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KEYWORDS Abstract  In-situ consolidation forming of high-performance thermoplastic composites by Auto-
Fiber reinforced plastics; mated Fiber Placement (AFP) is of significant interest in aerospace. During the laying process,
Thermoplastics; the heating temperature has a great influence on the quality of the formed components. A three-
Heating temperature; dimensional heat transfer finite element model of Carbon Fiber (CF)/Polyether Ether Ketone
Automated fiber placement; (PEEK) heated by Slit Structure Nozzle Hot Gas Torch (SSNHGT) assisted AFP is proposed.
CF/PEEK The influence of gas flow rate, heat transfer distance, and laying speed on heating temperature is

analysed. The results show that the overall temperature increases and then decreases as the gas flow
rate increases. With the increase in heat transfer distance and laying speed, the overall temperature
decreases. Meanwhile, the gas flow rate has the greatest influence on the temperature of CF/PEEK
being heated, followed by the laying speed and finally the heat transfer distance. Furthermore, the
model can also be extended to other fiber-reinforced polymer composites formed by hot gas torch
assisted AFP, which can guide the optimization of process parameters for subsequent heating tem-

perature control.
© 2024 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. All
rights reserved. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author.

E-mail address: hanzy@hit.edu.cn (Z. HAN). Compared to thermoset composites, thermoplastic composites
Peer review under responsibility of Editorial Committee of CJA. are attractive in aerospace components for their high fracture
toughness, high damage tolerance, no shelf-life effect on man-
ufacturing, weldability, and recyclability.'> As an advanced
automated composites forming technique, Automated Fiber
Placement (AFP) has the advantages of high production
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efficiency, low material waste, and the ability to form complex
curved components.3 “4 Furthermore, AFP can form thermo-
plastic composites by in-situ consolidation, which further
reduces processing steps and production costs.”® Therefore,
the technique of AFP in-situ forming thermoplastic composites
is attractive to the aerospace industry.

However, for Carbon Fiber (CF)/Polyether Ether Ketone
(PEEK) thermoplastic composites with high melting points
and high viscosity,” the mechanical performance of CF/PEEK
laminates made by the AFP in-situ consolidation process can-
not meet the requirements of the aerospace industry due to the
rapid heating and cooling characteristics. Unreasonable pro-
cess parameters in the AFP process seriously affect the
mechanical properties of the laminates. For example, Qureshi
et al® found that increasing the mold temperature could
reduce the temperature gradient between the feed tape and
the substrate, resulting in CF/PEEK laminates with better
interlaminar shear strength and fracture toughness. Comer
et al.” found that the laying speed of AFP was so fast that
the prepreg could not be completely melted along the thickness
direction. The formed CF/PEEK laminates had low crys-
tallinity and more voids, which severely impaired the mechan-
ical performance. Bandaru et al.'” found that laser power had
a significant effect on the mode I fracture toughness of CF/
PEEK laminates, while it had less effect on the mode II frac-
ture toughness. The temperature distribution during the laying
process is one of the most important factors affecting the
mechanical performance of the laminates. Uneven temperature
distribution causes changes in the characteristics of the mate-
rial (e.g., density, crystallinity), which in turn causes the gener-
ation of residual stresses and deformations.'' The heating
methods for AFP mainly include a hot gas torch, laser, and
infrared heaters, in which hot gas torch or laser is commonly
used as the heat source for CF/PEEK thermoplastic compos-
ites.'>'* In recent years, the laser has been widely used in
AFP forming thermoplastic composites due to the faster pro-
cessing rates, high energy density, and more focused and more
effective heating.15 However, it also has some disadvantages,
including safety issues involved with the implementation of
laser, difficulty in controlling the precise location of the end
of the beam, and the limitation of laser for glass fiber rein-
forced polymer composites.'®'” Compared with laser, hot
gas torch is also widely used in AFP because it can avoid all
the disadvantages of laser despite the disadvantages of low
thermal efficiency.'® %

Studies on heat transfer models for thermoplastic compos-
ites made by hot gas torch assisted AFP have included one-
dimensional,>'**> two-dimensional,”*** and three-dimensional
models.” Tierney® studied a one-dimensional heat transfer
model for hot gas torch assisted AFP. The model only consid-
ered the single point temperature in the thickness direction,
neglecting the temperature distribution in the length and width
directions. Toso et al.”” constructed a two-dimensional tran-
sient heat transfer model using the finite element method.
The temperature distribution gradients and convective heat
transfer coefficients were obtained by comparing the simula-
tion results with the experimental results. Li et al.”® used the
element birth and death technique in ANSYS to simulate the
transient temperature field in the thermoplastic tape lay-up
process to obtain the temperature distribution along the thick-
ness direction. However, the model was not validated by exper-
iments. Tafreshi et al.”’ created a two-dimensional transient

heat transfer model using the finite difference method. The
results showed that although the maximum temperature values
obtained from the simulations agreed with the experimental
results, the theoretical curves did not follow the experimental
curves due to many simplifications such as neglecting the ther-
mal contact resistance, thermal conductivity, and specific heat
capacity. Moghadamazad and Hoa™ developed a two-
dimensional transient heat transfer analysis considering the
interlayer thermal contact resistance and temperature depen-
dence of the material properties. The validity of the heat trans-
fer model was verified by comparing the theoretical results
with the experimental results. Kim et al.”> used the finite ele-
ment method to develop a three-dimensional heat transfer
model of AFP. The distribution of convective heat transfer
coefficients on the composite surface was obtained by analys-
ing the hot gas flow in the area between the feed tape and
the composite substrate. Hassan et al.’' constructed a three-
dimensional transient heat transfer model. In this model, the
final convective heat transfer coefficient was obtained by mod-
ifying the heat transfer coefficient through an iterative process
to make the simulation results consistent with the experimental
results. In summary, more scholars are currently using a two-
dimensional heat transfer model to analyse the hot gas torch
assisted AFP. Although the two-dimensional heat transfer
model can significantly improve computational efficiency, it
only gets the temperature distribution in two directions, which
does not truly reflect the temperature field in the laying pro-
cess. Meanwhile, the temperature distribution is calculated
by modifying the convective heat transfer coefficient through
an iterative process to make the simulation results consistent
with the experimental results, which increases the simulation
calculation time. In addition, there are fewer reports on hot
gas torch assisted AFP three-dimensional heat transfer models,
and the effect of nozzle geometry on the temperature distribu-
tion has not been considered in the reported literature.

Regarding the nozzle structure of the hot gas torch used for
assisted AFP heating, there are usually circular structures and
slit structures.®'” The temperature of the jet from a circular
nozzle has an approximately Gaussian distribution, which
causes an uneven temperature distribution in the heated area.
In addition, the larger shape of the circular nozzle makes it
impossible to get closer to the point of engagement. Compared
to circular nozzles, slit nozzles provide a more uniform temper-
ature distribution along the width of the pressure roller, which
is currently used more in AFP heating.

A Slit Structure Nozzle Hot Gas Torch (SSNHGT) assisted
AFP three-dimensional heat transfer model is constructed
using the finite element method. Since this heating method is
a convective heat transfer process, the temperature distribution
of the hot air flow in the heated area of CF/PEEK thermoplas-
tic composite is an important factor. Usually, the higher the
temperature of the heat source the shorter the time it takes
to heat CF/PEEK to the melting point. Therefore, the effect
of gas flow rate and heat transfer distance on the hot air flow
temperature distribution in the region near the point of
engagement is analyzed to obtain the maximum temperature.
Next, the temperature distribution of CF/PEEK heated at dif-
ferent laying speeds is analyzed using the maximum hot air
flow temperature. Finally, orthogonal experiments and fuzzy
grey relational analysis method are used to analyze the degree
of influence of gas flow rate, heat transfer distance, and laying
speed on the temperature distribution of CF/PEEK after being
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heated, which can provide process optimization guidance for
subsequent temperature control of CF/PEEK made by
SSNHGT assisted AFP.

2. Numerical simulation and experimental methods

2.1. Numerical geometric model and boundary conditions

During the laying process, the hot air flow from the SSNHGT
mainly heats the CF/PEEK tow near the engagement point. To
improve the calculation efficiency of the numerical simulation,
the three-dimensional heat transfer geometric model of the
SSNHGT is obtained by simplifying the laying process, as
shown in Fig. 1. Due to the narrow space to be heated, the
effect of nozzle wall thickness on forced convection heat trans-
fer cannot be ignored. The wall thickness of SSNHGT is
1 mm. Compared to rigid pressure rollers, flexible pressure
rollers are used to ensure evenly distributed pressure on the
prepreg during the laying process. The flexible pressure roller
is mainly a high-hardness rubber sleeve on the outer surface
of the steel roller. At the pressure of 0.5 MPa, the bottom of
the flexible roller is deformed and the length of the contact sur-
face with the mold is 21 mm. Other geometric model dimen-
sions according to actual working conditions are shown in
Fig. 1.

The boundary conditions of the simulation model and the
thermal property parameters of the material are set according
to the actual working conditions. The circular surface to the

left of the nozzle is the velocity-inlet boundary condition,
including the inlet temperature and velocity of the hot air.
The inlet temperature is mainly determined by the gas flow
rate, which is discussed in detail in Section 3.1.1. In the “trig-
onal” heating area on the right side of the geometric model, the
two “triangular” surfaces and the rectangular surface on the
left side are the pressure-outlet boundary conditions. The pres-
sure outlet temperature is set to the default room temperature
(25 °C). Since the curved surface of the pressure roller and the
bottom mold surface are the main areas of interest to be
heated, the convective heat exchange with air needs to be con-
sidered. They are set as non-slip wall boundary conditions that
include convective heat transfer (5 W/m>K). The others
remaining surfaces are set to non-slip adiabatic wall conditions
since they are not the main object of interest. The types of heat
source gases usually include compressed air or nitrogen, here
we take compressed air as an example for numerical simula-
tion. The thermal performance parameters of the material
are shown in Table 1, where the air is the ideal gas.

2.2. Grid division and irrelevance verification

In the numerical simulation calculation, the quantity and qual-
ity of the model grid have a great influence on the accuracy
and precision of the simulation results. Grid refinement is usu-
ally applied to the computational region of interest in the
model to improve computational accuracy. Therefore, the grid
refinement of the pressure roller surface and the bottom mold
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Fig. 1

Three-dimensional heat transfers geometric model of SSNHGT.
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Table 1 Thermal performance parameters of materials.

Material Density Specific heat capacity Thermal conductivity Glass transition Melting point (°C)
(kg/m"*) (J/(kg:K)) (W/(m-K)) (°O)

Air 1006.43 0.0242

CF/PEEK 1560 1425 0.7 143 343

surface is performed to obtain an accurate temperature distri-
bution. Due to the large variation of the hot air flow in the flat
exit of the nozzle, it is also grid refined. Based on Fluent soft-
ware, the final polyhedral mesh obtained is shown in Fig. 2(a).

In fact, it is not the case that the more the number of mesh
elements is the better. According to the simulation practice
experience, when the number of mesh elements increases to a
certain degree, it has little effect on the final simulation results,
but will seriously reduce the computational efficiency. There-
fore, the number of mesh element should be reduced as much
as possible while ensuring the accuracy of the simulation

results. Using different mesh refinement parameters, the mod-
els with mesh elements numbers 721954, 1300077, 2142566,
and 5496103 are obtained, respectively. The surface tempera-
tures of different distances from the engagement point in x
direction on the centerline of the pressure roller surface and
the mold surface are obtained by simulations under the same
conditions (inlet temperature of 800 °C, gas flow rate of
45 L/min, and heat transfer distance of 25 mm), as shown in
Figs. 2(b) and (c). When the mesh element number is
721954, the results deviate seriously from several other simula-
tion models. When the number of mesh elements reaches
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2 x 10°, the simulation results are almost the same as 5 x 10°,
which indicates that the number of mesh elements in this sim-
ulation model needs to be up by at least 2 x 10°.

2.3. Forced convection heat transfer control equation

SSNHGT assisted AFP three-dimensional heat transfer model
is a forced convective heat transfer. Its control equations
include the unsteady continuity equation (mass conservation),
Navier-Stokes equation (momentum conservation), turbulence
equation, and convective heat transfer equation.”* *°

(1) Continuity equation

0

where X, is spatial coordinate, g = x, y, z; p is the fluid density;
u is the fluid time average velocity.
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Fig. 3 Comparison of three turbulence models.

(2) Navier-Stokes equation (take 7 direction as an example)

0 o 0 Ou;  Ou;
) = 4 50 e ) (G + 52 | @

where u is the velocity; p is the fluid time average pressure; y is
the fluid dynamic viscosity; u, is the fluid turbulent viscosity
coefficient; i and j are the coordinate direction identifications.

(3) Turbulence equation

In forced convection simulation, two-equation turbulence
models are generally used, such as SST k-w model, RNG k-¢
model, Realizable k-¢ model, etc. Comparing the simulation
results of the three turbulence models with the experimental
results under the same parameters (the gas flow rate of 70 L/
min, the heat transfer distance of 20 mm, and the wire laying
speed of 0 mmy/s), it is noticed from Fig. 3 that the results of
the SST k-w model are small, the results of the Realizable
k-¢ model are large, and the results of the RNG k-¢ model
are closed to the experimental results. Therefore, the RNG
k-¢ model is chosen in this heat transfer model.

The control equation of RNG k-¢ model is

d(pk)  O(pku; 0 ok
((C)t)+ (Bx )_8x <luueff0 )Jer*PS (3)
d(pe) | B(pew;) 0 D¢ &
o T om ox \ Mgy q‘k ~Cur @)
where
Heir = M+ Iy
He = pCuk2/8
C, = 0.0845
o = o, = 1.39
ok n(l—
Clu =Ci, — 1(l+7ff,§,0)
n= (2E;Ey;)"* (5)
u; Auj
Ei/' = % (% + Z)T,)
C,,=142
Cy, = 1.68
no = 4.377
B =0.012

where k is turbulent kinetic energy; ¢ is the temperature; g is
effective dynamic viscosity; ¢ is turbulent dissipation rate; Gy is
shear generation term; 5 is kinetic viscosity; Ej is i-row and
J-column component of the turbulent stress tensor; the others
are constants.

(4) Convective heat transfer equation

The main modes of heat transfer include heat radiation,
heat convection, and heat conduction. In the Cartesian coordi-
nate system, the differential form of the three-dimensional heat
conduction equation without an internal heat source is gener-
ally expressed as

ot 0 ot 0 ot o (,0t
ch*a_x(lax) ay (’”a) az(”&) (©)
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where A, ¢, and t are the thermal conductivity, specific heat
capacity, and time of the thermal airflow micro-element,
respectively.

The energy equation for convective heat transfer in this
model is

ot ot ot
+u—+

ot ox

ot Pt &t O
—s( ) ™)

Vafywa—(l W+67y2+@

where u, v, and w are the velocity components along x, y, and z
directions, respectively; « is the thermal diffusion coefficient,
a = 2/(cp).

2.4. Experimental test method

The temperature testing experiments of SSNHGT assisted
AFP are conducted on a four-filament bundle AFP machine
developed by our team. It mainly includes the AFP system,
gas supply system, and temperature measurement system, as
shown in Fig. 4(a). The AFP system provides realistic working
conditions for SSNHGT heating during the laying process.
The air supply system provides a stable and dry compressed
air flow, which is heated to a high temperature and blown
out at high speed in the SSNHGT. Meanwhile, the flow rate
is controlled by a gas flow meter. The temperature acquisition

Gas supply
system
¥ -~
Temperature o
measurement systems

(a) Experimental test composition system

e

Teflon tape

<—— Thin iron sheet

Rubber cover

Thermocouple

Steel rollers \

Thermocouple

system selects the DC55 temperature inspection instrument
produced by Zhongshan Zhongxiang Instrument Co., Ltd
(China). The scanning speed is 100 ms—5 s, and the resolution
is 0.1 °C. The reading temperature sampling rate is 1 time per
second. The thermocouple is chosen as K type thermocouple
with a temperature measurement range of 0-1000 °C. Mean-
while, the thermocouple is a custom armored thermocouple
with a 1 mm diameter, a temperature tip of 50 mm long, and
a response time of 0.1 s, which is tough enough to be used
for temperature testing in narrow spaces.

The idea is obtaining the maximum heating temperature of
the hot air flow by steady-state analysis first, followed by the
temperature distribution of CF/PEEK being heated at differ-
ent laying speeds using transient analysis when the hot air flow
reaches the maximum temperature. When the thermocouple
rotates with the pressure roller to measure the temperature,
there are problems such as poor temperature measurement
accuracy, difficult experimental operation, and easy damage
of the thermocouple. Therefore, when the hot air flow reaches
the maximum temperature, the parameters of gas flow rate and
heat transfer distance can be easily obtained from the experi-
mental under the steady-state analysis without considering
the laying speed. However, in the process of steady-state anal-
ysis, it was found that the temperature of the hot air flow could
reach 600 °C at certain parameters. This temperature already

Temperature
detector

Laying direction
-

Engagement

point

, x direction distance X

(b) Thermocouple installation location diagram

Fig. 4 Temperature test experiment.
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exceeds the melting point of the rubber sleeve on the surface of
the pressure roller. To ensure the experiment can be performed
at high temperatures, multiple layers of high-temperature resis-
tant Teflon tape are applied to the surface of the flexible pres-
sure roller. The outermost layer is then covered with a layer of
0.15 mm thick iron sheet. When the laying speed is taken into
consideration, the temperature of the hot gas flow will be con-
trolled within the temperature range where CF/PEEK is
heated and melted. At this moment, the outermost layer of
the pressure roller does not need iron sheet protection, and
the laying process conforms to the actual forming process.
The thermocouple is fixed on the iron sheet for temperature
measurement, where their position is in the middle of the pres-
sure roller surface and the mold surface. Meanwhile, the ther-
mocouples on both surfaces are in a vertical line along y
direction, as shown in Fig. 4(b). During the experiment, the
distance from the thermocouple to the engagement point in
x direction is controlled by the movement of the robot arm,
obtaining the temperature along x direction at different dis-
tances from the engagement point.

3. Results and discussion

3.1. Effect of single factor on temperature field

The factors affecting the temperature field of SSNHGT
assisted AFP include the internal heat source temperature of
the nozzle, gas flow rate, heat transfer distance, heat transfer
angle, and laying speed. Heat source temperature and heat
transfer angles are not analysed in this model because one of
the engineering goals of using AFP to form composites is to
increase production efficiency, which is to increase the laying
speed. The laying speed is usually positively correlated with
the heat source temperature. Therefore, this model sets the
heat source temperature to 850 °C which is the maximum tem-
perature allowed by the hot gas torch. The heat transfer angle
is the angle between the line from the center point of the nozzle
outlet to the point of engagement and the horizontal plane.
Due to the narrow space to be heated, the range of adjustable
heat transfer angle is small. Different heat transfer angles have
less effect on the surface temperature of the pressure roller sur-
face and the mold surface. Therefore, this model sets the heat
transfer angle at 12°, which enables a minimum heat transfer
distance of 15 mm at this angle and ensures a safe height of
5 mm from the lower edge of the nozzle outlet to the mold
surface.

3.1.1. Gas flow rate

Before analyzing the temperature of the gas flow on the pres-
sure roller surface and the mold surface, it is necessary to
determine the inlet temperature in the velocity-inlet boundary
condition. Because of the different gas flow rates in the hot gas
torch, the compressed air is heated at different times, which
leads to different inlet temperatures in the velocity-inlet
boundary condition. However, the temperature variation
inside the hot gas torch is difficult to obtain accurately by
experiment. Therefore, numerical simulations are still used to
obtain the inlet temperature at different gas flow rates. The
specific methods are as follows:

Step 1 Construct a simulation model of the free jet in the
air for the slit structure nozzle.

Step 2 Assuming an inlet temperature at a certain gas flow
rate, the temperature at a position 1 mm from the center point
of the nozzle outlet is calculated by simulation.

Step 3 The temperature at a position 1 mm from the cen-
ter point of the nozzle outlet is obtained by experimental
methods.

Step 4 The simulation results are compared with the
experimental results for consistency to determine whether the
set temperature of the velocity-inlet boundary condition is cor-
rect. If the results are the same, the assumed inlet temperature
is the temperature of the velocity-inlet boundary condition at
that gas flow rate. Otherwise, repeat Steps 1-4.

Fig. 5 shows the simulation model of the free jet in the air
for the slit structure nozzle. The airflow field is constructed as a
cylindrical area larger than the nozzle size to ensure complete
coverage of the jet area. The selection of a cylindrical airflow
field makes the grid division transition from the nozzle to
the airflow field smoothly and facilitates the polyhedral grid
division to improve the simulation accuracy. The grid division
method is the same as described in Section 2.2. The final num-
ber of polyhedral mesh elements is 4735082. The airflow field
boundary condition is set as pressure-outlet, the air is set as
the ideal gas, and the turbulence model chose RNG k-¢. Using
hot gas torch assisted AFP to form CF/PEEK composites, the
gas flow rate of compressed air is generally in the range of 50—
90 L/min.17 In this model, the gas flow rates are selected as 30,
50, 70, 90, 110 L/min.

Fig. 6 shows the simulation and experiment results when
the nozzle inlet temperatures are selected as 800, 755, 720,
670, 655 °C. The above inlet temperatures correspond to gas
flow rates of 30, 50, 70, 90, 110 L/min, respectively. The simu-
lation results of the jet temperature are taken from the data on
the centerline within the symmetry plane in the model, as
shown in Fig. 6(a). The temperature simulation results show
a slight decrease in the airflow temperature inside the nozzle.
Once the airflow leaves the nozzle, the jet temperature inside
the air flow field drops sharply. Fig. 6(b) is the experimentally
measured variation curve of the jet temperature with heating
time at a position 1 mm from the nozzle exit center. At the
beginning of the heating, jet temperature increases rapidly,
then decreases and stabilizes. Because the SSNHGT uses a
resistance wire to heat the compressed air, there is a short per-

Fig.5 Simulation model of free jet in air for slit structure nozzle.
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Fig. 6 Simulation and experimental results of free jet at different
gas flow rates.

iod of temperature overshoot when the resistance temperature
is about to reach the set value. Subsequently, the resistance
heating temperature stabilizes under closed-loop PID control.
Therefore, the average of the last 10 s of the stable stage in the
experimental test temperature curve is used as the final jet tem-
perature. Fig. 6(c) is a comparison between the simulation

results and the experimental results for the nozzle inlet temper-
ature selected above for different gas flow rates, showing that
the simulation results are almost consistent with the experi-
mental results. Therefore, the boundary conditions of the noz-
zle inlet temperature at different gas flow rates are obtained.

The heat transfer distance is chosen as 20 mm and the lay-
ing speed is 0 mm/s. The temperature simulation results of the
SSNHGT assisted AFP at different gas flow rates are
obtained, as shown in Fig. 7. It can be noticed that hot gas vor-
texes are generated near the middle of the pressure roller sur-
face and the mold surface, resulting in the highest temperature
occurs at the location of the hot gas vortex. In addition, the
hot air flow mainly rushes out to both sides (z direction) after
impacting the pressure roller surface and mold surface, while
the cold air around is mainly drawn into the hot air flow in
y direction. As the gas flow rate increases, the heated area
on the pressure roller surface and the mold surface changes
from “‘rectangular” to “triangular”. The overall temperature
also tends to increase and then decrease. The temperature is
higher in the gas flow rate range of 50-70 L/min.

Referring to the positions of the centerline and the engage-
ment point in the pressure roller surface and mold surface in
Fig. 2, the temperature simulation results in the range of
0-15 mm from the engagement point on the centerline in x
direction at different gas flow rates are obtained, as shown in
Fig. 8. The length of 15 mm is chosen because the projection
of the line from the tow outlet to the engagement point on
the horizontal plane is 15 mm. In addition, the simulation
results are verified by experimentally measuring the tempera-
ture at positions 1, 3, 5, 8, 12, 15 mm from the engagement
point. The experimental results are averaged over 10 s after
the stabilization stage of the temperature curves. The experi-
mental temperature curves tested are shown in Fig. S in Sup-
plementary data. As can be seen in Fig. 8, the temperature
obtained from the experiment at different gas flow rates is
almost the same as the simulation results. However, the simu-
lation results are slightly higher than the experimental results
because the model established is a simplified ideal model,
ignoring the heat transfer of other components in the AFP
device. Meanwhile, by comparing the simulation result curves
at different gas flow rates, it can be noticed that as the gas flow
rate increases, the temperature near the engagement point
(0 mm) is larger, which is due to the faster flow velocity of
the higher gas flow rate, allowing the hot airflow to fully heat
the area near the engagement point. However, the high gas
flow rate lowers the nozzle inlet temperature, resulting in low
temperatures in the area away from the engagement point.
Therefore, the above analysis concludes that the gas flow rate
in the range of 50-70 L/min can make the overall temperature
of the pressure roller surface and the mold surface higher.

3.1.2. Heat transfer distance

The heat transfer distance is the straight-line distance from the
center point of the nozzle outlet to the point of engagement. A
minimum heat transfer distance of 15 mm is determined to
avoid collision of the nozzle with the bottom mold during lay-
ing. The maximum heat transfer distance is chosen as 25 mm
based on the pre-experiment of AFP forming CF/PEEK.
The temperature distributions at heat transfer distances of
15, 17, 20, 23, 25 mm are obtained when the gas flow rate is
50 L/min and the laying speed is 0 mm/s, as shown in Fig. 9.



400

Z. JIN et al.

Symmetry surface inside model

Gas flow rate
is 30 L/min

Gas flow rate
is 50 L/min

Gas flow rate
is 70 L/min

Gas flow rate |
is 90 L/min

Gas flow rate -
is 110 L/min *

Pressure roller surface

Mold surface

I | O e o

77 177 207 377

477 577 677 T

Fig. 7 Temperature distribution on pressure roller surface and mold surface at different gas flow rates.

For different heat transfer distances, hot gas vortices are also
formed in the middle of the pressure roller surface and the
mold surface, where the temperature is highest. Then, the
hot gas flow rushes out to both sides in z direction. As the heat
transfer distance increases, the range of the formed hot gas
vortex becomes larger, making the area heated on the pressure
roller surface and the mold surface increase. However, the tem-
perature of the hot air flow is severely reduced.

Fig. 10 also shows the simulation and experimental results
of the centerline on the pressure roller surface and the mold
surface in the range from 0 to 15 mm in x direction from the

engagement point. The experimental temperature curves tested
are shown in Fig. S2 in Supplementary data. It can be seen
from Fig. 10 that the experimental results are in good consis-
tent with the laws of the simulation results. However, the
experimental results are a little lower than the simulation
results for the same reason as discussed in Section 3.1.1. As
the heat transfer distance increases, the temperature in the area
close to the engagement point (0 mm) on both the pressure
roller surface and the mold surface decreases severely, while
the temperature at the end far from the engagement point
(15 mm) increases. Because the larger the heat transfer dis-
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Fig. 9 Temperature distribution on pressure roller surface and mold surface at different heat transfer distances.

tance, the larger the range of the hot gas vortex formed, the
larger the area heated on the pressure roller surface and the
mold surface, resulting in the end away from the engagement
point being able to be heated by more of the hot gas flow.
Therefore, the end away from the engagement point is heated
at a higher temperature, which is the opposite law of the gas
flow rate. The above analysis shows that the heat transfer dis-
tance in the range of 17-23 mm can make the overall temper-
ature on the pressure roller surface and the mold surface
higher.

3.1.3. Laying speed

During the laying process, the laying speed significantly affects
the heat transfer from the high-temperature jet to the CF/
PEEK prepreg. In contrast to the steady-state simulation in
Sections 3.1.1 and 3.1.2, where the laying speed is 0, the CF/
PEEK movement speed needs to be setted for transient simu-
lation. To improve the computational efficiency of transient
simulation, the temperature distribution is simulated by the
sliding mesh technique. The sliding mesh technique involves
dividing the computational domain into multiple regions, each
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Fig. 10 Temperature distribution on centerline of pressure roller surface and mold surface at different heat transfer distances.

associated with a different moving component. These compo-
nents may have different velocities and orientations. In addi-
tion, the sliding mesh technique allows data interaction
between two computational regions while moving relative to
each other. Meanwhile, it does not require interface mesh co-

nodes and has the advantage of high computational efficiency
for transient simulation.?” Fig. 11(a) is the transient simulation
model of the SSNHGT assisted AFP heating the CF/PEEK.
The CF/PEEK with dimensions of 20 mm x 6.35 mm x
0.15 mm is set as a solid domain. The rest is the fluid domain.
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(a) SSNHGT assisted AFP heating CF/PEEK
Fig. 11

The intersection of solid and fluid domains is set as interface
slip boundary conditions for data information transfer (as
shown in Fig. 11(b)).

Fig. 12 is the temperature distribution of the CF/PEEK after
being heated at lengths of 0, 3.6, 10.8, and 18.0 mm in x direc-
tion from the engagement point for laying speeds of 6, 8, 10, 12,
and 15 mm/s, when the gas flow rate is 50 L/min and the heat
transfer distance is 17 mm. The laying speed refers to the hori-
zontal forward speed along x direction, while the CF/PEEK on
the pressure roller surface needs to be converted into the angu-
lar speed of rotation. As can be seen from Fig. 12, the temper-
ature of CF/PEEK moving to the same position decreases as the
laying speed increases. When the CF/PEEK on the pressure
roller surface and the mold surface reach the engagement point,
both are heated to almost the same temperature. In addition,
CF/PEEK is heated to 340 °C at a laying speed of 15 mm/s,
which is slightly below its melting point of 343 °C. Therefore,
the maximum laying speed for the SSNHGT assisted AFP
forming CF/PEEK is 15 mmy/s.

As can be seen in Fig. 12, the CF/PEEK is heated to its
highest temperature when it moves to the engagement point
position at different laying speeds. Therefore, as regards the
experimental verification of the transient simulation results
for different laying speeds, the thermocouple is mounted in
the middle of the CF/PEEK prepreg on the mold surface (as
shown in Fig. 4). The AFP is rolled over the thermocouple
from the same position at different speeds, respectively. The
output temperature is recorded by a highly sensitive tempera-
ture patrol, where the highest temperature recorded is the tem-
perature near the point of engagement. However, the selected
temperature patrol can only display data in real-time but can-
not store temperature curve data. Therefore, the highest tem-
perature picture is intercepted by video recording, as shown
in Fig. 13(b). As can be seen from Fig. 13, the experimental
results are consistent with the law of simulation results. The
temperature of CF/PEEK after being heated decreases with
increasing laying speed. Meanwhile, the experimental results
are also slightly lower than the simulation results for the rea-
sons described in Section 3.1.1. In the case of AFP rapid-
forming CF/PEEK components, CF/PEEK is heated at 370—
400 °C.** Therefore, the AFP laying speed is selected in the
range of 8-12 mm/s.

Solid domain
Movement Vi
direction I 4

<
<

Interface 1

f

Interface 2

7
/
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(b) Schematic diagram of sliding mesh division

Transient simulation model.

3.2. Correlation analysis of various factors on CF/PEEK heated
temperature

There is a high requirement for the heating temperature of the
hot gas torch in the AFP rapid-forming CF/PEEK process.
The control of the heating temperature usually requires a rea-
sonable matching of different process parameters. Therefore,
the orthogonal experiments and fuzzy grey relational analysis
are used to evaluate the correlation of gas flow rate, heat trans-
fer distance, and laying speed on the heated temperature of
CF/PEEK, which guides the subsequent optimization of pro-
cess parameters.

3.2.1. Orthogonal experimental design

The orthogonal experiment is an effective method based on
probability theory and mathematical statistics when analysing
the interaction effects of multiple factors on a system.” The
Lo(3%) orthogonal experiment is designed using three factors
and three levels according to the laws of gas flow, heat transfer
distance, and laying speed on the temperature distribution in
Section 3.1. Table 2 is the different factors and levels. The
results of the orthogonal experiments are obtained using tran-
sient simulation because the laws of experimental and simula-
tion results in the single-factor analysis are almost consistent.
Table 3 is the results of the nine sets of orthogonal
experiments.

Table 4 and Fig. 14 are the extreme difference analysis of
gas flow rate, heat transfer distance, and laying speed on heat-
ing temperature. ki, k», and k3 are the response mean values of
the temperature of the three factors at the three levels, respec-
tively. The higher response means value of temperature indi-
cates that the level is the superior level for the corresponding
factor. R is the extreme difference of the response mean value
of temperature, indicating the floating effect on the results
when the level of a factor is changed. The larger the extreme
difference, the greater the influence of the corresponding factor
on the results. The gas flow rate has a maximum R of 99.0 °C,
indicating that it has the greatest effect on the temperature, fol-
lowed by the laying speed, and finally the heat transfer dis-
tance. It is visualized from Fig. 14 that the heating
temperature increases with the increase of gas flow rate and
decreases with the increase of heat transfer distance and laying
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Fig. 12 Temperature distributions of CF/PEEK being heated at different laying speeds.

speed in the selected range of factors, which is consistent with
the results of the single factor analysis.

3.2.2. Fuzzy grey relational analysis

Grey relational analysis is a statistical method for describing
the development of multiple factors on the change of a charac-
teristic of a system by quantitative comparison.*’ Its basic
principle is to assess the closeness of association between indi-
cators and factors by comparing their geometric similarity.*!
Based on the grey relevance, it is improved by using the fuzzy
membership degree and Euclidean grey relational degree,
which obtains the fuzzy grey relational degree results with

higher accuracy.® The steps of the fuzzy grey relational anal-
ysis method are as follows:

Step 1 Determine the matrix of factors (X) and indicators
(Y). The number of factors is assumed to be m and the number
of experiments is #:

x| xi(1) x(2) xim "
X X x(l)  x2(2) x> (n)
[Y] = = z : (8)
X Xm(1) x0(2) Xp(n)
¥i i) 52 yi(n)
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Fig. 13  Simulation and experimental results at different laying speeds.

Table 2 Different factors and levels.

Level Gas flow rate Heat transfer Laying speed

(L/min) distance (mm) (mm/s)
1 30 17 8
2 50 20 10
3 70 23 12

Step 2 Normalize the matrix of factors and indicators:

x;(k) — min x;(k)

(k) = - 9
xi(k) max x;(k) — min x;(k) ©)
Step 3 Calculate the fuzzy membership degree ry:
_ Zk 1x (10)
¢ > X (k \/ >
Step 4 Calculate the grey relational degree &,(k):
gy = ML) — k)] — pma by () — (k) )
' i(k) = xi(k)| — pmax |y,(k) — x;(k)|

where p is the grayscale resolution factor, usually taken as 0.5.

Table 3 Results of orthogonal experiments.

Step 5 Calculate the Euclidean grey relational degree r,:

r2:1——1/2 (12)

Step 6 Calculate the fuzzy grey relational degree r. The
closer the value of r to 1 indicates the stronger correlation
between the factors and the indicators.

2 2
nTn
= 1
=" (13)

Based on the orthogonal experimental data in Table 3, the
gas flow rate, heat transfer distance, and laying speed are used
as the factor matrix and the temperature is used as the indica-
tor matrix. The fuzzy membership degree, Euclidean grey rela-
tional, and fuzzy grey relational degree of gas flow rate, heat
transfer distance and laying speed on temperature are calcu-
lated by Egs. (8)—(13), respectively, as shown in Fig. 15. The
results of fuzzy membership degree, Euclidean grey relational,
and fuzzy grey relational degree for the gas flow rate are much
greater than those for laying speed and heat transfer distance,
indicating the gas flow rate has the greatest degree of influence
on temperature, followed by laying speed and finally heat
transfer distance. However, the results of the fuzzy grey rela-
tional analysis of laying speed and heat transfer distance are

No. Level

Temperature (°C)

Gas flow rate

Heat transfer distance

Laying speed

O 0 3O L AW Io—
LW L W NN N = = —
LN = W= W N —

344
294
263
413
364
375
440
462
356

BN — W= WD W N =
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Table 4 Results of analysis of extreme differences.

Factor Temperature response mean value (°C)
k 1 kz k3 R
Gas flow rate 300.3 384.0 399.3 99.0
Heat transfer distance 379.0 373.3 331.3 47.7
Laying speed 393.7 3543 335.7 58.0
get, the optimal process parameters are obtained by
420 orthogonal experiments and fuzzy grey relational analysis for

Temperature response mean value (°C)

30 50 17 20 0 23 8 .10 12
Gas flow rate  Heat transfer distance  Laying speed
(L/min) (mm) (mm/s)

Fig. 14 Temperature response mean values.
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Fig. 15 Results of fuzzy grey relational analysis.

closer. Therefore, a parameter optimization strategy is pro-
vided for temperature field control in SSNHGT assisted
AFP forming CF/PEEK thermoplastic composites. Since the
heat transfer distance and laying speed have relatively little
influence on the heating temperature, it is possible to deter-
mine the appropriate heat transfer distance and laying speed
range first, and then adjust the gas flow rate mainly to achieve
the target heating temperature. Using the maximum value in
the heating temperature range (370400 °C) of CF/PEEK ther-
moplastic composites formed by AFP as the optimization tar-

a gas flow rate of 50 L/min, a laying speed of 10 mm/s, and
a heat transfer distance of 17 mm, at which the CF/PEEK
reaches the engagement point with a temperature of 394 °C.

4. Conclusions

(1) A three-dimensional heat transfer model for SSNHGT
assisted AFP heating of CF/PEEK thermoplastic com-
posites is created using the finite element method. The
model can also be extended to other fiber-reinforced
resin base composites formed by AFP using a hot gas
torch with nozzles of other structures.

(2) The influencing factors of CF/PEEK heated by
SSNHGT assisted AFP include gas flow rate, heat trans-
fer distance, and laying speed. As the gas flow rate
increases, the overall temperature increases and then
decreases, while the temperature in the area near the
engagement point increases. The overall temperature
decreases as the heat transfer distance and laydown
speed increase. However, when the heat transfer distance
increases, the temperature increases in the end far from
the engagement point.

(3) Through orthogonal experiments and fuzzy grey rela-
tional analysis, the gas flow rate has the greatest influ-
ence on the temperature of CF/PEEK being heated,
followed by the laying speed and finally the heat transfer
distance. The optimal process parameters are a gas flow
rate of 50 L/min, a laying speed of 10 mm/s, and a heat
transfer distance of 17 mm.

(4) Based on the results of the orthogonal experiment and
fuzzy grey relational analysis, a process optimization
scheme for heating temperature control is proposed.
Firstly, the parameter ranges of laying speed and heat
transfer distance are determined. Next, the heating tem-
perature is controlled to reach the target value mainly by
adjusting the magnitude of the gas flow rate.
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