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ABSTRACT

Direct electric cure (DEC) was used to cure carbon fibre-reinforced polymers (CFRPs). We show that the energy consumption for curing is significantly reduced, with
the judicious placement of contact electrodes, by almost twelve-fold, compared to autoclave curing, and threefold compared to oven curing (0.84, 10.0, and 2.64
kW). CFRP samples of an epoxy matrix with 0-3 wt% carbon black (CB) was used to increase matrix conductivity, and the effect of this variation on the curing and
mechanical properties was determined. Subsequently, the concentration with the highest flexural strength, a CFRP with 2 wt% CB was prepared, to study the effects
of four different contact arrangements (Top-Bottom, Outside-Outside, Outside-Inside, Inside-Inside) under high pressure (about 2 MPa). Top-Bottom mode shows the
best performance, here the electrical current flows through the ply stack perpendicular to the fibre direction. This CFRP has similar mechanical properties as samples
manufactured by a range of traditional curing methods. Although the degree of cure (DOC) was reduced by 3-7 %, dependent on the placement of the electrical
contacts, the through ply cures showed uniform and high degrees of cure. We show that DEC, thus provides a low capital investment solution to high-quality
composite manufacture, facilitating market access for small enterprises, as part sizes and curing times are not limited by oven size nor oven thermal mass.

1. Introduction

Carbon fibre-reinforced polymers (CFRP) have been widely used in
many different fields, such as aerospace, transportation, and electronics
[1,2,3,4,5]. These applications exploit CFRP’s outstanding mechanical
properties of high tensile strength and high stiffness but low density.
Thermoset CFRPs are commonly epoxy resin-based as these are low-cost,
high stiffness and chemically inert matrix materials. Traditional
manufacturing methods use autoclaves, ovens, or heated presses to cure
these epoxy resins. CFRP manufactured by these devices shows excellent
properties, such as high-volume fractions of fibre and low porosities
[5,6,7]. However, the dimensions of CFRP parts manufactured by these
methods are limited by the chamber size [8]. The processing time is
limited by the slow heating rates for parts manufactured by ovens and
autoclave as these have high thermal masses. As a result, composite
manufacture has traditionally required considerable expenditure both in
terms of capital, to purchase the equipment, and in running costs to heat
the ovens, moulds and parts.

The reason for these drawbacks is that the curing of CFRP requires
heating the part within its mould to high temperatures to initiate and
maintain curing. This requires a large input of energy, the majority of
which is not used to cure the part but to heat the mould, the air within
the chamber and/or the chamber itself [9]. This additional, parasitic,
“thermal mass” creates a secondary issue for parts with thick sections.
The exothermic curing polymerisation reaction releases heat. This cau-
ses the resin’s temperature to rise, which in turn increases the rate of
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heat release. This positive feedback process can lead to over-curing,
degradation of the resin and even combustion in extreme cases. This is
generally, but somewhat misleadingly, termed “exotherming” [10]. The
large thermal mass of the oven or autoclave prohibits the rapid removal
of heat required to control this process and thus the manufacturing
guidelines often specify conservative, slow heating ramps to prevent
“exotherms” in thick parts.

To improve production times and minimise cost it is therefore
essential to reduce, as far as possible, the thermal mass of the system.
This can be achieved by direct heating of the CFRP part. This has been
achieved by the use of induction curing [11,12], microwave curing
[13,14,15,16] and infrared radiation (IR) [17,18], which are all exam-
ples of electromagnetic curing methods. In induction heating, the fre-
quency is low, 100 to 200 kHz [19]. Here magnetic induction induces
eddy currents in the fibres, these powerful currents rapidly heat the
composite. However, the orientation of the fibre to the induction coil is
critical to ensure efficient energy transfer [2]. In multiple-ply stacks, this
can mean that some plies may be heated to higher temperatures than
adjacent plies. However, thermal diffusion will generally resolve this
issue. These low frequencies can penetrate deeper into the material. As a
result, induction heating curing is generally applied to manufacture
thicker and more complex geometries. In addition, due to the limitation
of the power transfer, the coil must be close to the area to be heated. This
limits operational freedom and requires complex bespoke coils for
curved parts with large dimensions [20]. Microwave uses frequencies
between 300 MHz to 300 GHz, here the electromagnetic radiation
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interacts with dipoles in the resin. The oscillation of these dipoles in-
duces heating within the material. Microwave curing is often subject to
uneven temperature distribution with certain part shapes focussing or
dispersing the microwaves. Additionally, sharp edges induce burning
due to arcing as the field lines are concentrated at sharp points. [15,21].
Dipoles are again important in IR curing, at frequencies between 300
GHz - 430 THz. These high frequencies have poor penetration and thus
thermal diffusion from the exposed surfaces to the core tends to limit IR
curing to thin laminates and surface finishes. Additionally, infrared ra-
diation curing particularly of irregular shapes may lead to non-uniform
heating [8].

Carbon fibre is inherently conductive and therefore can act as its own
heating element. Thus, direct electric cure (DEC) can be leveraged to
produce a low-energy, highly controllable curing process that directly
heats the composite part. Lee [22] indicates DEC can achieve a 99 %
energy saving compared with autoclave curing. Fukuda et al. [23]
introduced DEC (or Joule Heating) to fabricate thermoset CFRP parts.
Utilizing two different contact arrangements and vacuum consolidation,
they were able to examine through thickness heating and edge-to-edge
heating.

However, DEC is not without issues. Large or complex geometries are
difficult to implement in DEC due to the necessity to have electrical
connections across the part [22,24,25,26]. Similarly, the need to bal-
ance the current density and thereby heating across the part can lead to
variations in the cure across the part [27]. Collinson et al. [8] used DEC
to cure prepreg with vacuum consolidation for large areas, a sample size
of 700 x 2000 mm with 16 plies thick prepreg being prepared. However,
issues around temperature variations across the sample were observed
during the curing process. As a result, the degree of cure across the DEC
samples was 6-36 % lower than samples cured in a conventional oven.
There is a pressing need to optimise the electrode configuration to
improve the degree of cure and the final quality of the part.

In CFRP samples with a woven fabric, the resistivity along the fibre,
Ri1 and Ry directions are low (0.022 mQ-m), while through the ply
stack, Rss, the resistance is much higher (310 mQ-m) [28,29]. Thus,
most electrical curing passes current along the carbon fibres. While the
carbon fibre has a low resistance, the matrix is generally an insulator.
Epoxy resins are insulators with breakdown electric fields of the order of
400 V/mm [30]. Thus, conduction through the ply stack is limited. This
requires complex arrangements for the contacts, with many authors
interdigitating numerous copper sheets at the edges. Ply drop can also be
an issue as the high resistance at the end of the ply leads to uneven
temperature distribution. In an effort to address these issues and
decrease the resistivity of the epoxy resin, we added conductive, low-
cost, carbon black (CB) nanoparticles to the epoxy resin. This results
in a matrix (CB/epoxy resin nanocomposite) whose resistivity is less
than 0.1 Q-m [31]. Even low concentrations, (0.1-3 wt%) of conductive
nanoparticles significantly increase the conductivity of epoxy resins
[32,33,34]. Thus, carbon nanoparticles offer a cost-effective method to
address some of the limitations of DEC.

Carbon in the form of nanotubes (CNT) and graphene has been used
to improve the conductivity of polymers and resins previously
[35,36,37,38]. However, the dispersion of CNT and graphene in epoxy
resin is difficult and time-consuming. Even small concentrations of well-
dispersed CNTs and graphene lead to large increases in viscosity
[36,37]. The tendency for these nanomaterials to aggregate leads to
poor dispersion. This creates weaknesses and stress raisers that degrade
the mechanical properties [39,40]. Importantly, for any prospective
commercial venture, the cost of CB is considerably lower than CNTs or
graphene.

In most DEC manufacturing processes [8,23,24], the current typi-
cally flows along the fibre direction. However, the contact area of the
copper sheets at the edges of the samples is limited, and the matrix of
CFRP is epoxy resin, which acts as an insulator. Consequently, the
temperature distribution and energy consumption are suboptimal. To
address these issues, this project proposes the incorporation of CB
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conductive nanoparticles into the matrix and the implementation of a
novel contact arrangement, known as the Top-Bottom mode, where the
current flows perpendicular to the sample. As a result, this project
compared unmodified CFRP cured by DEC with three different con-
centrations of CB in the matrix (1 wt%, 2 wt%, 3 wt%). The influence of
CB on the electrical and mechanical properties is examined. Then, 2 wt%
CB-modified epoxy resin, identified as the optimum concentration, in
terms of flexural strength, is used to explore DEC. Four different elec-
trode configurations were compared in terms of resistance and the dis-
tribution of temperature. This work represents a significant
advancement in the power efficiency of composite manufacture through
the use of nanoparticle conductive fillers in the matrix coupled with
through ply electrical current to produce uniform CFRP samples.

2. Materials
¢ Epoxy resin system

The epoxy resin used in this work is IN2 epoxy infusion resin (Easy
Composite, UK). This is a DEGBA-based low-viscosity resin. The low
viscosity assists in the dispersion of the nanoparticles and subsequent
infiltration of the fabric during hand layup. The hardener in this work is
“AT30 slow” (AT30) from Easy Composites, this is a polymeric anime,
that is a low-viscosity liquid at room temperature. For the cured IN2/
AT30S resin, the density is 1.15 g/cm®.

e Carbon black (CB)

The carbon black (CB) in this work is “Carbon black, acetylene, 100
% compressed” from Alfa Aesar Ltd, and the density of CB is 2.1 g/cm®.
According to the supplier’s literature, the conductivity of this CB is 558
S/m.

e Carbon fibre

The carbon fibre used is "210g 2x2 Twill 3k Carbon Fibre Cloth"
(Pyrofil TR30S 3 k Mitsubishi, supplied by Easy Composites) with a
0.021 g/cm? areal density and 1.79 g/cm? density (supplier’s data).

3. Methodology

The relevant information concerning the equipment and techniques
employed are summarised in this section.

3.1. Matrix modification and prepreg composite

This subsection includes three parts to describe the manufacturing
process of CFRP with different concentrations of CB in the matrix. The
first is the modification of the matrix with carbon black, then the hand
layup procedure and finally the curing process.

3.1.1. Matrix modification

The CB particles were incorporated into IN2 resin at 0, 1, 2, and 3 wt
% of the final epoxy matrix. Firstly, 100 g IN2 resin and the corre-
sponding amount of CB were pre-mixed in a disposable plastic beaker by
a wooden stirrer for 30 s. Then an overhead stirrer (“Hei-TORQUE Value
100” from Heidolph Instruments (Schwabach, Germany)), fitted with a
four-blade mixing propeller stirrer, mixed the mixture for 10 min at 900
rpm. Subsequently, 30g of AT30 slow hardener, (30 wt% of final resin)
was added to the mixture and mixed by the overhead stirrer for 3 min at
900 rpm. The final mixture was degassed under a vacuum before hand

layup.

3.1.2. Prepreg composite manufacturing-hand layup
First, CR1 Easy-Lease Chemical Release Agent (Easy Composites) was
sprayed on the glass mould surface to prevent adhesion. Then, 120*120
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mm carbon fibre was placed on the glass surface. The degassed uncured
polymer liquid was uniformly spread on the carbon fibre surface by
brush. The last two steps were repeated until 15 layers of carbon fibre
were stacked. 130*130 mm release film and vacuum breather were
placed on the sample. Finally, the whole mould was covered with a
vacuum bag and sealed with vacuum tape. The sample was degassed by
a vacuum pump for 15 h at room temperature and de-mould to create
“prepreg” samples. This process was intended to increase the repro-
ducibility of the hand layup, in terms of fibre volume fraction and resin
distribution.

3.2. Composite manufacturing

Here four different manufacturing methods are discussed, three
traditional, heated press, autoclave, and oven; and DEC with four
different electrode configurations.

3.2.1. Heated press

The heated press used is Moore Hydraulic Heated Platen Press
(George E Moore & Son Ltd, UK), which provides 20 tons maximum
load. The platens were closed to a gap of 4 mm, and a pressure of 2.1
MPa was applied. The sample was heated at a rate of 3 °C/min to 70 °C.
This was held for 3 h.

3.2.2. Autoclave

An AC052 Autoclave (Premier Autoclaves Service and Solutions, UK)
was used to cure the composite panel using a 3 °C/min ramp to 70 °C for
3 h. The autoclave pressure was set to 6 bar gauge, with the sample bag
under vacuum at all times. This results in a consolidation pressure of 7
bar absolute or 0.7 MPa.

3.2.3. Oven

A UT 6200 electric lab oven (Thermo Fisher Scientific Inc. Waltham,
USA) was used. A heating ramp of 3 °C/min used to heat from room
temperature to 70 °C. The temperature was held at 70 °C for 3 h. An
external vacuum pump was used to set a vacuum of —0.8 bar gauge (200
mbar absolute) or 0.08 MPa.

3.2.4. Direct electric cure, DEC

A PS1540S SMPS, bench power supply (Rapid Electronics, UK),
provided DC electrical power for DEC. The voltage of the power supply is
manually controlled between 10 and 15 V to maintain the sample
temperature between 60-70 °C. The hydraulic press (section 3.2.2.1)
was used to compress prepreg at 2.1 MPa during DEC.

To examine the influence of contact arrangement with the conduc-
tive resin during DEC, four contact configurations were examined. The
copper sheets were inserted to a depth of 1 cm to create contact with the
samples. Cables provide electrical contact to the copper sheets from the
power supply. Fig. 1 shows the schematic of the different electrode
contact arrangements and the positive and negative electrodes of the
power supply.

3.3. Experimental testing and analysis

3.3.1. Resistance changes during the DEC process

The voltage and current display screens of the bench power supply
were used to calculate the resistance of the specimens. Due to their low
resistivity, the influence of electrical cables was ignored.

3.3.2. Temperature distribution during the DEC process

Seven thermocouples (centre of the top surface, centre of the bottom
surface, and five in the middle layer Fig. 2) were used to record tem-
perature change versus time by a USB TC-08 thermocouple data logger
(Pico Technology, UK).

Composites Part A 185 (2024) 108296

Schematics Modes
| o ]| Outside-
| I Outside
— (+) Power (-) =—
— Inside
(+) Power (-) =—
] .
Inside
(+) Power (-) =——
] (+) Top-
NN Power Bottom
]
/1 )
J

Fig. 1. The schematic of different contact arrangements in DEC manufacturing
(one red bar in the schematic is 5 layers of carbon fibre and conductive resin).
The gaps between the layers are not present in the samples, they are shown to
aid clarity in the positioning of the electrodes. The thin red lines are copper
sheets and copper wires).
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Fig. 2. The schematic of thermocouples distribution in samples at (a) middle
cross-section (b) middle layer (the thin and thick red bars are 7 layers and 8
layers laminate respectively, and purple circles are thermocouples (1-top
centre, 2,3-left middle, 4-centre middle, 5,6-right middle, 7-bottom middle)).

3.3.3. Flexural tests

The 4-point flexural tests were conducted on an H5KS Benchtop
Tester from Tinius Olsen (Horsham, USA) with a 1 mm/min crosshead
speed. The test specimen dimension and testing conditions were deter-
mined by ASTM D7264 Standard. The dimension of the specimens was
80 x 14 x 4 mm (L x W x T). The thickness varies due to the different
CB concentrations and manufacturing methods.

3.3.4. Degree of cure (DoC)

DSC was used to determine the degree of cure (DSC Q20, TA In-
struments, New Castle, USA) [41]. The DSC was heated from 40 °C to
250 °C with a 10 °C/min ramp.

3.3.5. The energy consumption of curing process calculation

A Power Meter (Intertek, UK) was used to record the energy con-
sumption during the curing process in the DEC, heat press and oven
curing. The energy consumption of the AC052 Autoclave is measured by
a 3-phase in-line power meter (model RI-70-100-P, Rayleigh In-
struments, UK).
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4. Result and discussion
4.1. Flexural properties

CFRP with different CB concentrations (0, 1, 2 and 3 wt%) in the
matrix was manufactured by the heated press. The flexural strengths and
flexural moduli of these CFRP samples were determined by 4-point
bending. The data is presented in Fig. 3. As the CB concentration in-
creases, the flexural strength increases. At 2 wt%, the flexural strength
reaches a maximum, 730 + 12.8 MPa. Compared with unmodified CFRP
(0 wt%), this is an increase of 31 %. At 3 wt% CB, the flexural strength
decreases slightly. At higher nanoparticle concentrations, nanoparticles
may aggregate and these act as stress risers, which degrade the prop-
erties of the CFRP [39,42,43]. While it is difficult to compare across
different carbon fibre fabrics, these results compare well with Hayes
et al. who achieved 800 MPa and 48 GPa for flexural strength and
modulus respectively, for Cycom 950-1 plain weave pre-preg. They see
very similar values for autoclave, oven and DEC [24]. Likewise, as can
be seen from Fig. 3, there is no statistically significant variation in
flexural modulus across the series. An ANOVA p-value of 2.065 was
determined. This is lower than the critical F-statistic of 3.06 for an a of
0.05. While there is a significant difference in flexural strength. This
implies that even though the CB particles are expected to have a higher
stiffness than the IN2/AT30S resin, the low concentration means they do
not impede the compression of the resin and thus have no effect on the
flexural modulus. However, the CB nanoparticles do impede failure in
the system. Nanoparticles are known to prevent crack growth by a va-
riety of mechanisms. This has also been widely reported in the literature
[44,45,46,47,48]. As the 2 wt% sample shows the highest strength this
concentration was chosen for further DEC analysis. Table 1 shows the
physical properties of samples. The DoC of all samples is high than 98 %.

4.2. Comparative DEC study of CFRP with 2 wt% CB

Preliminary trails, via resistance measurements were undertaken
that showed a percolation limit of around 2-3 %. In addition, the four-
point bending test shows CFRP has the best mechanical properties when
CB is 2 wt% in the matrix. As a result, CFRP with 2 wt% is used to
examine the DEC manufacturing methods. Table 2 shows the physical
properties of the 2 wt% CB-CFRP sample, cured by DEC, autoclave, hot
pressing and oven. When comparing various curing strategies, it is noted
that the oven cure applies a consolidating pressure of 1 bar (0.1 MPa),
while the autoclave exerts a pressure of 7 bars (0.7 MPa), and the heat
press can achieve up to 2 MPa. Under increased pressure, a greater
amount of uncured resin is expelled from the samples. This results in

[ ]Flexural strength(MPa)

800 - [~ Flexural modulus(GPa)| [ %°

700 - I a7
— L/ L 40 =~
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© 400 4 7 o
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T 300 - - 20 B
=]

x

3 200- @
w - 10

100 4
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CB concentration in matrix (wt.%)

Fig. 3. The flexural strength and modulus of the CFRP with different CB wt.%.
The error bar is the standard deviation of 5 samples.
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Table 1
The physical properties of the CFRP samples with different CB wt.% in matrix;
the error is the standard deviation of three samples.

CB concentration Density’ Fibre volume  Fibre mass Void
in matrix (wt.%) (g/cm3) fraction (vol. fraction (wt. fraction®
%) %) (Wt.%)

0 1.4635 + 51.26 + 0.74  62.70 + 3.06 + 0.72
0.0049 0.69

1 1.4802 + 53.47 £0.59  64.66 + 2.94 +0.23
0.0039 0.54

2 1.4407 + 49.47 £0.13  60.83 = 2.69 + 0.52
0.0009 0.13

3 1.4488 + 48.56 +0.40  59.87 + 4.84 +0.24
0.0026 0.38

Table 2
The physical properties of the CFRP samples manufactured by different
methods; the error is the standard deviation of three samples.

Curing Density’ Fibre Fibre mass  Thickness Void
(g/cm3) volume fraction (mm) fraction”
fraction (wt.%) (wt.%)
(vol.%)

DEC- 1.4219 + 44.36 + 55.84 + 4.22 £ 1.54 +
Inside- 0.0016 0.24 0.24 0.02 0.17
Inside

DEC- 1.4225 + 44.44 + 55.92 + 4.38 £ 3.53+
Inside- 0.0009 0.14 0.14 0.02 0.27
Outside

DEC- 1.4407 + 47.20 £ 58.63 + 418 + 3.24 +
Outside- 0.0079 1.20 1.18 0.04 0.41
Outside

DEC-Top- 1.4488 + 48.41 + 59.82 + 3.87 + 5.09 +
Bottom 0.0014 0.22 0.21 0.12 0.12

Heated 1.4558 + 49.47 + 60.83 + 3.73 + 2.69 +
press 0.0009 0.14 0.13 0.03 0.52

Oven 1.3967 + 40.54 + 51.95 + 4.53 £ 2.65

0.0125 1.89 1.96 0.05 0.41

Autoclave 1.4077 + 42.20 £ 53.67 + 4.48 + 1.47 +

0.0030 0.45 0.46 0.07 0.19

! As determined by Helium pycnometry. >Determined from helium and den-
sity balance data.
f Determined from helium and density balance data

thinner samples and higher fibre volume fractions, see, see Fig. 4.
Although the mass of fibre remains constant across all samples, the fibre
fraction varies. However, due to the high viscosity of the prepreg, the
variation in fibre fraction induced by different pressures remains within

Fibre volume fraction
( Thickness

50 150

48
9
3 4 | las €
S 46 45 £
c
2 2
g £
&= 44 <
g =
E [
°
® 42 —4.0
8
[T

40

38 35

T T T T T T T
In-In In-Out Out-Out  Top-bottom Heated press Oven Autoclave
Fig. 4. The volume fraction of fibre and sample thickness in different
manufacturing methods (the value is the average of 3 samples and the error bar

is the standard deviation.
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acceptable limits. In terms of direct comparisons, the maximum differ-
ence in the fibre volume fraction is less than 10 %. In addition, in all the
curing methods, the measured void fraction of the sample is lower than
6 %. The particle density calculated by helium pycnometry machine is
reliable. However, the bulk density calculated by density balance could
be lower than real value. Because when put the sample in the water in
density balance, there are some air bubbles around the sample, which
increases the volume of sample in calculation. As a result, the calculated
void fraction should be regarded as a higher limitation.

In terms of DEC methods, the void fraction of Top-Bottom is higher
than others. There are probably two reasons for this, firstly, to facilitate
the insertion of copper sheet for the Inside-Inside and Inside-Outside
modes, three laminates (each of 5 plies of carbon fibre) were initially
prepared by hand layup. The method to do this was to have one ply of
carbon fibre on the glass, resin with CB was applied on the top by hand
using a brush, and the next ply was placed on top of this. In this way a
stack of 5 plies was created, these were then vacuum consolidated. These
were left overnight under a vacuum. In the morning, the vacuum was
released, and the copper contacts were inserted. Then, the assembly was
then consolidated in the (unheated) press at 2 MPa and cured. However,
in terms of Top-Bottom, only one prepreg laminate, of 15 plies was
created, left under vacuum overnight, and contacts were added. It was
then (unheated) press consolidated and cured. The separate 5-layer
stack resulted in a lower void fraction. Secondly, the curing tempera-
ture of Top-Bottom was a little lower than other DEC methods (70°C vs
80°C, see Fig. 5). In the initial stage of curing, as the temperature in-
creases, the viscosity of resin will decrease, this improves impregnation
reducing the void content.
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4.3. The resistance of 2 wt% CB-CFRP during the DEC process

The resistivity of CFRP with 2 wt% is 70 % that of unmodified CFRP.
Fig. 5 shows the resistance of a 2 wt% CB-CFRP with time for the four
DEC curing configurations. During the initial curing process, the resis-
tance drops as the sample temperature increases. Due to the manual
control and the rapid heating response created by small adjustments to
the current, the rate of temperature rise was limited to approximately
0.5 °C/min. This is lower than that in traditional curing methods but can
be increased with automated control systems. In this process, the resin is
heated by Joule heating and its viscosity initially decreases as temper-
ature rises. This lower viscosity allows the CB particles to diffuse faster.
Meanwhile, the polymerization of resin leads to reaction-induced phase
separation (RIPS). In this process, CB nanoparticles form networks that
reduce the resistance of the system. When the cure time reaches 75 min,
the temperature has increased to around 60 °C and the resistance starts
to plateau. At this point, the degree of polymerization is high, conse-
quently, the viscosity is high, and the movement of CB nanoparticles is
slowed. This plateau in resistance is a clear indication that curing is
almost complete.

RIPS is commonly observed in polyurethanes, polymer blends and
solutions [49]. However, phase separation is a basic consequence of the
reduced configurational entropy of the polymer compared to the
monomer, and is thus a universal phenomenon [50,51,52]. Several au-
thors have shown that phase separation in polymer-nanoparticle sys-
tems is a common occurrence [53,54,55].
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4.4. The temperature distributions during the DEC process

Collinson et al. [8] used DEC with an outside-outside configuration to
cure CFRP prepreg. They report temperature differences of 11 °C, which
is a little higher than the 7 °C temperature difference reported here for
the outside-outside configuration. They used a 3 k plain weave with a
vacuum infusion system however they do not state the consolidation
pressure. When the CFRP is cured without consolidation pressure, the
maximum temperature difference is between 15 and 20°C [24]. Fig. 5
shows that the temperature differences within a sample are small, with a
maximum difference of 10 °C, which occurs in the Inside-Inside mode.
The minimum difference is in the Top-Bottom mode, a thought ply
configuration, which is half of the maximum, circa. 5 °C. As aresult, DEC
manufacturing shows good temperature distribution during the curing
process when CB is added at a low concentration.

In this project, the carbon fibre is twill weave fibre, which is an
isotropic weave. As a result, the carbon fibre has the same electrical and
thermal conductivity in the x and y direction. Therefore, in these two
modes, the current always flows along the fibre direction. In addition,
because of the isotropic property in thermal conductivity, the samples
show good temperature distribution in the middle plane. The maximum
temperature difference is lower than 5 °C.

The fibre direction plays an important part as the conductivity along
the fibres is far higher than perpendicular to the fibres. One justification
for adding CB is to create a more homogeneous resistance profile along,
compared with perpendicular to, the fibres. Thus, there is less localised
heating in the regions where different orientations are present. The use
of woven fabric, 2x2 twill, intrinsically has a low resistance at 0 and 90.
The use of CB reduces the difference in resistivity along and across the
fibres. Our hypothesis is that this would allow for more uniform curing.

During the DEC process, the samples are placed in the unheated hot
press and pressed by the two unheated steel plates, electrically insulated
by thin PTFE sheets of 0.3 mm thickness. The heat loss is primarily via
conduction through the PFTE film to the large steel plates. The Top-
Bottom configuration places the electrical contacts immediately adja-
cent to the PTFE, this, coupled with the more uniform current distri-
bution through the thickness of the sample results in the most uniform
temperature distribution. However, even with this configuration the Top
and Bottom temperatures are lower, due to heat conduction to the
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platens.

In the Outside-Outside and Inside-Inside modes, the electrodes con-
tact the two sides (left and right) of two carbon fibre plys, Outside-
Outside and four plys in Inside-Inside modes. The current flows pre-
dominantly through these plys, due to the low resistance of the carbon
fibre. In Outside-Inside mode, we surmise that the current must pass
through the resin layers as the temperature distribution is similar to the
Top-Bottom mode. This suggests that the current must flow along the
carbon fibre and then through the bulk of the sample. The carbon fibre
fabric at the top and bottom acts as distribution electrodes. In Top-
Bottom mode, the current goes through the whole sample. The whole
sample thickness generates Joule heating instead of a localised region.
Thus, the temperature distribution in the Top-Bottom mode is improved
over the other three modes.

Another general feature observed is that in all of the four DEC modes,
the highest temperatures occur close to positive electrodes, followed by
positions close to negative electrodes. The same effect is shown in the
work of Collinson et al. [8] who also use DC current. Contact resistance
at the copper-carbon interface plays the most significant role here.
Additionally, the higher temperature of the positive electrode suggests
that differences in electrochemical potential play a part. In essence, the
positive electrode reverse biases the copper-carbon junction and thus
generates more heat.

4.5. The DoC of CFRPs with 2 wt% CB in matrix

The degree of cure, DoC, of the 2 wt% CB-CFRPs is presented in
Fig. 6. The traditional curing methods (autoclave, oven, and heat press)
result in higher DoC than DEC. The CB-CFRPs by autoclave have the
highest DoC (99 % in the centre and 98 % in the edge, as measured by
DSO).

The differences between the DoC in the centre and edge of CFRPs
manufactured by the more traditional curing methods are smaller than
those manufactured by the DEC manufacturing method. However, the
maximum difference in DoC between the centre and the edge is only 2
%, for the Inside-Inside sample. This configuration also has the lowest
DoC of 90-92 %. The sample manufactured in Top-Bottom mode has the
highest DoC values and the smallest difference between the centre and
edge of 1 %. This compares favourably with the literature, Collinson

Middle position
Edge position

In-In In-Out Out-Out

Top-bottom Heated press

Oven Autoclave

Fig. 6. The DOC of CFRPs with 2 wt% CB manufactured in different methods (DEC (Inside-Inside, Inside-Outside, Outside-Outside, Top-bottom) and traditional

manufacturing methods (Autoclave, Oven, and Heat Press)).
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et al. achieve a 35.4 % middle to edge difference[8,22,24].

While the addition of CB does not solve the issues around variations
in the cure, it does improve the situation when coupled with the Top-
Bottom and Outside-Outside configurations to a level comparable with
conventional oven and autoclave methods.

4.6. Comparison of flexural testing for 2 wt% CB-CFRP

Fig. 7 shows the flexural properties of 2 wt% CB-CFRP with in the
matrix. There is no statistically significant difference (by ANOVA) in the
flexural strength or modulus of the CB-CFRP samples. For a level of
significance, o, of 0.05, the F-statistics are 1.55 (strength) and 0.72
(modulus), and the critical F value is 2.69. As a result, CB-CFRPs man-
ufactured by DEC have statistically the same flexural strength and
modulus as the traditional curing methods. It should be noted that both
the oven and the autoclave samples were slightly thicker than the heated
press and DEC samples, (Fig. 4 and.

Table 1). Similar comparisons in the literature between DEC and
conventional curing methods also show that DEC is equivalent to con-
ventional curing methods in terms of flexural properties. [24,56,57].

4.7. Energy consumption

Table 3 shows the total energy consumption for the curing processes.
Our energy consumption testing demonstrated a 90 % energy reduction
in DEC compared to the autoclave, which is the highest at 10.03 kWeh
with no significant effect on mechanical properties. For the four DEC
modes, Outside-Outside and Top-Bottom modes show the lowest energy
consumption. The energy volume density in these two modes is about
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between the sample and the press, with only a thin Teflon film on the
sample surface. Consequently, the plates became warm to the touch,
leading to higher energy consumption for the DEC method. The better
insulation materials should be considered in the future work. Secondly,
the cross-sectional area of the sample is about 50 % of the heat press
platform, whereas, in the oven and autoclave processes, the sample
volume occupies less than 1 % of the available space. Therefore, with
smaller sample sizes, the energy consumption advantage of DEC
manufacturing becomes more pronounced. In summary, DEC
manufacturing demonstrates good performance for small-size products.
Comparisons with literature are difficult due to the lack of sample
data, most authors do not give either the power consumed, the sample
mass, density nor the dimensions of the sample. The thickness often
needs to be estimated based on the fibre count and weave. However, but
this can vary considerably (20-30 %) due to the different resin chem-
istries, viscosities and consolidation pressures. However, Liu et al. have
an energy consumption of 475 J/mm? [58], for their non-insulated DEC
carbon repair system; Lee et al. 19 J/mm?3 [22] for their carbon nano-
tube heating mat arrangement with insulation. Assuming a carbon fibre
thickness of 2 x 2 mm on each side of the Nomex, Collinson et al.
consume 12 J/mm?® [8]. Table 3 details the energy density required to
cure the samples in the various configurations to allow a meaningful
comparison amongst the different methods and with the literature.

Table 3
The energy consumption of the curing process in different manufacturing
methods.

68 % of that in the Inside-Inside mode. The Inside-Inside mode shows a Curing Total energy Average Energy volume
. . . . consumption (MJ) power (Kw) density (J/mm~)
faster temperature rise and a longer high-temperature region, the widest
variation in temperature and the lowest DoC. The uneven temperature DEC-Inside- 5.31 0.37 87.32
distribution, due to the relatively poor thermal conduction perpendic- Inside
’ ! DEC-Inside- 3.79 0.26 60.10
ular to the carbon fibres and the presence of the unheated steel plates of Outside
the press results in this poor temperature distribution. Thus, for DEC, DEC-Outside- 3.01 0.21 49.94
insulation of the part as well as electrode placement, avoiding the Inside- Outside
Inside configuration needs to be more carefully considered. DEC-Top- 3.16 0.22 56.65
The energy consumption between DEC and heat press manufacturin Bottom
1€rgy consumption b Pre 8 Heated press 3.68 0.34 68.57
methods is not significantly different. There are two primary reasons for Oven 9.50 0.88 145.70
this. Firstly, in the case of DEC samples, an unheated hot press was used Autoclave 36.07 3.34 559.15
to provide consolidation. However, there was insufficient insulation
Flexural strength(MPa)
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Fig. 7. The flexural properties of CFRPs with 2 wt% CB in matrix manufactured by DEC (Inside-Inside, Inside-Outside, Outside-Outside, Top-bottom) and traditional
manufacturing methods (Autoclave, Oven, and Heat Press). The average value is from 5 samples and the error bar is the standard deviation of samples.
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5. Conclusions

Direct electrical cure, DEC, is a cost-effective and viable option for
the low-energy cure of carbon fibre-reinforced polymer, CFRP, compo-
nents. We show a 12-fold reduction in energy consumption compared
with autoclave cure. DEC requires minimal capital investment, further
removing barriers for small enterprises to produce CFRP parts. The in-
clusion of 2 wt% carbon black, CB, creating a conductive epoxy matrix,
additionally improves the flexural strength of the component. This
addition of CB and external pressure provided by an unheated press,
improves the temperature distribution, the final degree of cure and
uniformity of cure, across a wide range of DEC contact modes. When
electrical current flows perpendicular to the plys, as opposed to along
them, DEC shows excellent performance in terms of fibre volume frac-
tion, temperature uniformity and the degree of cure.
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