Joule heating of carbon fibre tapes — A low-cost
approach for automated dry fibre deposition

Shimin Lu?, Peihao Song?, Lee Harper'*, Thomas Turner?!

1. Composites Research Group, University of Nottingham, Nottingham, NG7 2RD, UK
2. Department of Engineering Science, University of Oxford, Parks Road, OX1 3PJ, UK

*Corresponding author — lee.harper@nottingham.ac.uk

Abstract

Joule heating is potentially a low-cost option for activating the binder on the surface of
carbon fibre tapes during automated dry fibre placement (ADFP). In this paper, the
electrical contact resistance between a carbon fibre tape and cylindrical electrodes is
characterised experimentally using a tabletop rig to replicate the process conditions
encountered during ADFP. This rig is used to study a range of wrap angles, fibre tensions
and temperatures to inform the design of a Joule heating setup for a lab-scale ADFP fibre
deposition rig. A validated model has been developed to predict the tape temperature
at the nip point for different current inputs and deposition velocities. Increasing both
fibre tension and wrap angle are found to reduce contact resistance and increase
heating efficiency. A nip point temperature of 200 °C can be achieved by Joule heating
for a single carbon fibre tape at a deposition velocity of 100 mm/s, using a power of 110

W. This equates to a 17% reduction in energy compared to laser heating.
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1 Introduction

Automated deposition processes for fibre reinforcement, such as automated tape laying
(ATL) and automated fibre placement (AFP), have been used in the composites industry
for several decades since they enable higher layup speeds, improve accuracy and
reproducibility, reduce waste, and reduce labour costs over hand layup processes [1].
Prepreg materials are commonly used in these processes, but there has been an impetus
to move to using bindered dry fibre tapes to reduce material costs. Automated dry fibre

placement (ADFP) is used to produce preforms for out-of-autoclave processes such as
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liquid resin infusion, potentially requiring less machine downtime for repair over
conventional prepreg-based AFP machines [2].

The binder on the surface of the tapes requires thermal activation at relatively high
temperatures ( >160 °C), therefore laser heating is commonly used to achieve the rapid
heating rates (>300 °C/s) required for high rate tape deposition [1-5]. Laser heating
methods create health and safety concerns [1], therefore hot gas torches are another
common heating method applied to ADFP [6] but temperatures can be more difficult to
control [7]. Flashlamp heating has also been used in ADFP [8, 9], such as the Humm3®
heating system by Heraeus, but it typically consumes more energy than laser heating to
achieve the same material temperature [8].

Joule heating is a possibility since the stabilised dry carbon fibre tapes have no bulk
matrix material on the surface to affect the electrical conductivity. Joule heating, also
known as resistive or ohmic heating, is the phenomenon whereby the passage of
electrical current through a conductive medium produces heat. First published in 1840,
Joule’s first law states that the power absorbed by this process is equal to the product
of the conductor’s resistance and the square of the current flowing [10]. This is an
efficient heating mechanism with direct conversion of electrical power into heat, which
has found applications in many resistive heating elements such as in domestic kettles or
ovens. The relatively low resistivity of carbon fibres enables them to conduct significant
electrical current and therefore generate an increase in temperature due to the Joule
effect. Joule heating has been used in the composites industry for curing thermoset
composites [11, 12], resistance welding of thermoplastic composites [13, 14], on
towpregging lines [15, 16] and for de-icing applications [17, 18]. Compared with
alternative heating methods for ADFP, Joule heating is much simpler and cheaper to set
up and there are fewer safety concerns [19], however, there is a lack of understanding
about the interaction between carbon fibres and the heating hardware.

Good electrical contact between the carbon fibres and the electrodes is critical when
applying Joule heating to ADFP. Cylindrical rollers are normally used to facilitate smooth
feeding of the carbon fibre tapes within the deposition head. Theses rollers can function
as electrodes in Joule heating setup. Contact between the electrodes and the fibres is
imperfect and an electrical contact resistance exists, leading to additional heat being
generated in the contact region when a current is applied [16]. If this is not managed

correctly, this additional contact resistance can cause hot spots and can burn the binder
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system [20]. According to some published works, this contact resistance can be reduced
by increasing the fibre tension [16], increasing contact pressure between the carbon
fibres and the electrode and using a more compliant electrode, such as a conductive
silicone roller [20].

Grohmann [21] successfully produced ADFP preforms using Joule heating. Subsequent
composites were manufactured by resin infusion and it was found that the interlaminar
shear strength for samples produced using Joule heating showed no differences to
samples produced by infrared heating. Further work [19] investigated the contact
resistance for a range of different tapes when in contact with the electrodes, using
microscopy on the surface of the tapes to identify the binder coverage. Joule heating
was considered to be a suitable heating method if there were sufficient uninsulated
fibres visible and the overall contact resistance of the tape was low [19].

For AFP and ADFP, the nip point temperature beneath the deposition roller is an
important process parameter controlling preform consolidation and consequently the
final quality of manufactured parts. It is therefore important to understand the
relationship between power input and temperature when applying Joule heating.
Athanasopoulos et al [22] investigated Joule heating of stationary carbon fibre tows held
under vacuum, both experimentally and numerically. Temperature dependent
properties such as electrical resistance and specific heat capacity were employed in a
model for the carbon fibre tows, enabling numerical predictions for the tow
temperature to be within 5 °C of the setpoint (up to 300 °C) compared to experimental
data. Grohmann [23] also developed a Joule heating model for stationary ADFP tapes
using experimentally determined electrical resistance and specific heat capacity values.
The model over predicted the tape temperature by 30 % compared to the experimental
results, due to suspected inaccuracies in the measurement of the specific heat capacity.
Celik et al [15] built a finite element Joule heating model for a towpregging line, where
carbon fibre tows were heated dynamically. Temperature independent material
properties were used, but the prediction showed reasonable agreement (within 18%)
with the experimental tow temperature across the range of values studied (from 50 to
120 °C). It was confirmed that the contact resistance heating is significant at the
beginning of the heating region (around 50 °C at a current input of 2 A), therefore it is
important to include this contribution within the model. Whilst Joule heating for the

towpregging line example follows a similar principle to an ADFP head, the required
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temperature set point is lower and there is no cooling effect from contact with the
deposition roller compared to the current setup. No published work has been found on
the relationship between temperature and power for Joule heating of carbon fibre tapes
using an ADFP setup.

A tabletop rig has been built in this paper to characterise the contact resistance between
two different carbon fibre tapes and a pair of cylindrical copper electrodes. The tapes
are placed under different levels of tension, with different wrap angles at the contact
points with the electrodes. The temperature dependent electrical resistance of the
carbon fibre tapes and the relationship between the input current and steady-state
heating temperature are also characterised using this rig. A Joule heating setup has
subsequently been implemented on a lab-scale ADFP deposition rig, using a copper
roller and a conductive tool as the electrodes. Deposition trials under different current
inputs and deposition velocities have been conducted. A Joule heating model has been

developed to predict the nip point heating temperature during ADFP deposition.

2 Experimental Approach
2.1 Materials

The primary material used in this study is a unidirectional consolidated tape (Solvay
TX1100) with a nominal width of 6.35 mm. A 12K virgin carbon fibre tow (Toray 12 K
T700-50C) is also used for experiments involving the tabletop Joule heating rig for
comparison. Both carbon fibre materials are sized with an epoxy compatible sizing
agent. The Solvay ADFP material has binder applied to one side and a non-woven veil
over the other side to enhance infusion characteristics. Some details of the tape
structure are given in the papers by Liu et al [4] and Veldenz et al [24]. In the current
study, the bindered surface of the TX1100 tapes is placed in contact with the electrodes,

since the electrical conductivity is higher than the veiled surface [19].

2.2 Material Characterisation
2.2.1 Specific heat capacity

The specific heat capacity of the carbon fibre tapes was established using a modulated
differential scanning calorimeter (MDSC) using a DSC Q2000 from TA Instruments.
Temperatures ranged from 30 °C to 250 °C, using a ramp rate of 2 °C/min. The

modulation period was 60 s and the modulation amplitude was * 1 °C. The sample

4



weight was around 9 mg. Linear regression was used to establish the specific heat
capacity as a function of temperature for the two materials introduced above, as shown
in Figure 1. The grade of carbon fibre used for the TX1100 tape (IMS65) is different to
the T700 tow, plus the TX1100 contains binder and a surface veil, which both contribute

to the difference in specific heat capacity.
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Figure 1 Temperature dependent specific heat capacity of T700 tows and TX1100 tapes

2.2.2  Electrical resistance and contact resistance

The procedure used by Celik et al [16] was applied to measure the contact resistance
between the carbon fibre tapes and the copper electrodes. A Joule heating tabletop test
rig was developed to measure the contact resistance, as shown in Figure 2. The rig
consists of two copper electrode tubes with a diameter of 22 mm and a guide tube. The
distance between the two electrode tubes can be changed. A digital multimeter
(KEITHLEY 2110) was used to measure the electrical resistance between the two tubes
shown in Figure 2, using a four-wire arrangement with a measurement error of £0.04 %.
The total electrical resistance measured by the multimeter is the sum of the contact
resistance of the two contact regions, the carbon fibre tape resistance and copper
electrodes resistance. The electrical resistance of the copper electrodes is considered to
be negligible. The total resistance was measured for four different tape lengths (50 mm,

100 mm, 150 mm and 200 mm) between the two electrodes. The electrical resistance
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of the carbon fibre tape increases linearly with increasing tape length. When the total
resistance values are plotted against length, the data points produce a linear trend and
the intercept on the resistance axis can be used to determine the contact resistance.
The slope of the fitted line is the electrical resistance per unit length of the carbon fibre
tape. Figure 3 presents an example of contact resistance and electrical resistance
measurement. In this case, the intercept is the contact resistance (1.80 Q) while the
slope is the specific resistance (21.75 Q/m). The influence of fibre tension and wrap
angle on the contact resistance can also be investigated using this rig. Fibre tension is
applied by hanging a weight (from 100 g to 700 g) at one end of the carbon fibre tape.
The wrap angle on the right electrode (Figure 2) where tension is applied is constant at
90°, but the wrap angle on the left electrode is changed by adjusting the position of the
guide tube. Four wrap angles (31.0°, 42.7°, 82.4° and 116.1°) can be obtained.

wrap angle 50 mm 100 mm 150 mm 200 mm
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Figure 2 (a) Schematic of Joule heating rig (b) Photo of Joule heating rig. (The copper tubes on the top are used to
change the heating length. The guiding tube on the bottom is used to change wrap angle. Two wires on the top
copper tubes are connected to a multimeter to measure total resistance, or a power supply to provide heating.)
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Figure 3 An example of contact resistance and specific electrical resistance measurement

2.2.3 Joule heating — Tabletop rig

Electrical currents pass though the Joule heating rig to heat the carbon fibre tapes, as
shown in Figure 2. A power supply (Velleman LABPS3010SM) was used to provide
constant voltage to the circuit. A shunt resistor (PCN RXM50) with an electrical
resistance of 0.1 Q was used for the current measurement. A Beckhoff EL3164 analogue
input terminal was used to measure the voltage across the shunt resistor. The current
in the circuit was obtained from the Beckhoff terminal voltage values divided by the
shunt resistor’s electrical resistance of 0.1 Q. The digital multimeter was used to
measure the voltage between the two wires of the Joule heating rig. The total resistance
between the two wires in the Joule heating rig was then obtained from the multimeter
voltage value divided by the circuit current value. Fibre tension and wrap angle were
applied using the same method as the electrical resistance measurement experiments.
The carbon fibre tapes were heated up to a steady-state temperature and then the
circuit current and multimeter voltage values were recorded. A FLIR thermal camera was
used to measure the temperature of the carbon fibre tape.

Figure 4 shows a thermal image from the camera, demonstrating that the edges of the
tape exhibit lower temperatures than the central region. These edge effects account for
less than 20 % of the total surface area. The average temperature along the centreline
has been compared to the average temperature from the rectangular region that covers
80% of the tow surface. The error between these measurements is less than 3%. The

average temperature along the tape centre line has therefore been used to represent



the overall surface temperature of the tape, as shown in Figure 4. Three repeat

measurements were conducted for each test.

Figure 4 Temperature measurement of Joule heating in test rig (Average temperature along the centre line at
steady-state is recorded.)

Using this Joule heating setup, the contact resistances between the carbon fibre tapes
and the copper electrodes, plus the electrical resistance of the carbon fibre tapes at
different temperature, were characterised. Tapes were heated to temperatures ranging
between 30 °C and 200 °C for the four different lengths, enabling the total resistance to
be recorded for each scenario. Linear interpolation was used to determine the total
resistance as a function of tape heating temperature.

A stepped power input was used to conduct heating trials with the tabletop rig to
validate the analytical model described in Section 3. The power was turned on for 30
seconds and then turned off. The measured current values from the shunt resistor were
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used as the input for the analytical model to generate a heating and cooling curve. A
FLIR thermal camera was used to continuously record the surface temperature in the

centre of the tape.

2.2.4 Joule heating - ADFP deposition head

Joule heating tests were also conducted using a lab-scale ADFP deposition head, as
shown in Figure 5. The carbon fibre tapes were heated between a copper roller
electrode and a conductive substrate. Both electrodes made contact with a compaction
roller, which was covered by a rubber skin with a Shore A hardness of 60 HA. The
cylindrical copper electrode was forced to make contact with the deposition roller by a
pneumatic cylinder. The conductive substrate (ADFP machine bed) was compacted by
the deposition roller under a controlled force. The copper electrode roller was
connected to the circuit via a carbon brush. A power supply (Velleman LABPS3010SM)
was used to provide a constant current to the circuit. A shunt resistor (PCN RXM50) with
an electrical resistance of 0.1 Q was connected for the current measurement. Only one
tape was deposited in each experiment. A FLIR thermal camera was mounted on the
frame of the ADFP deposition head and was used to measure the average tape
temperature in the region between the copper electrode and the nip point. The
temperature along the fibre direction in this region was non-constant, since the section
of tape near to the nip point experienced a longer heating time. Therefore, a small area
perpendicular to the fibre direction was chosen to determine the average temperature,
using a defined distance of 15 mm from the copper electrode (see Figure 6), since the
nip point could not be directly visualised. The size of the measurement region was

maximised, whilst ensuring it did not go beyond the edges of the tape.

Static Joule heating tests were initially performed on stationary tapes to characterise
the heat loss caused by the thermal conduction between tapes and the deposition roller.
Dynamic Joule heating tests were then performed during fibre deposition, using up to
five different current values for each of the four deposition velocities, these values were
chosen to yield similar heating temperature range. All test parameters are summarised
in Table 1. Two repeats were conducted for each run. The deposition length was 800

mm and the temperature over the central 500 mm of tape was recorded to avoid the



acceleration/deceleration region of the machine. The compaction force for all tests was

30 N.
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Figure 5 Deposition head of lab-scale ADFP rig: Joule heating of carbon fibre tapes between the copper electrode and
the conductive tool.

Figure 6 Temperature measurement of ADFP deposition using a FLIR thermal camera (measurement area is 15 mm
after the copper electrode)

Table 1 Parameters used for heating with deposition tests
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Test number Current (A) Deposition velocity (mm/s)

1 1.45,1.97,2.26 0
2-5 2.33,2.55,2.69,3.11 10
6-10 2.82,2.95,3.21, 3.46, 3.66 25
11-14 3.21, 3.46,4.02, 4.36 50
15-18 4.08, 4.36,4.82,5.14 100

3 Analytical Modelling

The goal of the modelling work is to predict the nip point Joule heating temperature.
The transient heat transfer during the ADFP deposition process is complex, consisting of
many components. These include contact resistance heating, Joule heating, convection
cooling, radiation cooling, heat loss from the compaction roller and the movement of
the carbon fibre tape. The model is developed incrementally, starting with a simple
state-steady Joule heating model with carbon fibre tape exposed to air, where Joule
heating, convective cooling and radiative cooling terms are included. Transient terms
are then added to simulate the temperature history of the carbon fibre tape during Joule
heating, accounting for heat loss to the ADFP deposition roller. Finally, a Joule heating
model is established for the deposition of a carbon fibre tape using the ADFP head on

the laboratory scale machine, using the parameters validated in the previous models.

3.1 Joule heating efficiency

The two contact resistances and the fibre resistance are electrically connected in series.
The current passing through them is the same and is represented as I. The power used
to heat the contact area F; and the section of carbon fibre tape P; can be calculated
from Equation (1) and (2) based on Joule's law. Ry is the temperature dependent total
contact resistance and Ry (ry is the fibre tape resistance, which are both determined
experimentally. The power efficiency of the Joule heating method, E, can then be

calculated from Equation (3).

P = IZRC(T) (1)
Pr = I?Re(ry (2)
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3.2 Static steady-state Joule heating model

The carbon fibre tape is modelled as a rectangular solid block. A 1D heat transfer model
is used to predict the Joule heating temperature along the fibre direction. The lower
heating temperature at the tape edges as indicated in Figure 4, and the temperature
gradient through the thickness direction cannot be accounted for in this model. The
carbon fibre tape is exposed to air with Joule heating. When a steady-state is reached,
the Joule heating input power is equal to the power losses from both radiative and
convective cooling. This can be expressed by Equation (4) according to heat transfer

theory [25], in order to determine the steady-state heating temperature, T :

I?Ry(r,) 'dx = hA(Ts — T,) + oeA(T* — T, *) (4)
A=2(w+tr)dx (5)

where h is the convection coefficient of air. R¢(r "is the electrical resistance per unit
length of the carbon fibre tape, which is obtained from experimental measurements
discussed above. A is the surface area of the carbon fibre tape and w is the width of the
carbon fibre tape. ¢y is the thickness of the carbon fibre tape and dx is the length of
carbon fibre tape. T, is the ambient temperature. o is the Stefan-Boltzmann constant.
€ is the emissivity of the carbon fibre tape. I is the current in the electric circuit, which
is measured from the static Joule heating test.

As it stands, Equation (4) will overestimate the Joule heating temperature Ty, since the
effective surface area of the tape is underestimated in the model. The real cooling area
of the carbon fibre tape is larger due to the circular profile of the carbon fibre filaments,
compared to the idealised flat rectangular surface. An empirical factor, n, is added to
Equation (4) to compensate for that, producing Equation (6). The term n is obtained by
fitting the predicted surface temperature from Equation (6) to the steady state
temperature obtained from the Joule heating tabletop rig. The prediction shows good
agreement with the experimental results when n equals 1.2 and 1.3 for the TX1100 tape
and the T700 tow respectively. The difference in n for the two materials is due to the

different carbon filament packing arrangement, which yields different microstructures
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and surface textures. The filaments within the T700 tows have looser packing patterns;
therefore, a larger correction factor is required. It is difficult to calculate the effective
surface area accurately due to the heterogeneous properties of the carbon fibre tapes.
Materials with similar packing patterns/microstructures are expected to share similar

values for n, but this factor will need to be derived for different tow/tape architectures.

I?Ry(r,)'dx = hnA(Ts — Tp) + oenA(T" - T,*) (6)

3.3 Transient Joule heating model without fibre movement

Two Joule heating experiments using stepped power inputs were conducted on the
tabletop rig and the ADFP head. A transient Joule heating model has been built to predict
the temperature history in the two experiments. The transient model is presented in
equation (7):

PCp(r) OT — aZ_T 4jn _ dcon _ Grad _ 4r (7)
k ot 0x2 k k k k

where T is the temperature of the carbon fibre tape. p is the density of the carbon fibre
tape. ¢p(ry is the specific heat capacity of the carbon fibre tape. k is the thermal
conductivity along the fibre direction of the carbon fibre tape. ¢jx, qcon, 4raa and g,
are the volumetric heat generated or dissipated by Joule heating, air convection,
radiation and heat loss to the compaction roller respectively, which can be calculated by
Equations (8) to (11).

The conductive heat transfer to the compaction roller is modelled as a convective heat
transfer with a coefficient of h, for simplicity. The value of h, ranges from 200 to 1500
W/(m?K) [26-28] for different tape materials and roller materials. In this research, the
value of h. is obtained by fitting the predicted surface temperature from Equation (7)

to the temperature obtained from the ADFP rig, whilst the head is stationary.

g = Rrmdx (8)
jh 174
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hnA(T—Tq) in ADFP head (9)
dcon = h A(TZ"KT)
% in tabletop rig
T4
oenA(Tt-Ta") in ADFP head 1o
Qrad = ZZ 4
w in tabletop rig
. henAr(T-Tr) in ADFP head -
qr = v i i
0 in tabletop rig
A, = wdx "2
V= detf (13)

where T;. is the temperature of the rubber skin contacting the carbon fibre tape. V is
the volume of the model region.
An explicit finite-difference scheme is used to solve Equation (7). The discretisation of

time is shown in Equations (14) and (15):

or _ TPHI-TP (15)
at At

where t is the total time, At is the time interval and p is the integer to denote the time
dependence of T.

It is assumed that the carbon fibre tape has uniform temperature along fibre direction
and there is no conduction heat transfer within the tape for stationary heating tests in

the tabletop rig or the ADFP head. Therefore, Equation (7) can be simplified as:

TP+i_TP . . . .
pCp(T) . 9jh — 9con — 9rada — 9r (16)

The rubber skin on the compaction roller contacting the carbon fibre tape is modelled
as a rectangular block with the same width w, and the same length, dx as the carbon
fibre tape, with a thickness of t,.. The temperature of the rubber skin can be calculated

using the following equations.
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PrCor T = G = 1, (17)
Gy = "L (18)
e = T e (19)
Are = 2(w + dx)t, (20)
V. = wdxt, (21)

where p,. is the density and C,, is the specific heat capacity of the rubber skin. g,
represents the conductive heat transfer to the surrounding rubber materials. It is
modelled as a convective boundary condition with a coefficient h,. for simplicity. A, is
the contact area to the surrounding rubber materials. The temperature of the

surrounding rubber materials is modelled as a constant ambient temperature T,.

3.4 Fibre deposition Joule heating model

Deposition direction

d
<

Figure 7 Sketch of Joule heating setup in the lab scale ADFP head

Figure 7 shows the Joule heating process for carbon fibre tapes during the ADFP
deposition process. The carbon fibre tape passes through four zones at a defined
velocity. In Zone 1, the carbon tape makes contact with the copper electrode and the
compaction roller. The contact resistance between the electrode and carbon fibre tape
leads to the carbon fibre tape being heated. There is heat loss at this point to the
compaction roller. In Zone 2, the carbon fibre tape is under Joule heating by its own
electrical resistance. There are convective heat losses and radiative heat losses on the

surface exposed to the surrounding air and conductive heat loss to the compaction roller
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on the opposite surface. In Zone 3, the carbon fibre tape makes contact with the
conductive substrate. The tape is heated by contact resistance heating. There are
conductive heat losses to the substrate and to the compaction roller. For Zone 4, the
carbon fibre tape is outside of the electrical circuit and is cooling. There are convective
heat losses and radiative heat losses on the surface exposed to the air and conductive
heat losses to the substrate on the other surface. Heat transfer analyses in Zones 1 and
2 are conducted in this paper, using an analytical model to simulate the temperature in
these zones. The nip point temperature is predicted by the model at the end of Zone 2
before contacting the substrate.

A steady-mass-flow method is used to simulate the movement of the carbon fibre,
where the rate of mass flow into a control volume is equal to the rate of mass flow out
of the control volume. The energy balance in the control volume is presented by

Equation (22) [25]:

Q = 1h Cpr)AT (22)
AT =T,—T, (23)
m= pvA, (24)
A, =wty (25)

where Q is the net heat transfer into or out of the control volume, 11 is the mass flow
rate, AT is the temperature difference between the inlet T; and outlet T, of the control
volume, v is the deposition velocity and A, is the cross-section area of the carbon fibre
tapes. The length of the control volume in this model is 0.2 mm.

Using this method, the outlet temperature T, can be calculated if the inlet temperature
T, and net heat transfer Q are known. Various control volumes are connected in series
to form the length of the model. The outlet temperature T, of the first control volume
is used as the inlet temperature T; of the next control volume. The conduction heat
transfer between the control volumes is negligible. The temperature at the inlet of the
first control volume is assumed to be ambient temperature T,, at 25 °C.

It is assumed that half of the energy from the contact resistance heating is used to heat
the carbon fibre tapes in Zone 1. The length of Zone 1 is 1 mm and five control volumes
are connected in series. Both outlet carbon fibre tape temperature T, and compaction

roller temperature T,., are calculated using the following equations:

Ich(v)ldx
2

_hr(Trl - Ta)Arc - hc(Trl - Tl)Ar = prUAchpr(Trz - Trl) (27)

26
- hc(Tl - Trl)Ar = pUAcCp(T) (T, — Ty) (26)
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Agr = Wi, (28)

where RC(U)’ is the contact resistance per unit length in Zone 1. It was found that the
contact resistance between the carbon fibre tape and copper cylinder electrode
increases with the increase of fibre feeding velocity [14]. In this model, a linear
relationship between contact resistance RC(U)’ and deposition velocity v is used. Rc(v)’
is independent of temperature for simplicity.

The length of Zone 2 is 54 mm and 270 control volumes are connected in series after the
five control volumes in Zone 1. The following equation is used to calculate the outlet
temperature of the carbon fibre tape of the control volumes in Zone 2. Equation (28) is
used for the roller outlet temperature calculations.

I?Re(ry'dx — he(Ty — T)A, — hn% (Ty — Ty) — asng (T,* - T,M = (29)

vacCp(T)(TZ -T)
Table 2 summarises all of the parameters used in the models above.

Table 2 Model parameters

Input Symbol Units TX1100 T700
Deposition velocity v mm/s 10, 25, 50, 100 -
Contact resistance per unit
(0.0089 v +
length between copper Rc(v)’ Q/mm -
0.11) §
electrode and TX1100 tape
Tape density p kg/m3 785* 872*
Control volume/model length dx mm 0.2
Tape width w mm 6.357
Tape thickness tr mm 0.27* 0.15*
Tape resistance per unit length (-0.0078 T + (-0.0228 T +
Reery’  Q/m
(taken from Figure 9 (a)) 22.65)* 37.13)*
Tape specific heat capacity (2.6704T + (2.2969 T +
, Coery  I/(kg°C)
(taken from Figure 1) 1033.7)* 554.05)*
Coefficient of heat loss from
h, W/(m?K) 230
tape to compaction roller
Roller rubber skin density Or kg/m?3 1080%
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Roller rubber skin specific heat

Copr 1/(kg°C) 1050 [29, 30]
capacity
Skin thickness — Rubber roller t, mm 3
Coefficient of heat loss from
h, W/(m?*K) 38
roller to surrounding materials
Correction factor for the
n - 1.2 1.3
surface area of CF tapes
Convective coefficient of air h W/(m?K) 12.12 [25]
Emissivity I3 - 0.85 [3, 31]
Ambient temperature T, °C 25
Time interval At S 0.001
Stefan-Boltzmann constant o Wm™2K™* 5.67x10°®

* Measured or derived from experiments
T From manufacturer’s datasheet

§ Estimated value

4 Results and Discussion

4.1 Effect of wrap angle and fibre tension on contact resistance

Figure 8 (a) shows values for the contact resistance of the TX1100 tape at room
temperature, with the binder surface facing the electrode, under different contact
angles and fibre tensions. For all contact angles, the contact resistance reduces
significantly with increasing fibre tension before reaching a plateau value. Increasing
fibre tension increases the number of filaments in contact with the electrodes and
therefore the effective filament contact area, which decreases the contact resistance
[16]. Increasing fibre tension can only reduce the contact resistance so far before the
plateau value is reached, since further increases in tension do not change the
distribution of filaments within the tape. Increasing contact angle can also lead to a
reduction in contact resistance, particularly at low tension levels, since the contact area
is greater with higher contact angles. However, the tape contact angle with the
electrode is limited by the deposition hardware, therefore increasing tape tension is a
more practical way to reduce contact resistance.

Figure 8 (b) shows the contact resistance results for the T700 tows. The contact
resistance values of T700 tows are larger than those of the TX1100 tapes (except the
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case of 100 N fibre tension with 31.0°). TX1100 tapes have carbon fibres with smaller
diameters (5 um compared with 7 um), therefore more fibres make contact with the
electrodes than for the T700 tows, which leads to a lower contact resistance. The binder
on the surface of TX1100 tapes has less influence on the contact resistance because only
a small area is covered by the binder. The influence of fibre tension and wrap angle is

similar for both materials.
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Figure 8 Contact resistance measurement results for (a) TX1100 tape (binder surfaces facing electrode) (b)T700 tow
under different fibre tension and wrap angle at room temperature

19



4.2 Effect of temperature on electrical resistance and contact resistance

Figure 9 shows the influence of temperature on the electrical resistance and contact

resistance. The electrical resistance decreases linearly for both materials with increasing

temperature, which agrees with data from the literature [22, 23]. The contact resistance

also decreases with increasing temperature for both materials, this has been suggested

[16] to be due to an increasing contact area caused by the transverse thermal expansion

of the carbon filaments. T700 tows generally have a lower contact resistance than the

TX1100 tapes at elevated temperatures.
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Figure 9 (a) Electrical resistance (b) contact resistance results of TX1100 tape and T700 tow under different heating
temperature with a wrap angle of 82.4° and a fibre tension of 300 g
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4.3 Joule heating efficiency

Figure 10 shows the Joule heating efficiency results calculated by Equation (3), using the
experimental contact resistance at room temperature. It is clear that increasing fibre
tension leads to an increase in heating efficiency due to lower contact resistance. Longer
tape lengths also lead to higher efficiency, due to their higher electrical resistance.
Under low fibre tension (less than 300 g), T700 tows have higher heating efficiency while
under high fibre tension (more than 300 g), TX1100 tapes have higher heating efficiency.
It is recommended that the length of the heating region in the deposition head is
maximised to reduce the energy consumed in the contact region. Heating efficiency is
somewhat dependent on temperature, but this effect is not significant as shown in
Figure 11. Whilst contact resistance decreases with the increase in temperature, the
resistance of the tapes also decreases. The nominal heating efficiency increases by less

than 10 % as the temperature increases from 50 °C to 200 °C.
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Figure 10 Joule heating efficiency of (a) TX1100 tape (b) T700 tow at wrap angle of 82.4 ° under four heating length
at room temperature
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Figure 11 Joule heating efficiency of two materials at different temperatures at wrap angle of 82.4 ° under 50 mm
heating length

4.4 Joule heating - Tabletop rig

Figure 12 shows temperature values measured during steady-state Joule heating
experiments for the two materials, compared with predictions from Equation (6). The
steady-state temperature increases linearly above values of 75 °C, which agrees with the
findings by Athanasopoulos et al [22]. For the same current input values, T700 tows

exhibit higher steady-state temperatures compared to TX1100, due to their higher
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electrical resistance. The analytical model agrees well with the experimental results. The
error is less than 5 % in both cases, confirming the validity of Equation (6).

Figure 13 shows the heating and cooling curves for the two materials during a 30 second
heating period using the tabletop rig. The predicted temperature values agree well with
the surface temperatures measured from the experiments. The errors are less than 11 %

in each case, confirming the validity of the transient terms used in the model.
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Figure 12 Steady state heating temperature with wrap angle of 82.4 ° and fibre tension of 300 g, for a heating length
of 50 mm
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Figure 13 Joule heating results from the tabletop rig for a 30 s heating time and different electrical current set
points. (Tow/tape heating length of 100 mm, wrap angle of 82.4 ° and fibre tension of 300 g) (a) TX1100 (b) T700

4.5 Joule heating - ADFP deposition head

Figure 14 shows the results of Joule heating trials using a static tape in the ADFP head.
The model predicts the change in temperature adequately, with a maximum error value
of 10% compared to the experimental data. This study confirms the validity of the term
used in the model to account for the heat loss to the compaction roller.

Figure 15 shows the experimental results and model predictions for dynamic Joule

heating tests, using four different fibre deposition velocities. The temperature of the
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fibre at a distance of 15 mm beyond the copper electrode (see Figure 6 for measurement
location) increases almost linearly with the increase of applied current for all deposition
velocities. In general, higher currents are required to reach the same target temperature
when depositing at higher velocities. The errors for the linear predictions are generally
within 13 % compared to the experimental data.

The model can be used to predict the nip point heating temperature (temperature at
the end of Zone 2) as shown in Figure 16. The activation temperature of TX1100 is
around 160 °C [32]. It is found that the nip point heating temperature increases linearly
with the increase of applied current for all deposition velocities. The gradient of the
curve decreases with increasing deposition velocity, indicating that higher input currents

are required to achieve the same nip point temperature for higher deposition velocities.
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Figure 14 Joule heating test results from the stationary ADFP head for TX1100 tape at three applied electrical current
values.
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Figure 16 Predicted nip point temperature for different deposition velocities

4.6 Joule heating energy consumption

Figure 17 shows the relationship between nip point temperature and the required
power consumption using Joule heating and laser heating for TX1100 tapes at a
deposition velocity of 100 mm/s. Power consumption for Joule heating is calculated
from the power supply voltage and current value measured by the shunt resistor. The
nip point temperature is predicted by the developed model. Di Francesco et al [3]
obtained the relationship between the laser power output and the measured nip point

temperature of TX1100 tape. According to the manufacturer’s data sheet [33] for the
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fibre-coupled diode laser used by Di Francesco [3], the total power consumption is about
four times the output power of the laser, producing the dotted black line in Figure 17.
The nip point temperature increases linearly with increasing power for both Joule
heating and laser heating. Laser heating consumes approximately 20% more energy than
Joule heating for a nip point temperature of 200 °C. The energy saving for Joule heating
is not as high as expected for this set up, as the contact length between the carbon fibre
tapes and the compaction roller is quite high before reaching the nip point. The contact
length of 55 mm for the current ADFP machine is approximately five times higher than
the AFP setups in the literature (around 10 mm [28, 34]). The energy losses to the
compaction roller are also significant, constituting around 90 % of the total energy losses
when the nip point temperature is around 200 °C. In addition to the lower power
consumption for Joule heating, the main advantage is the lower hardware costs, which
are at least 30 % lower than that of a comparable laser or flashlamp setup [19]. Joule
heating for ADFP uses extra low voltage (ELV), which greatly reduces the risk of electric
shock. Furthermore, no special safety measures are required for Joule heating, unlike
laser heating [19]. However, material choice is limited for Joule heating, as the fibres
must be conductive, and there are questions over temperature uniformity, particularly

at the tape edges.
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Figure 17 Power consumption of Joule heating and laser heating of TX1100 tapes at a deposition velocity of 100
mm/s (Laser heating energy consumption is reproduced from [3])
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5 Conclusions

In this paper, the electrical properties of carbon fibre tapes and the contact resistance
between the electrodes and carbon fibre tapes have been characterised. The Joule
heating method has been successfully implemented using a laboratory scale ADFP
deposition head. Analytical models have been built and validated to predict the nip point
heating temperature during the ADFP process, under different deposition velocities and
different current inputs. The models are helpful for better Joule heating temperature
control on the deposition head.

The contact resistance between the carbon fibre tapes and the cylindrical copper
electrodes (at low levels of fibre tension) is of the same order of magnitude as the
electrical resistance of the carbon fibre tapes. This results in low heating efficiency and
therefore low tape temperatures. Increasing fibre tension and wrap angle can reduce
the contact resistance, increasing the efficiency of the Joule heating process by up to
30%. Both the electrical resistance of carbon fibre tapes and the contact resistance
decrease with increase temperature. The efficiency of the Joule heating process
increases by less than 10%, as the temperature increases from 50 °C to 200 °C.

The predictions from the analytical Joule heating model during fibre deposition show
good agreement with the experimental temperature measurement. It can be shown
from the model predictions that the nip point temperature increases linearly with the
increase of applied current at all deposition velocities. For higher deposition velocities,
higher currents are needed to increase the nip point temperature.

Energy consumption using Joule heating in ADFP increases linearly with the increase of
nip point heating temperature, which is the same as for laser heating when processing
the same material. However, the Joule heating method developed in this paper only
consumes 83 % of the energy used during laser heating to produce a nip point

temperature of 200 °C at a deposition velocity of 100 mm/s.
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