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Powder epoxy based towpregs offer favourable processing and storage properties, thanks to the low viscosity and
thermal stability of the powder epoxy. Low-cost, high-quality towpregs, which are suitable for automated fibre
placement or filament winding applications, can be produced at a high production rate with an automated
towpregging line. This study focuses on improving the towpregging process by analysing the heating charac-
teristics of a towpregging line that employs Joule heating to impregnate carbon fibre tows with powder epoxy. A
finite element analysis heat transfer model was developed to identify the relationship between processing pa-
rameters and heating of the carbon fibre tows. Model predictions matched well with experimental results. Using
the temperature distribution predicted by the model, powder epoxy melting and sintering behaviour was
investigated using semi-empirical equations. Results revealed that Joule heating provides efficient heating with
very low power consumption. It was found that while it is possible to produce towpregs at high production
speeds (15 m/min), slower speeds might yield more consistent quality. Using parametric studies in the model, it
was shown that it is possible to increase towpregging line production rate without compromising the towpreg

quality, by altering some of the key process parameters (supplied current, electrode distance etc.).

1. Introduction

The composites industry has benefited immensely from automated
manufacturing methods in recent years, for instance, up to 85 %
reduction in labour hours was reported by companies [1]. Methods such
as automated fibre placement (AFP), which is an additive manufacturing
process in essence, can produce composite parts at high rates with
minimal material waste and error. Repeatability and accuracy of such
systems are appealing to many industries [2].

In the AFP process, narrow-width prepreg tapes (towpreg) are laid on
a mould layer by layer, and are consolidated with heat and pressure
application by the AFP head. AFP applications are expected to play a
major role in the future, especially if the current technology keeps up
with the recent advances in Industry 4.0 [3]. In line with the progress in
the AFP process, there is a growing interest in the materials that are used
in AFP: towpregs (or prepreg tape) are one of the fastest-growing type of
prepreg materials in the composite market [4]. Typically, towpreg
manufacture is carried out using production lines, which can adopt melt-
impregnation [5-9], powder slurry [10-12] or powder coating [13-20]
techniques in order to impregnate the powder with the thermoplastic or
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thermoset matrix. Although AFP is a cost-effective process, conventional
towpreg can be expensive. In order to reduce material costs while
maintaining the quality, powder epoxy-based towpregs have been
developed [21,22]. The towpregging line, or tapeline, developed by
Robert et al. [21] impregnates carbon fibre tows with a novel powder
epoxy. Powder epoxy composites do not require refrigerated storage
conditions and have a long shelf life at room temperature, thanks to their
chemical stability at room temperature [23]. From a processing
perspective, the low viscosity of the molten powder epoxy results in
good consolidation of the final part and relatively little heat generation
when curing, minimising the risk of thermal runaway. Furthermore,
little or no volatile organic compounds (VOCs) are released, and the
excess powder can be recycled.

In the tapeline system [21], powder epoxy is deposited on the carbon
fibre tow and melted by heating the tow through Joule (resistive)
heating. Conductive carbon fibres heat up and act as individual heating
elements when a current passes through, thus uniform and rapid heating
can be achieved via Joule heating. It can be used in composite appli-
cations, particularly in the curing of composites, due to its simplicity,
effectiveness, and efficiency. The power consumption of Joule heating is
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extremely low when compared to conventional heating systems, up to
80 % lower power consumption than oven heating was reported [24],
while comparable mechanical performance was obtained. It was shown
that even some mechanical properties can be improved by Joule heating;
Sierakowski et al. [25] demonstrated that it is possible to enhance the
impact resistance of the composites by applying DC for short periods.
One of the most advantageous features of this technique is uniformity in
the temperature, which results in a consistent degree of curing along the
part. Although local thermal gradients might be observed in electro-
de-composite interfaces [26], a uniform temperature profile over the
sample can be attained in Joule heating systems [27]. Furthermore,
overall curing time is much shorter [28] since heat is generated directly
in the carbon fibres. This contrasts with oven heating, where the air
inside must be heated first before heat transfers to the composite part.
Degrees of curing of parts heated with Joule heating can exceed oven-
cured composite parts [29]. Other than curing, some practical applica-
tions are compatible with Joule heating, including self-healing [30-33]
and de-icing [28,34]. Contact resistances occurring at the electro-
de-composite interfaces, however, create thermal gradients and there-
fore must be taken into account when designing heating systems.

Modelling methods are extensively used for calculating the heat
generated by the Joule effect [25,33,35-38]. Calculating the tempera-
ture field through numerical models can improve mould design by vis-
ualising the thermal gradients. Furthermore, by coupling other process
models, one can gain insight into different physics during the
manufacturing, such as the curing or crystallisation behaviour of the
material. With appropriate boundary conditions, temperature distribu-
tion during the Joule heating of composites can be calculated accurately
[36]. As mentioned before, however, contact resistances must be defined
carefully as they can be responsible for significant non-uniformities near
electrode—-composite interfaces [26]. It is possible to account for this
additional heating by characterising the contact resistances. Siera-
kowksi et al. [25] demonstrated that the heating caused by contact re-
sistances can be more significant than Joule heating for longer heating
durations. Kwok and Hahn [33] accounted for the contact resistance
heating in their model by introducing a thin, high resistance layer at the
electrode/composite interface. Although their model overpredicts the
temperature of the specimen greatly, it performed well in estimating the
local hot spots. The authors claimed that the deviation is due to the
actual resistivity of the material being different from the one used in the
model. Similar deviations are common in Joule heating models [37,38],
mainly caused by ill-defined material properties. Lu et al. [39] used a
heat transfer model to analyse the heat losses occurring in a continuous
polyacrylonitrile-carbon nanotube stabilisation system. They found out
that, by utilising Joule heating, the stabilisation duration can be reduced
from 2.5 h to under 1 h, with only 1 % of the power requirement of
convective heating.

While the tapeline system can benefit from a heat transfer model,
understanding the melting behaviour of the powder epoxy is equally
important and can improve production. Melting and sintering of poly-
mer powders have been explored both experimentally and numerically
[40-44]. With an increase in temperature, powder polymer melting is
followed by sintering, which is a double-stage mechanism including
powder coalescence and bubble removal [43]. It is a widely discussed
topic for rotational moulding and laser sintering applications [40,42],
however, Maguire et al. [23] described the sintering of the powder
epoxy for thick-section composite manufacturing, using a semi-
empirical equation. From the towpreg manufacturing standpoint, it is
vital to ensure that the state of the powder epoxy during the heating is
optimal to provide a good degree of impregnation. By coupling heat
transfer models to appropriate melting and sintering models, the ideal
processing window for the manufacturing of towpregs can be
determined.

Most of the towpregging systems include a crucial heating step in the
production line, either to preheat fibres before the impregnation step or
to melt the deposited matrix or removal of the solvent after the
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impregnation step [5-20]. Thermal models of such systems provide a
better understanding of the overall process and the possibility to analyse
the system in detail. [10]. Most of the aforementioned studies, however,
sought to investigate the towpregging processes from an experimental
point of view, and the developed thermal models are limited in capacity
[10]. The authors previously identified the contact resistances in the
Joule heating system of the tapeline in an experimental campaign, and
through a simplified finite element analysis (FEA) model, they demon-
strated that the accuracy of thermal models can be improved by ac-
counting for contact resistances [45]. This paper aims to characterise the
Joule heating process through a parametric thermal model supported by
experimental data. Not only is the manufacturing process analysed by
modelling beyond experimental limitations (power input, electrode
distance etc.), but also the on-line melting and sintering behaviour of the
powder epoxy is predicted, which is quite difficult to accomplish using
experimental techniques. Thus, our study can be of interest to a broader
community, in terms of experimental and modelling perspectives,
considering the recent interest in towpreg/prepreg tape manufacturing
processes [5-20]. Furthermore, similar modelling approaches can be
used in different applications, such as well-known pultrusion [46-48],
or niche applications such as double belt press lamination [49], localised
in-plane thermal assist (LITA) technique [50,51] and radio-frequency
(RF) heating [52].

2. Experimental
2.1. Tapeline system

A tapeline system has been developed [21] to produce low-cost,
high-quality and fully consolidated (but not cured) powder epoxy-
based towpregs that are compatible with AFP applications. In this sys-
tem, carbon fibre tows are pulled through a series of rollers, powder
epoxy is electrostatically deposited on the carbon fibre tow using a
charged epoxy powder particle cloud in a semi-confined box under
constant extraction. Joule heating is used to heat the carbon fibre tow
and to melt the powder epoxy, and finally the produced towpreg is
collected (Fig. 1). A detailed description of the system is provided in
[21,22]. The main advantage of the tapeline system is that the towpreg
production is automated and is monitored by various sensors (tow ten-
sion, temperature, speed etc.), allowing for high-volume production of
high-quality towpregs. The towpregging line includes an active tension
control system, which uses tension sensors to monitor the tension of the
tow at all times and a PID-controlled magnetic brake to maintain a set
tension on the tow, based on the data read from the tension sensor.
Therefore, the tension of the tow remains constant throughout a pro-
duction run. The advantageous processing properties of the powder
epoxy include low viscosity, no VOCs, easy deposition and long storage
life. By altering the operating parameters of the tapeline, different fibre
volume fractions (and consequently different mechanical properties)
can be achieved. Furthermore, another key advantage of the towpreg-
ging line is its versatility. With some alterations in the system, ther-
moplastics powders could be used for towpreg production, which would
attract great interest due to their recyclability. Although for some
thermoplastics, such as PEEK, the processing window between melt and
degradation is very narrow, as the heating time is very short in the line,
working with such materials could be achievable.

2.2. Joule heating

Joule heating is the preferred option in the tapeline system for
heating the carbon fibre tows and is carried out after powder deposition,
in order to melt the powder epoxy deposited on the tows. Two
conductive copper roller electrodes are used to provide the electrical
current, while infrared (IR) temperature sensors (OS-PC30-2M-1V,
OMEGA Engineering) measure the temperature of the tows constantly
(Fig. 2a). Based on the IR temperature sensor data, a PID controller
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Fig. 1. Schematic of the tapeline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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adjusts the current passing through the carbon fibre to reach the set
temperature. Joule heating provides rapid heating of the carbon fibre
tows (e.g. 4 s to reach 120 °C) and the power requirement is also very
small, as shown in Fig. 2b (around 25 W), whereas a small curing oven
typically operates at 500 W [24]. There is no further equipment required
apart from the conductive rollers and PID control system, and instan-
taneous automated temperature control is possible with the Joule
heating system. Powder epoxy and loose carbon fibre filaments can,
however, build up around the conductive rollers during prolonged
production runs, which can prevent the current from flowing through
the fibres, resulting in disruptions in the production. To avoid powder
epoxy and loose carbon fibre build up around the rollers, metal scrapers
were placed underneath the copper rollers.

2.3. Materials

Toray T700S-24 K-50C (1 % sizing) carbon fibre tow and powder
epoxy (PE6405, 1220 kg/m>, supplied by FreiLacke and designed by
Swiss CMT AG) were used for the towpreg production. The conductive
Joule heating electrodes were made of copper. Slip-rings were fitted
inside the copper electrodes to provide electric current. An infrared
thermal camera (FLIR A655SC) was used to measure the temperature
distribution in the carbon fibre tow.

3. Numerical modelling
3.1. Heat transfer model

Carbon fibre filaments in the tow act as heating elements when an
electric current passes through, due to the Joule effect. The additional
heat due to the Joule heating term can be expressed as [25]:

12
= — 1
Om = — @
where Qyy is the heat generated by the Joule heating (W/m®), I is the
current provided (A), ¢ is the electrical conductivity () and V is the
volume of the medium (rn3). The heat equation then becomes:

Cﬂ(j)l; = V(kVT) + Q0 2)
where c is the specific heat capacity (J/kg K), p is the density (kg/m>), T
is the temperature (K), t is the time (s) and k is the thermal conductivity
tensor of the carbon fibre tow (W/m K).

At the interfaces between the carbon fibre tow and the electrodes,
electrical contact resistances occur due to the imperfect contact. A
contact resistance heating term is used to describe this additional
heating caused by the electrical contact resistances, and can be

Composites Part A 164 (2023) 107285

expressed as [25]:

_ PRe

cr 2 3

where Qcg is the heat generated by the electrical contact resistances (W/
mz), I is the current (A), Rcr is the contact resistance (Q) and A is the
contact area of the interface (m?).

In order to solve the heat equation, a 3D time-dependent finite
element model was developed using COMSOL Multiphysics 5.6 soft-
ware. Powder epoxy on the carbon fibre might lead to fluctuations in the
temperature during the production, hence dry carbon fibre (i.e. without
the powder epoxy) was considered for heat transfer modelling. The 3D
domain created for the model is depicted in Fig. 3a. The model uses an
Eulerian domain that accounts for the movement of the carbon fibre tow
with a given production speed. Electrical contact resistances occurring
at the interfaces between the metal roller electrodes and the carbon fibre
tows were determined experimentally as explained in Ref [45]. The
resistance of the entire system was measured for different electrode
distances, and resistance values were plotted against electrode distance.
Assuming the linear material resistivity, the y-intercept of the plots (zero
electrode distance) were accepted as contact resistances and cable
resistance of the system. Similar approaches can be found in [30,33,55].
Electrical contact resistance values obtained were applied to the contact
areas at the interfaces by assigning an equivalent thin layer in the
contact patches. Model parameters were given in Table 1. A mesh
convergence study was carried out by increasing the element number in
the domain as shown in Fig. 3b.

Due to the complex nature of the towpregging process, the following
assumptions were made in the model:

e Thermal contact resistances were neglected.

e For the heat transfer model, dry carbon fibre only (i.e. no powder
epoxy on the surface) was modelled, assuming powder-epoxy has no
effect on the heating of the tow.

e The speed, tension and power applied were constant, while some

small fluctuations of such parameters are observed during the pro-

duction run.

Material properties (heat capacity, density, thermal conductivity

etc.) are constant and not a function of temperature.

o A thin resistive layer was used at the contact patches to account for
electrical contact resistances.

e The carbon fibre tow is perfectly homogenous and solid, whereas in

actuality, the tow characteristics change along the length due to the

high number of carbon fibre filaments (24 K).

For the melting and sintering model, the powder epoxy on the tow is

perfectly distributed and it is present on every temperature node of

the tow.
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Fig. 3. (a) Computational domain and (b) mesh convergence plot for the model. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 1 Table 2
Model parameters. Fitting constants for melting and sintering model, taken from Maguire [56].
Carbon fibre tow Copper electrodes Electrical properties Model Fitting constants Value
Density [kg/ 1800 Density [kg/ 8960 Maximum 2 Melting model km 1.83
m®] [53] m®] [54] applied d 4.65
current [A] Tm 313.58 [K]
Specific heat 752 Specific heat 385 Electrical 0.1
[J/kg.K] [J/kg.K] [54] contact . .
[53] resistance Sintering model Xo 113;—5
layer thickness G 5
C, 24.5
[mm] 7
Thermal 9.6 Thermal 400 Electrical 2.3-10 B 8'5
conductivity conductivity conductivity in );w © 1 -
in the axial [W/m.K] contact 4 313.58 [K]
direction [54] resistance
[W/m.K] layer [S/m] L ) )
[53] Similar to the melting model, Maguire et al. [23] also used parallel
Electrical 42,677  Electrical 5.99e7 plate rheometry (PPR) test data to relate powder sintering with thick-
conductivity conductivity ness change, and demonstrated that sintering of the powder epoxy can
in the axial (8/m] [54] be modelled with a Williams-Landel-Ferry (WLF) type of equation:
direction [S/
m] dy C[T — To] B
Linear velocity ~ 0.1083  Angular 10.83 o= T HoeX (ﬁ =) )
[m/s] velocity [1/s] 12 6
Width [mm] 6.35 Minimum 20 . . . . .
wrap angle where y is the degree of sintering, y, is the rate constant, y, is the degree

[°1
Heated length 190 Width [mm] 98.5
[mm]
Thickness 0.2 Outer radius 10
[mm] of the groove
[mm]
Outer radius 16
[mm]
Inner radius 4
[mm]

3.2. Melting and sintering model

Powder epoxy on the carbon fibre tows starts to melt when the
temperature of the carbon fibre exceeds the melting temperature of the
powder epoxy. Further temperature increments lower the viscosity,
surface tension forces become dominant over the viscous forces, and the
molten powder epoxy particles coalesce into a homogenous melt, a
process which is defined as sintering [43]. Molten and sintered powder
epoxy flows into the carbon fibre tow and upon cooling, solidifies,
creating the towpreg. The sintering process creates a homogenous layer
of molten powder epoxy, by merging the randomly distributed resin
sites, hence the impregnation and consolidation of the resin are affected
by the sintering of the powder epoxy. While it can be seen visually
whether the powder epoxy melts during the production, it is important
to investigate the melting and sintering behaviour further to improve
production by better understanding the overall process. Through nu-
merical modelling, process parameters can be optimised, such as the
heating section length to ensure the powder is fully sintered. Thus, the
heat transfer model was one-way coupled to the melting and sintering
model to account for the melting behaviour of the powder epoxy.

Maguire [56] carried out thorough characterisation studies on the
powder epoxy, including differential scanning calorimetry (DSC) and
parallel plate rheometry (PPR) tests. By fitting Eq. (4), which was pro-
posed by Greco and Maffezzoli [43], to the DSC data, they were able to
model the melting behaviour of the powder epoxy:

”:i—f = ke T[] 4 (d — 1)l HnT-Tu)1d/0d) )
where T is the temperature, k,, and d are fitting parameters, Ty, is the
melting point and 6 is the degree of melt. The values for the fitting pa-
rameters are presented in Table 2. By coupling the heat transfer data to
Eq. (4), it is possible to determine the degree of melting of the powder
epoxy during the production run.

of sintering at infinity, C,;, C,2 and B are fitting constants, T is the
temperature and Ty is the melting temperature. The constants were
found by fitting PPR results to Eq. (5), which are given in Table 2.

4. Numerical solution of Model, validation and discussion
4.1. Temperature distribution

The temperature distribution of the tow was obtained from the heat
transfer model that was solved using COMSOL Multiphysics software. To
check the validity of the model, thermal camera images of the Joule
heating system were used. The model findings were compared to the
average temperature distribution of the tow acquired experimentally by
the thermal camera. Model predictions for voltage, heat generation and
temperature distribution for 2 A current, 20 N tension and 6.5 m/min
production speed are presented in Fig. 4, as well as the thermal camera
image of the carbon fibre tow during the heating. Note that due to the
reflective surfaces of the roller electrodes, they are not visible in the
thermal camera images. The agreement between the model results and
the experimental data is qualitatively good, however, a temperature
gradient across the width of the tow was observed from the thermal
camera images. Furthermore, the model predicts a lower temperature at
the entry region to the heating section. These differences are most likely
due to the higher temperatures caused by the higher tension in the
middle section of the tape. Higher tension in the centre of the tape im-
proves contact between fibres within the tow and also between the fibres
and the copper rollers. Consequently, this results in a local drop of
electrical resistance and more current passes in the middle of the tow
than the sides; as the current prefers the least resistant path. Hence,
temperature increases locally, and temperature gradients are formed
across the width.

The current supplied to the heating system changes the maximum
temperature reached in the carbon fibre tow. Fig. 5 compares the
average experimental and model prediction temperatures across the
width of the tow, at the hottest region of the tow, for different supplied
currents. A good agreement between the model and experimental values
is observed at the 0.5 and 1 A currents. The model underpredicts the
average temperature at higher current values, however, due to the
aforementioned tension inconsistency across the width of the tow. The
predicted average temperature by the model at 1.5 and 2 A is ~ 75 °C
and ~ 111 °C, respectively, while the thermal camera measures the
temperature at these currents as ~ 85 °C and ~ 120 °C. The difference
between the actual average temperature and model prediction of
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maximum temperature region is under 8 % in the processing window of
towpreg, where the target temperature is around 120 °C.

A typical thermal camera image is given in Fig. 6, as well as surface
plot of temperatures across the width at the hottest section of the tow. At
a given time, tension can change momentarily across the width of the
tow, due to a number of different factors, such as fibre packing, roller
friction or a small lag during the unwinding from the spool. As explained
earlier, the local variations of electrical resistance lead to high and low

temperature regions as shown in Fig. 6a. Generally, high temperature
regions are near the centre of the tow, while the sides have a lower
temperature (Fig. 6b). Nevertheless, depending on the tension profile,
high temperature regions can be observed at different places. The dif-
ference between the maximum and minimum temperature across the
width can be significant, which is the reason why the model results were
compared against the average temperatures in Fig. 5. Localised high
temperatures increase the average temperature, and as the model does
not account for such tension difference across the width of the tow, the
slight discrepancy between the model predictions and the experimental
results was observed. Furthermore, the tow is inherently heterogeneous
and the temperature profile might not be the same for all segments,
along the length of the tow that is being heated. As a result of this,
instantaneous random local temperature spikes were also observed in
the tow (Fig. 7) when a constant current is supplied. These variations are
smaller when the average temperature across the tow width is consid-
ered, rather than a single point on the tow. In order to validate the
numerical models, constant current was supplied in the heating zone,
however, during the actual towpreg production, a PID controller is used
to adjust the power input based on temperature readings. The PID
controller performs well in keeping the average temperature in a
reasonable range for the towpreg production, by controlling the power
input.

The model predictions of temperature along the tow in the heating
zone and experimental measurements from the centre and side of the
tow are shown in Fig. 8. A disparity was observed between the model
and experimental temperatures of the centre and side of the carbon fibre
tow. This deviation was attributed to the aforementioned uneven ten-
sion, and also to the fact that the model assumes a perfect thermal
contact with the rollers (i.e. no thermal contact resistances), which re-
sults in more heat transfer to the rollers than in the experimental case. In
terms of the towpregging production, the average temperature of the
tow near the maximum temperature region is the critical temperature
for the complete melt of the powder epoxy, and the model performs
better for this temperature, as shown in Fig. 5. Many Joule heating
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models have been documented in the literature to have similar inac-
curacies, especially at higher temperatures or currents [27,33,37,38].
Up to 40 % higher predicted temperatures were presented by Chien et al.
[37] for a Joule heating model for polyacrylonitrile/carbon nanotube
composite fibres, which they explained by referring to inconsistency in
fibre diameters, interfacial resistances between the nanotubes and
polymer matrix, and altered material properties at high temperatures.
Kwok and Hahn [33] reported a major discrepancy between their FEA
model predictions and experimentally measured temperature values
(>70 °C) due to the difference in actual and simulated resistivity values.
Grohmann [38] presented a Joule heating model for a fibre placement
application, which overpredicted the temperatures 30 % higher due to
the actual material properties being different from what was used in the
model.

One of the important phenomena observed in the Joule heating
system of the tape is the effect of electrical contact resistances. Due to
the imperfect contacts occurring between the carbon fibre tow and the
copper rollers, electrical contact resistances occur and cause additional
heating at the carbon fibre-roller surfaces. The influence of contact
heating can be observed in the temperature distribution captured by the
thermal camera. Normally, in the heating section, one can expect a
temperature gradient that begins from room temperature near the
beginning of the heated section (first roller electrode) and reaches the
maximum temperature near the second roller electrode. However, as
shown in Fig. 4d, the average temperature of the carbon fibre tow is



M. Celik et al.

200

A Exp. Centre of the tow a)
M Exp. Side of the tow
1604 | M Exp. 1/2 way from the centre

B Exp. Average
A~ 1409 e Model

180

120

100

80

Temperature (°C

60

40

20 4

1
01 23 4567 8 910I11121314151617 181920

Location between rollers (cm)

Side line Centre line

% way between
the centre and side

Fig. 8. (a) Comparison of model predictions of temperature along the tow with
experimental temperatures from the centre and the side of the tow, (b) tem-
perature measuring locations. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

around 50 °C when it enters the heating zone, indicating that the heating
actually starts as soon as the carbon fibre tow contacts the roller elec-
trodes, due to the contact resistance heating (CRH) [45]. As previously
mentioned, electrical contact resistances were accounted for in the
model by creating an equivalent resistant thin film. Electrical contact
resistance values for the corresponding operational conditions were
determined experimentally. By accounting for contact resistance heat-
ing, a similar trend was observed in the modelling results, where the
carbon fibre tow enters the heating zone already heated (Fig. 4c and d).
Likewise, the temperature of the roller electrodes was also increased, as
the heat generated by the contact resistance heating diffuses through
both the carbon fibre tow and the rollers. Interestingly, the presence of
contact resistance might be beneficial in terms of powder melt, due to
the heating of the first roller electrode and a resulting higher entrance
region temperature of the tow. Fig. 9 illustrates the influence of CRH on
the temperature of the tow, when plotted against the distance between
the rollers. When the model calculates the temperature field for 25 %
higher contact resistance heating, by defining a 25 % more resistant thin
film (1.77 S/m conductivity), the agreement between the model and
experimental results at the beginning of the heating zone improves. For
50 % higher contact resistance heating (1.18 S/m conductivity), the
agreement improves further, pointing out the inaccuracy of neglecting
thermal contact resistances in the model. It is highly likely that by
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assuming a perfect thermal contact between the rollers and the carbon
fibre tow in the model, heat transfer to the rollers is overestimated,
leading to a lower predicted temperature in the entry region.

4.2. Parametric studies of the model on the effect of operating parameters
on the temperature distribution

While the aim of the presented towpreg production is to have a
greater production rate with consistent quality, operating conditions
have a substantial effect on the towpreg characteristics. For instance,
higher production speeds mean that the carbon fibre tows spend less
time in the powder deposition chamber, therefore, the amount of pow-
der deposited changes with the production speed. Furthermore, the
Joule heating time also reduces with high production speeds, conse-
quently, for a given power input the maximum temperature reached is
lower. Although powder epoxy has a relatively low melting temperature
(~40 °C), higher operating temperatures are targeted in the heating
section (~100-120 °C) to ensure the viscosity is minimal and good
consolidation can be achieved without inducing significant cure. At high
production speeds, these high temperatures may not be reached, so the
power characteristics should be changed. The developed model was
used to investigate the relationship between the production speed and
the heating. Fig. 10 shows the modelled temperature change with
respect to the production speed for the same power characteristics (2 A,
constant current). The maximum temperature changes from 185 °C at 3
m/min to 64 °C at 15 m/min for the same power input. In order to attain
a low viscosity at higher production speeds, the current supplied should
be increased correspondingly, and possibly the power source should be
replaced with a higher capacity-one.

Another alternative to reach targeted temperatures in the tapeline is
to change the heating section length. This allows for a longer heating
time for the tow, hence, the targeted temperature can be attained at
lower power input. If the heating section length is too small, the
maximum temperature on the tape might not be enough to fully melt the
powder epoxy. It can be seen from model predictions in Fig. 11 that at
the same current of 2 A, the maximum temperature of the tape changes
remarkably with the electrode distance (i.e. heating section length).
Considering the dimensions of the heating section, an electrode distance
of around 20 cm was deemed to be optimal in order to maintain the
targeted temperature (120 °C) for 2 A current.

As shown in Fig. 12a, the carbon fibre tow contacts the roller
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electrodes with an angle known as the wrap angle. Higher wrap angles
increase the contact duration. Assuming the electrical contact re-
sistances linearly increase with contact area, the influence of contact
resistance heating is expected to be higher at greater wrap angles.
Moreover, longer contact duration increases the conductive heat trans-
fer between the carbon fibres and the roller electrodes. The model was
used to evaluate the change in maximum temperature at different wrap
angles. Fig. 12b compares the predicted temperatures for different wrap
angles after 60 sec of production, where the initial temperature for the
rollers and the tow is 20 °C. Since electrical contact resistances were not
experimentally determined for different wrap angles, it was assumed
that contact resistance values change linearly with the contact area.
Kwok and Hahn’s [33] measurements from wide and narrow silver paint
electrodes revealed that electrical contact resistance values varied
almost linearly with the contact area of the paint. With an increased
wrap angle, hence greater contact area, the temperature at the entry
region could be slightly increased even in a shorter production period
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than 60 sec. As the roller temperature gradually increases due to the
contact resistance heating in longer production runs, tow temperature
can also further increase due to the increased conductive heat transfer
from the rollers.

4.3. Melting behaviour of powder epoxy

It was demonstrated that the melting behaviour of polymer powders
can be successfully characterised by using DSC data [43]. The melting of
the powder epoxy in the tapeline was modelled by the semi-empirical
melting equation Eq. (4) in COMSOL Multiphysics 5.6, where the coef-
ficient and parameters of the equation were obtained by fitting the DSC
data by Maguire [56]. The model results showed a good performance in
describing the phase change of the powder epoxy as shown in Fig. 13,
which compares the model predictions to the degree of melt captured by
DSC scans by Maguire [56].

The melting model was coupled to the heat transfer model in order to
predict when the melting of the powder epoxy occurs. The degree of
melt, characterised by Eq. (4), is 0 when the powder epoxy is in solid
form, and 1.0 when it is fully melted. It is important to melt all the
powder epoxy as soon as it enters the heating section, in order to achieve
low viscosity values in the tapeline. The complete melting of the powder
epoxy can be compromised, particularly at high production speeds,
which would lead to incomplete infiltration of resin into the carbon fibre
tows. The melting model can be used to predict the location at which the
melting is achieved, and also the optimal power configuration to provide
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heating. As shown in Fig. 14b, powder epoxy is predicted to fully melt in
the first 3 cm of the heating section, for the given operation conditions (2
A current, 20 N tension, and 6.5 m/min speed). Similar to Section 4.2., a
parametric sweep can be carried out in the model in order to determine
the maximum production speed that can provide melting in the heated
section.

Increasing the temperature of powder epoxy above the melting point
causes the viscosity of the molten polymer to decrease. The viscosity of
the molten epoxy dictates how the powder particles sinter together and
also the consolidation behaviour of the towpreg. Lower viscosity values
cause molten powder epoxy to flow inside the carbon fibre easily,
without external pressure. It was demonstrated [57] that the process-
ibility of the powder epoxy is ideal at ~120 °C when the viscosity is low
(~1 Pa-s) but the curing rate is slow at this temperature. Typically, the
operational temperature in the tapeline is kept under 120 °C to avoid
curing and burning additional components (sizing, pigments, fillers etc.)
due to momentary surges and overshoots in temperature. Viscosity data
for the powder epoxy presented in [57] was used in the model to check
whether the viscosity is predicted to reach ideal conditions in the
heating section (Fig. 15). The model shows that slower production
speeds such as 3 m/min (hence, higher temperatures as discussed in
Fig. 10) will allow the resin to reach a minimum viscosity, but the vis-
cosity will begin to increase as the temperature exceeds 160 °C and
significant curing will be induced. In contrast, for the given power
characteristics, the model shows that higher production speeds (>10 m/
min) will not be capable of reducing viscosity to an acceptable value for
processing in the heating section. To ensure full sintering of the powder
epoxy and a good consolidation by reaching an ideal viscosity, it is
apparent that operating parameters should be adjusted as discussed in
section 4.2.

4.4. Sintering of the powder epoxy

The sintering process in the tapeline is a complex phenomenon,
which includes inherently stochastic parameters such as powder distri-
bution or instantaneous fibre packing of the carbon fibre tows. Sintering
results in a more homogenous impregnation, even without an external
consolidation pressure. Visual evidence of the sintering process is pre-
sented in Fig. 16. The melted and re-solidified (and partially sintered)
powder epoxy on the tow is composed of randomly distributed particles,
with different sizes and morphology (Fig. 16a). Further temperature
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increases beyond the point of sintering will result in viscosity reduction,
followed by coalescence of individual melted powder epoxy sites,
creating a uniform and homogenous, void-free layer (Fig. 16b).

For the sintering model characterised by Eq. (5), it was assumed that
powder epoxy particles do not flow into the carbon fibre tow while
sintering is taking place. Likely, sintering and the beginning of the resin
flow happen concurrently, therefore a consolidation model that can
describe the resin flow within the tow is required to fully understand the
relationship between the sintering and the resin flow. This is out of the
scope of this study, however, and Eq. (5) was only used as a simple check
to determine if the temperatures reached in the tapeline are enough to
sinter the powder epoxy. In situ experimental determination of the de-
gree of sintering in the tapeline is difficult, because of this reason,
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experimental PPR data presented by Maguire et al. [23] was used to
validate the sintering model. The model results showed a good perfor-
mance in describing the sintering behaviour of the powder epoxy
(Fig. 17), and it was coupled to the heat transfer model to analyse sin-
tering during the production in the tapeline.

Sintering is characterised by the thickness change of the polymer
bed, which is caused by powder compaction and bubble removal from
the interfaces. Eq. (5) predicts the sintering ratio by providing the de-
gree powder void fraction, at a given temperature and time interval.
Opposite to the degree of melting parameter, fully sintered powder has a
degree of sintering value of y = 0. For the initial sintering state of the
powder epoxy, a powder void fraction value of 0.5 was assumed [23]. As
a time and temperature-dependent process, sintering in the tapeline also
exhibits a similar trend to temperature and melting behaviour. Model
predictions reveal that at lower production speeds, 3 and 5 m/min, the
powder epoxy on the carbon fibre completely sinters before leaving the
heating section (Fig. 18a). This result is in line with the viscosity pre-
dictions, low viscosities achieved at low production speeds escalate the
mobility of molten resin, and powder is completely sintered even in the
short time (<10 s) it spends in the heating section. For the higher pro-
duction speeds, although the powder is completely melted, the powder
void fraction at the end of the heating section is 0.15 and 0.38 for 10 and
15 m/min, respectively. These results emphasise the requirement for
higher input power at high production speeds. Fig. 18b illustrates the
model predictions for higher currents at 15 m/min production speed.
These results show that it is possible to sinter the powder completely at
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high production speeds by increasing the supplied power slightly.

5. Conclusions

This study demonstrates the analysis capabilities of modelling tools
for a powder-epoxy based tapeline. The tapeline aims to produce high-
quality, low cost towpregs for AFP applications. The Joule heating sys-
tem in the line provides an efficient heating system with very low power
consumption. An FEA model of the Joule heating system was developed
to analyse heating characteristics in detail. The model predictions
matched well with the thermal camera captures of the heating process,
although small discrepancies were observed due to the temperature
variations across the width of the carbon fibre tow, which were caused
by tension inhomogeneity. It was shown that contact resistance heating
(CRH) has a significant effect on the tow temperature at the beginning of
the heating zone (entry region). Process parameters, such as power
input, production speed, heating section dimensions and electrode ge-
ometry, were analysed in detail using the model to determine their ef-
fects on the heating system. The heat transfer model was coupled to
semi-empirical melting and sintering models to determine optimum
conditions for the towpreg production. Results suggest that by carefully
adjusting input power and heating section geometry, desired tempera-
tures can be reached in the system. Lower production speeds were found
to be ideal for more controlled, consistent production runs. As higher
production speeds are targeted in the tapeline (in order to increase
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Fig. 17. Comparison of sintering model predictions with PPR test data given in
[23]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 16. Sintering process on the towpreg with time and temperature increase. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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production rate and thereby reduce cost), it was demonstrated that a
more powerful power source would be needed. Melting and sintering
models revealed that complete sintering might not be achieved at higher
line speeds with the current setup, despite the powder epoxy being fully
melted.

Due to the complex nature of the sintering process and its relation-
ship with the consolidation flow, further resin flow models are required.
A consolidation model that is coupled to the presented heat transfer
model would allow analysing the possible concurrent sintering and resin
flow into the carbon fibre tow. Investigating the resin distribution within
the carbon fibre tow is crucial to improve the system design for
improving the towpreg quality, which is recommended for future work.
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