
environments [1, 2].

The intrinsic conductivity properties of PEEK make it
unsuitable for electrostatic discharge, or thermal dissipa-
tion applications without an additional enhancing mate-
rial [3]. Graphene has high specific area, tensile strength
and thermal and electrical properties [4, 5] making it an
excellent material to add electromagnetic interference
[6], lightning strike [7] and electrostatic dissipation [8]
functions to CFRP.

To ensure excellent graphene properties careful selec-
tion of synthesis methods are required. Chemical
vapour deposition (CVD) methods and template growth
offer high quality graphene at low scalability [9], while
mechanical exfoliation and graphene oxide methods are
limited in their purity, and toxic chemical by products
[10, 11]. Liquid phase exfoliation (LPE) offers a scalable
method to manufacture high quality and purity graphene
in large volumes at low cost [9, 12].

High concentration graphene exfoliated in aqueous
solutions offer economic and environmental advantages
over solvent based suspensions [10, 13]. Surfactants aid
exfoliation of nanomaterials while also ensuring disper-
sion in the liquid phase and reducing agglomeration
effects over time [14]. Various surfactants have been used
in aqueous suspensions [15-17], but tri-block copolymers
have demonstrated the ability to synthesise high quality
and highly stable suspensions without the need of cen-
trifugation, promoting industrial relevance [18].

Spray deposition is compatible with LPE production
methods and offers a scalable process to deposit nano-
materials onto composite substrates. Enhancement of the
interlayer regions enables a method to develop nanoma-
terial enhanced CFRP with tailorable properties that is
non-disruptive to composite manufacturing [19]. Li et al.
[20] spray deposited a carbon nanotube (CNT)/graphene
nanoplatelet (GNP) mixture onto aerospace grade CF/
epoxy prepreg tapes for enhanced thermal and electri-
cal conductivity. Zhang et al. [21] spray deposited CNTs
suspended in methanol onto CF/epoxy prepreg tapes
for improved fracture toughness properties. Thick inter-
leaved graphene film (25-140 um) additions to CF/epoxy
composites have resulted in significant thermal and elec-
trical conductivity increases at the detriment of inter-
laminar bonding due to hindered resin flow [22]. Thinner
MWCNT interleaf additions (0.15 pm) manufactured
using CVD methods resulted in reduced interlaminar
strength properties due to localised resin evaporation,
yet demonstrated successful lightning strike protection
(74 Scm™Y) [23].

This study expands on earlier work aiming to reduce
the voids previously observed within interlaminar gra-
phene enhanced composites [24]. This work focuses on
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the heat treatment of graphene thin films on CF/PEEK
prepreg tapes as a suitable method to reduce voids in
consolidated composites. High concentration aqueous
graphene suspensions were made with Pluronic triblock
copolymer F68 as the surfactant using LPE methods and
aerosolised to generate thin films. The thin films were
characterised before and after heat treatment for uni-
formity, roughness, nanostructural characteristics, gra-
phene quality, and wettability using optical microscopy,
white light interferometry (WLI), scanning electron
microscopy (SEM), Raman and FTIR spectroscopy, and
a goniometer, respectively. The graphene enhanced CF/
PEEK tapes were then consolidated in a hot press and the
interlaminar regions studied using Raman spectroscopy,
and SEM. Interlaminar shear strength and conductive
networks were studied using compression shear test-
ing and conductive atomic force microscopy (C-AFM),
respectively. Micro-computed tomography (uCT) pro-
vided microstructural, void content and distribution
information in three dimensions.

Materials and methods

Materials

Concentrated aqueous graphene suspensions (1.5 wt%)
were synthesized through LPE methods [15]. Graph-
ite (~1 pm flake size) starting material was exfoliated
in a high-volume ultrasonic flow cell with continuous
addition of non-ionic pluronic F68 surfactant (Sigma
Aldrich). The AS-4 CF/PEEK (40 mmX90 mm) unidi-
rectional tapes (Toray Cetex, fibre volume fraction 59%)
were used as the substrates to study the graphene thin
film.

Spray deposition

The methodology applied to fabricate graphene interlayer
enhanced CF/PEEK composites using spray deposition
methodologies follows the same approach reported in an
earlier work Leow et al. [24] (Fig. 1a). Average graphene
flake size in the spray deposited thin films was measured
to be 1.59+0.47 pm. The aqueous graphene suspen-
sion was aerosolised at 1 bar air pressure fed through a
NE-300 syringe pump (New Era Pump Systems Inc.) at
a feed rate of 5 mLmin~'. Deposition was done using a
flat fan air atomising nozzle (SUE15, Xinhou Industrial
Co. Ltd) onto CF/PEEK ply substrates from a distance of
300 mm for 30 s followed by drying on a hot plate at 50 °C
for five minutes; this deposition process was defined as
a pass and repeated to generate graphene thin films of
varying thickness. The CF/PEEK plies were sprayed with
ten passes (32+1.5 mg) of F68 stabilised graphene sus-
pension to create thin films that were further dried at
room temperature for a minimum of 24 h. The nineteen
graphene enhanced CF/PEEK plies were heat treated in
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an oven (O75, Steridium) at 110 °C for 30 min to remove
any water absorbed (Fig. 1b). The temperature was then
raised to 250 °C for 60 min to vapourise excess non-ionic
pluronic surfactant, following the methodology outlined
in the Supporting Information of Mansukhani et al. [25],
and were then cooled at a rate of ~ 20 °C/min.

Hot press consolidation

Consolidated composites were manufactured using a
hot press (PW220C-X4A, Phi Hydraulics) in a picture
frame mould following the methodology outlined in
Cogswell [26] (Fig. 1c). The mould was heated in the hot
press at 385 °C for 20 min under contact pressure con-
ditions, then 1 MPa consolidation pressure was applied
for 20 min (1 min/ply). The mould was water cooled
with pressure maintained at a rate of ~40 °C/min until
temperature dropped below T, (140 °C). A single set of
nineteen graphene enhanced CF/PEEK plies were laid up
unidirectionally with an unmodified ply on top to create a
[(90)50] composite layup with ~ 1 wt% graphene thin film
interlayer additions. The consolidated CF/PEEK laminate
without graphene additions will henceforth be referred to
as Control, and with heat treatment Control (HT). Con-
solidated composite laminates with~1 wt% graphene
loadings will be referred to as GL and with additional
heat treatment GL (HT). In total four laminated compos-
ites were synthesized in this study. Graphene thin film
samples will be referred to as GTF and with heat treat-
ment GTF (HT).

Sample preparation

The consolidated CF/PEEK samples were cut into
10 mm X 10 mm coupons using a waterjet cutter (Pro-
tomax, OMAX) and immediately ready for compres-
sive shear testing. Subsequently they were also cast in
epoxy resin to allow for the creation of material samples

C

Fig. 1 a Aerosolised spray-deposition of the graphene suspension (graphically depicted in the inset) onto CF/PEEK ply substrate. b Scientific oven
used for heat treatment of thin films and CF/PEEK plies. ¢ Schematic of water-cooled hot press and picture frame mould used to manufacture
consolidated composites. Partial unidirectional layup with graphene interlayers is illustrated in the inset

that enable direct measurement of interlaminar spaces
by viewing the composites in cross-section. Three
10 mmXx10 mm coupons were secured end-on flush
against the base of the resin-casting mould using dou-
ble sided tape. The samples were then cast in epoxy resin
(EpoFix) and de-gassed under vacuum for~1 min to
remove bubbles prior to a 24-h cure.

The resin cast coupons were then sliced into 1.5 mm
thick disks using a gravity pressure fed diamond metal
bonded wafering blade (Allied High Tech Productions
Inc.). The samples were then mounted onto metal-
lic holders with double sided tape and polished on an
Allied MetPrep3 (Allied High Tech Productions Inc.)
using polishing pads with the corresponding polishing
suspensions. The samples were pre-polished in a clock-
wise rotating platen (200 rpm) and a clockwise sample
head (150 rpm) with 17 N applied force for one minute
with P-400, P-1200 and P-2400 on SiC polishing paper
(FEPA grit sizes). They were then sequentially polished
for four minutes with green lube and 6 um and then
3 um polycrystalline diamond glycol-based suspension
on gold label woven nylon polishing pads (Allied High
Tech Productions Inc.). Final polishing was conducted
for four minutes on white label woven low-nap silk and
polished using a mix of green lube and 1 pm polycrystal-
line diamond glycol-based suspension (Allied High Tech
Productions Inc.). Polished samples were cleaned and
dried with soap and compressed air respectively between
changes in grits. The final polished epoxy embedded
composite disks were used for interlaminar investigations
using Raman spectroscopy and SEM.

The C-AFM polished resin embedded cross sectional
samples were additionally painted with conductive sil-
ver paste and a @13mm metallic disk attached to create
a conductive and physical contact. The coupons were
further reduced in size for pCT imaging. They were cut
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on a VC50 gravity pressure fed cutting machine using
a 127 mmx0.36 mm (diameter x thickness) diamond
blade at 4 m/min (Leco, USA). Final sample dimensions
for pCT were 10 mm X 2.5 mm X3 mm (length x width x
thickness).

Characterisation

The LPE synthesised graphene suspension was diluted
and characterised using a UV-Vis spectrophotometer
(Cary 60, Agilent) to attain absorbance (A) measure-
ments from 200 to 1100 nm. The concentration (C) was
calculated according to the Lambert—Beer law (Eq. 1) [16]
using an extinction coefficient (&) of 5422 mgmL ™ m™*
[27]. The resultant calculated concentration was 0.003
mgmL.™!; which is more concentrated than previously
studied [24]

A =«alC (1)

Optical microscopy, WLI and SEM

Qualitative validation of the spray-deposited graphene
thin film was conducted on both macro and micro scales
performed by using an optical microscope (Eclipse
E200, Nikon) with a DS-Vil camera (Nikon) and elec-
tron microscope (FE-SEM UltraPlus, Zeiss). The gra-
phene thin films were carbon coated to reduce charging
effects from the PEEK substrate during electron imag-
ing. Quantitative analysis of thin film surface topography
and roughness was conducted on VEECO Wyko NT9100
Optical Profiling System using Vertical Scanning Inter-
ferometry (VSI) at a magnification of X 5. Five scans were
taken at different locations on the samples to gain an
average absolute and root-mean-square (RMS) roughness
measurement.

FT-IR spectroscopy and contact angle measurements

Fourier transform infrared (FTIR) spectroscopy was con-
ducted on the graphene thin films and CF/PEEK sub-
strates, before and after heat treatment, to assess the
moisture content and any chemical changes. The spectra
was acquired on an FTIR spectrometer with a platinum
ATR crystal (Alpha II, Bruker) from 4000-400 cm ™' and
the data analysed in Origin 2018. Contact angle measure-
ments were conducted with water on the graphene thin
film with and without heat treatment. A 1 uL droplet of
water was dispensed and imaged on a contact angle ana-
lyser (Phoenix MT Touch, Surface Electro Optics) with a
3° camera tilt relative to the sample stage.

Raman spectroscopy

The graphene quality of the generated thin films was
chemically characterised on a confocal Raman micro-
scope (Renishaw inVia Reflex) at a magnification of X 100.
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Samples were exposed to a 532 nm wavelength laser at
0.5 mW power with use of a 2400 mm™ grating to iso-
late the signal and measurements were integrated over a
period of 10 s with 3 accumulations to reduce signal to
noise ratios. The spectral data was baseline corrected and
normalised against the G peak using Spectragryph [28]
and peak fitted using Origin 2018.

Conductive-atomic force microscopy (C-AFM)

The interlayer regions of graphene enhanced CF/PEEK
composites were mapped with C-AFM (Dimension icon,
Bruker) with conductive Platinum-Iridium tips. Meas-
urements were conducted at ambient conditions using
SCM-PIC-V2 (Bruker) probes set to a spring constant
of 0.1 N/m. Current mapping of an area of 20 um? was
conducted in contact mode with a 0.5 V deflection set
point maintained with a sample bias of 100 mV. Mean
grey average optical density measurements of the C-AFM
maps were conducted in Image]J (calibrated with a Kodak
No. 3 step tablet [29]). The pixel colours ranged from
back (0) to white (255) and were indexed to the low-
est (black) to highest (white) current measurements,
respectively.

Compression shear testing

The compression shear testing device and technique fol-
lows the methodology outlined for flat specimens in Zin-
necker et al. [30]. The loading noses translate vertically
to induce a pure shear stress load distribution on the
10X 10 mm coupons. All specimens were loaded with a
0.2 mm gap between the loading noses to ensure shear-
ing of the midplane as ply thicknesses were 0.1 mm pre-
consolidation. Manually adjustable support blocks were
used to ensure symmetrical and flush alignment to the
loading noses without gaps. The CST device was placed
in a universal testing machine (4505, Instron USA) with
a 100kN load cell. Five specimens from each graphene
loading condition were tested at a 1 mm/min displace-
ment rate. Samples that failed due to a 30% load drop but
did not shear were excluded from the data set in accord-
ance with ASTM D2344 [31]. The shear strength (o) was
calculated as a function of maximum compressive force

(Fpear), length (1) and width (w) of the specimen according
to Eq. 2.
F
_ lpeak (2)
X W

Micro-computed tomography

X-ray micro-computed tomography (uCT) was utilised to
characterise the microstructure and further investigate in
3D the quality of consolidated CF/PEEK Control and gra-
phene specimens. This technique is increasingly used for
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composite characterisation providing detailed insights of
the material architecture [32, 33] and has recently proven
successful to characterise in detail the microstructure
and map and quantify void distribution and content in
CF/PEEK samples of comparable volumes [34]. The sam-
ples were imaged using an HeliScan" micro-CT instru-
ment hosted at the ANU CTLab, equipped with a 60 kV
X-ray micro-focus source and a 30403040 pixels flat
panel detector. Individual specimens were placed on a
rotating motor-controlled stage with radioscope projec-
tions taken after each interval of rotation. Total acquisi-
tion time was about 9 h for each sample. The acquired
2D projections were processed using a proprietary ANU
reconstruction algorithm [35] to create grey-scale 16-bit
3D volumetric images of the composites geometry at a
scanning resolution (i.e. voxel size) of 2.0 pum. Image pro-
cessing and quantitative analysis (i.e. segmentation) of
void contents, as well as detail 3D mapping of void distri-
bution within the samples’ microstructure, were carried
out using Mango, the software for image enhancement,
parallel segmentation and network generation developed
at the ANU specifically to work with tomographic data
[36]. For selected portions of the samples, micro-CT vol-
umetric data was then rendered in 3D using Drishti [37].

Results and discussion

Thin film FTIR and Raman spectroscopy

The graphene thin film was studied to understand the
effects heat treatment had on the properties and sub-
strate. The substrates and thin films were weighted before
and after heat treatment to understand if heat treatment

Rrms = 1.99+0.36um

Rrms = 2.52+0.71uym

Fig. 2 a WLI surface map of GTF and (b) GTF (HT). ¢ Optical image of GTF and (d) GTF (HT) sample with corresponding surface angle measurement

inset. @ SEM image of GTF and (f) GTF (HT)
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resulted in mass loss. The mean weight reduction of the
GTF (HT) was 60% (13+0.8 mg) compared to the mar-
ginal 0.12% (681 +12.9 mg) weight reduction of the CF/
PEEK substrate. The significant weight reduction in the
GTF (HT) sample strongly suggests surfactant removal
with heat treatment. The mass loss in the CF/PEEK sub-
strate may be from either sizing or moisture. Fourier
transform infrared (FTIR) was conducted to study the
chemical differences before and after the heat treatment
process of the CF/PEEK substrate and GTF samples. The
spectral data shows no chemical changes from the heat
treatment process other than a small peak reduction in
the spectra at 34287! (H-O-H) and 3629 cm™! (-OH)
suggesting removal of excess water from the thin film
and CF/PEEK substrate [38] (Fig. S1). Raman spectros-
copy was conducted on the graphene thin films to ensure
heat treatment didn’t change the graphene quality. The
characteristic graphene peaks shown in the Raman spec-
tra (Fig. S2) remain unchanged with heat treatment, but
fluorescence is shown to reduce in the GTF (HT) sample
compared to the GTF sample suggesting the removal of
surfactant.

Optical microscopy, WLI, SEM and contact angle
measurements

The thin film roughness was quantified with WLI to
investigate changes to the thin film with heat treatment.
The GTF was measured to have an absolute roughness
of 1.56 +£0.35 um and root mean squared (RMS) rough-
ness of 1.99+0.36 um (Fig. 2a). After heat treatment
the roughness increased to an absolute roughness of

[ R

% ¢ ¥
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1.99+0.59 um and an RMS roughness of 2.52 +0.71 um
(Fig. 2b). Optical images offer a qualitative visual of the
thin film after spray deposition (Fig. 2c and d). Both
GTF and GTF (HT) depict a visible uneven coating of
the graphene thin film across the CF/PEEK substrate
with fibres still visible through the thin film. Contact
angle measurements of the graphene thin films were
conducted with water to understand the wettability
properties before and after heat treatment. The GTF
demonstrated high wettability properties with a meas-
ured contact angle of approximately 11°. Comparatively,
after heat treatment the wettability increases to 82°.
The removal of surfactant during the heat treatment
process is the likely cause of the substantial change in
wettability of the graphene thin film [39].

The SEM image of the GTF (Fig. 2e) depicts smooth
surface topology with poor graphene flake detail. Com-
paratively, the GTF (HT) image reveals detailed flakes
upon a carbon fibre that are clearly visible (Fig. 2f).
The difference in the SEM images of the graphene thin
film is likely due to successful removal of excess sur-
factant. This visual difference in surface roughness cor-
relates with the reduced surface wettability properties
previously measured. Visual, chemical and qualitative
measurements of the thin film before and after heat
treatment validate successful removal of excess sur-
factant and excess water with little chemical effects to
the graphene and CF/PEEK substrate quality.

2.0+

)
N
3
1

Relative intensity (a.u.
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Cross sectional Raman spectroscopy

The chemical quality of the graphene interlayer after
consolidation was assessed using Raman spectroscopy
(Fig. 3). The G and D peaks were fitted with a single Lor-
entzian curve at 1582 cm™! and 1344 cm ™}, respectively,
for both graphene enhanced samples. The G peak cor-
relates with aromatic carbon stretching [40], while the D
peak is activated when disorder and defects are present in
the graphene [41, 42]. The D’ peak located on the shoul-
der of the G peak at 1615 cm™ helps determine addi-
tional information regarding the prominent type of defect
present in the graphene sample [43]. The peak intensity
ratio I/Iy= ~2.8 and 2.5 for GL and GL (HT), respec-
tively, corresponding to edge defects being the most
common within the sample [12]. The lower peak intensity
in GL (HT) is likely due to the heat treatment step reduc-
ing the grain boundaries present within the graphene
flakes. Disorder in the form of topological defects, cor-
rugations and atomic vacancies in the graphene sheets
will also result in the D+D’ seen at 2930 cm™! [42, 43].
The Ip/Ig ratio is used to determine the disorder of the
graphene and was approximately 0.8 for both GL and GL
(HT). This corresponds disrupted sp® bonds and high
graphite like structures likely due to the compact nature
of consolidated thin films [44].

The 2D peak helps attain insights into the number of
graphene layers after LPE and the heat treatment process
[45]. The 2D peak for few layer graphene is typically fit-
ted with 4 Lorentzian peaks corresponding to the elec-
tron interactions with the valance and conduction bands

—— Spectra
Peak fit
—— Cumulative Fit|

0.0 T

T
3000

Wavenumber (cm™)
Fig. 3 Cross sectional (CS) Raman spectra of 1 wt% graphene additions, with and without heat treatment. Acquired spectra were obtained from

the interlaminar region of the inset images
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splitting into four phonons with opposite paired momen-
tums [46]. The four bands appeared at 2667, 2686, 2708,
2732 cm ™" and 2650, 2677, 2698, 2725 cm™! for GL and
GL (HT), respectively. The Ip/I, ratio for GL and GL
(HT) is 2.2 and 2.1, respectively, corresponding to~5
layered graphene [47]. The full width half maximum
(FWHM) of the 2D peak for GL is centred at 61 suggest-
ing 3—4 layered graphene, while for GL (HT) at 57 cor-
responding to three layered graphene [48]. The fewer
graphene layers suggest the graphene properties tend
towards the theoretical intrinsic properties exhibited
by monolayered graphene [49]. The conducted Raman
analysis indicates that the spray-deposited graphene thin
films with heat treatment are suited to functionalising
carbon fibre composites.

Backscatter SEM and C-AFM
Backscatter SEM images of the graphene interlayer
region are shown in Fig. 4. The graphene interlayer

i W TR

(d) GL (HT) interlayer region

Fig. 4 a Backscatter SEM image of GL and (b) GL (HT) with the graphene interlayer region annotated. Annotated conductivity maps of (c) GL and
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remains visible between the round carbon fibres after
consolidation for both heat treated and non-heat treated
samples. The GL sample has a more uneven graphene
interlayer measuring approximately 9 pm in thick-
ness (Fig. 4a). Comparatively, GL (HT) has a more uni-
form and compact graphene interlayer with a thickness
of ~5 um (Fig. 4b).

The C-AFM measurements were taken on cross-sec-
tional graphene enhanced CF/PEEK samples to under-
stand the effects of heat treatment on the nanoscale
electrical conductivity characteristics within the inter-
layer region. Figure 4c depicts the electrically con-
ductive nature of the 0° carbon fibres (yellow) on the
nanoamp scale. Surrounding the fibres is the insula-
tive PEEK matrix (black) which is expected due to the
conductivity properties being many magnitudes less
(107'® S/cm [50]). The carbon fibres and graphene
interlayer had optical density measurements of 49 and
81, respectively. This correlated to an average electrical
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conductivity of 1.8 nA for the fibres and 3.0 nA for the
graphene interlayer. The conductivity map of the GL
(HT) sample is shown in Fig. 4d. The optical densities
measured were 38 and 118 for carbon fibres and the
graphene interlayer, respectively. The correlated electri-
cal conductivities were 0.2 nA and 0.5 nA respectively.

The conductivity of GL (HT) measured approximately
one magnitude lower than the GL sample. Tunnel cur-
rent may be the mechanism resulting in the localised
regions of high current observed in the interlaminar
region of the GL sample [51]. The conductive networks
were more concentrated and consistent in the interlayer
region of the GL (HT) sample suggesting that a reduc-
tion in excess surfactant in the thin film translated to
fewer insulative surfactant regions interfering with cre-
ating conductive networks. Successful use of graphene
additions create physical connections or quantum tun-
nelling effects linking conductive domains (i.e. fibres
and graphene) to bridge the insulative matrix region
[52].

Greater consistency of the graphene thin films to cre-
ate these conductive networks ensures uniform con-
ductivity across the domain suitable for static change
dissipation applications. These C-AFM measurements
are 2D representations of 3D data as conductive net-
works can only be captured when current flows to the
preamplifier due to the applied potential difference
between the sample holder and the tip [53].
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Interlaminar shear strength and void content
The void content was attained by digitally extracting and
segmenting the voids in the reconstructed 3D tomogram
images of the scanned samples. From this the compres-
sive shear strength of the consolidated composites were
plotted as a function of void content; shown in Fig. 5. The
mean shear strength of CE/PEEK Control was measured
to be 23.0+3.5 MPa making it comparable to lap shear
strength of hot gas torch automated tape placement
(ATP) manufactured specimens [54]. After heat treat-
ment of the Control, a 149% increase in shear strength
was measured (57.2+5.9 MPa). The Control (HT) sam-
ple performed 60% better than control samples fabricated
using hot press methods in similar nanomaterial study
[55]. The void content was substantially reduced with
heat treatment from 4.2 vol% to 0.4 vol% for Control and
Control (HT), respectively. The shear strength increased
compared to the Control sample with the addition of 1
wt% graphene in the GL sample (31.39+2.3 MPa), but
the void content is the highest of all samples at 5.1 vol%.
Comparably, the GL (HT) sample had a shear strength
of 25.06+ 3.4 MPa and a lower void content of 2.8 vol%.
The substantial reduction in Control (HT) void content
can be attributed to the removal of dissolved moisture
absorbed during ambient storage of CF/PEEK prepreg
tapes [56].

The shear strength of the composite is affected by the
interfacial strength between the various material phases
in the composite. Dispersion and van der Waals forces

S &) (@)
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Shear Strength (MPa)

N
o

T

} Control
¥ GL
1 Control (HT)
I GL (HT)

F Shear Plane

i Il
I 1

o

2

a 6 8

Void content (vol%)

Fig. 5 Compressive shear strength of CF/PEEK Control samples and 1 wt% percent loading added to the interlaminar regions with and without
heat treatment. All samples are within the range of an autoclave manufactured sample (25.70 +3.76 MPa) [54]. Error bars denote one standard
deviation of the mean. The inset image depicts the interlaminar shear plane induced by the loading noses
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Fig. 6 3D void segmented image of (a) the Control (b) GL (c) Control (HT) and (d) GL (HT) samples. The images show voids in blue with matrix and
fibres as 100% transparent

provide intermolecular bonding between the graphene
and PEEK phases. The F68 surfactant adsorbs to the
graphene during LPE, while the terminal —OH group
in the surfactant chain may form a hydrogen bond with
the oxygen-containing groups along the PEEK polymer
chain, reinforcing the interface further. Additionally,
increased surface roughness of the thin film after heat
treatment aids mechanical interlocking between gra-
phene and the PEEK matrix.

Similar studies with CNT additions to fibres [57]
and graphene mixed homogeneously with the polymer
matrix [58] had seen increased mechanical properties.
Variations in sample thickness [23] and delamination
effects [22] were found to reduce flexural and ten-
sile strength properties of CF/epoxy composites with
interlaminar nanomaterial additions. Studies utilising
graphene oxide and functionalised PEEK to enhance
mechanical properties result in an increase in scatter-
ing sites reducing overall conductive improvement [59].

The compressive shear strength induced in the inter-
laminar region suggests reduced bonding between plies
due to a combination of voids and graphene additions.
Limited matrix mixing with the graphene thin film
will reduce the combined mechanical interlocking and
chemical interactions resulting in the observed reduc-
tion in strength [55, 60]. Reductions in strength may
also be a result of shearing within the thin film; whereby
graphene sheets parallel to the shear plane provide lit-
tle reinforcement. Voids concentrated within the inter-
laminar region will contribute to crack propagation and
weaken interlocking between all phase interfaces weak-
ening the mechanical strength of the composite [61].
Therefore, further investigation into the microstruc-
ture, and defect distribution was conducted by visualis-
ing pCT images.

Micro-computed tomography

Figure 6 depicts 3D visualisation of segmented images
created on smaller yet representative volumes for the
samples. The voids are shown in blue while the matrix
and fibre phases are 100% transparent within the white
volume. The segmented fibre and matrix phases were
further used to calculate the fibre volume fraction (fvf).
The Control sample (Fig. 6a) shows some large irregularly
shaped voids permeating the length of the specimen with
a fibre fraction of~0.56. The segmented image of GL
(Fig. 6b) clearly shows voids running parallel to the fibres
permeating into the plies (fvf=~0.59). The Control
(HT) sample has the lowest number of voids in the vol-
ume compared to the other samples (Fig. 6¢). The voids
in Control (HT) also run parallel to the fibres but con-
form to the irregular shapes previously seen in the Con-
trol. The measured fvf of the sample was approximately
0.59, correlating with the information from the supplier.
The GL (HT) sample has a more clustered distribution of
voids concentrated within the interlaminar regions and
not permeating into the plies (Fig. 6d). Concentration of
voids within the interlaminar shear region correlate with
the measured shear strength reduction in the GL (HT)
sample. The structure of the voids continues to follow
the same trend of long slender voids parallel to the plies
independent of heat treatment. The measured fvf content
is consistent with previous samples at ~0.59, suggesting
consistent laminate consolidation using compression
moulding.

Visual analysis of the 3D segmented images indicates
that voids continue to form in the interlaminar region.
This is likely due to the surfactant and moisture trapped
in the thin film vapourising during high temperature pro-
cessing [62-64]. The composite samples with heat treat-
ment had reduced voids compared to their counterparts
without heat treatment. The heat treatment step likely
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contributed to the removal of excess surfactant and mois-
ture in the thin film and substrate prior to consolidation.
The reduced vapour sources have resulted in fewer voids
forming and migrating into the intraply regions. The
presence of voids in the GL (HT) sample suggests sur-
factant remains in the thin film even after processing in
the oven.

Conclusions

This study investigated the effectiveness of heat treat-
ment on graphene thin films and CF/PEEK substrates
as a method to reduce voids in consolidated composites.
Scalable manufacturing methods such as LPE and spray
deposition were employed to create few layer graphene
thin films on prepreg thermoplastic tapes. The removal of
water was detected in the FTIR spectra after heat treat-
ment but no additional chemical changes to the substrate
and thin film were detected in the Raman and FTIR spec-
tra. The graphene thin films became rougher with heat
treatment increasing the RMS roughness from 1.99 pm
to 2.52 um. The heat treatment allowed for better visu-
alisation of the graphene flakes while increasing surface
wettability from 11° to 82°. The graphene quality was
characterised to be 3—4 layers with Raman spectroscopy
of the interlayer region after consolidation. The C-AFM
measurements showed a higher concentration of con-
ductive networks present in the interlaminar region after
heat treatment.

The shear strength of the graphene enhanced lami-
nate reduced 25% with heat treatment due to clustered
voids within the interlaminar shear region. Heat treat-
ment of the Control sample saw a 149% increase due
to the removal of dissolved moisture within the PEEK
thermoplastic. Although mechanical deficits were still
measured, scalable graphene interlayer additions demon-
strate incremental electrical improvements for insulative
thermoplastic composite structures. Successful reduc-
tion in void content was achieved with heat treatment of
the plies from 4.2 vol% to 0.4 vol%, and 5.1 vol% to 2.8
vol% in Control and graphene enhanced samples, respec-
tively. While, vapourisation of surfactant is likely the
cause of long cylindrical voids between fibres it remains
important in the liquid phase exfoliation manufacturing
process. Surfactant additions aid dispersion and prevent
agglomeration both in suspension and in the polymer
matrix phase; thus it cannot be entirely removed. Heat
treatment of the spray deposited graphene thin film has
proven to be an effective mechanism to reduce voids in
consolidated thermoplastic composites.

Heat treatment reduces voids through removal of
surfactant and moisture saleably without the need for
suspension dialysis or use of vacuum ovens. Open air
processing with automated tape placement (ATP) may
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allow the surfactant and water vapour to be more easily
dissipated prior to consolidation. Further investigations
into understanding the effects between graphene loading,
conductive enhancement and void formation is required.
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